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ABSTRACT

Background: Non-compliance in the drafting of examination bulletins makes it difficult to perform them and
interpret the results. With the aim of continuously improving laboratory services and guaranteeing the quality of
urine cytobacteriological examination (ECBU) results, we initiated this study to evaluate non-compliance in the
drafting of ECBU reports.

Materials and methods: This was a retrospective descriptive cross-sectional study which focused on non-
compliance in the drafting of ECBU reports analysed in the laboratory from January to December 2022.

Results: During the study period, we collected 383 non-compliant ECBU reports out of 672, with a frequency of
56.99%. Non-compliances were related to age (2.68%), profession (24.40%), clinical information (6.70%) and resi-
dence (52.08%). The majority of non-compliant reports came from the medicine (35.51%) and urology (25.85%)
departments.

Conclusion: The high frequency of non-compliance is a cause for concern and is of concern to all prescribers in
this hospital.

Keywords: Bulletins, ECBU, Mali, Non-compliance, Sikasso

biology tests makes it difficult to carry them out and inter-

Introduction

A biological test report is a medical prescription for diag-
nostic purposes, specifying the parameter to be measured, in
relation to the diagnostic hypothesis envisaged, and all the
information needed for the laboratory to carry out the test
correctly (1). Non-compliance in the prescription of medical
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pret the results (2). A number of researchers have concluded
that non-compliance has a number of possible consequences
for patients, such as misdiagnosis, mismanagement and
treatment, as well as therapeutic abstention (3). In Burkina
Faso, 59.4% of non-compliances concerning clinical informa-
tion were reported in a study in 2021 (2). In Niger, Djobo et
al recorded 53.99% of non-compliances concerning failure
to notify the name of the service on biological examination
forms (4). In Mali, 41% of non-compliances concerning clini-
cal information were found (5). With a view to continuous
quality improvement and guaranteeing the quality of urine
cytobacteriological examination (ECBU) results, we initiated
this study with the aim of evaluating non-compliance in the
drafting of ECBU reports analysed at the Sikasso Hospital
laboratory.

2024 The Authors. This article is published by AboutScience and licensed under Creative Commons Attribution-NonCommercial 4.0 International (CC BY-NC 4.0).
Commercial use is not permitted and is subject to Publisher’s permissions. Full information is available at www.aboutscience.eu
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Materials and methods
Study design and population

This was a retrospective descriptive cross-sectional study
of non-compliance in the completion of ECBU reports at
Sikasso Hospital from January to December 2022. The study
population consisted of reports containing the ECBU anal-
ysed in the laboratory during the study period. Data were

collected from examination request forms and the labora-
tory register.

Inclusion criteria

All bulletins with ECBU analysed at the hospital labora-
tory were included in this study.

Non-inclusion criteria

All reports of ECBU analysed in other laboratories, as well
as reports of biological examinations other than ECBU were
not included.

Study variables

The study variables were age, sex, occupation, clinical
information and place of residence.

Statistical analysis

Excel 2013 and Epi Info 7.2.1.0 were used for statistical
analysis of the data.

Gastroenterology
Emergency department
Rheumatology
Traumatology
Intensive care
Dermatology

Pediatrics

Gynecology

Department

Cardiology
Surgery
Medicine
Nephrology
Urology
Other

Ethical considerations

Anonymity was preserved before each inclusion.
Results

During the study period, we identified 383 non-compliant
reports out of 672, with a frequency of 56.99%. The non-
compliances identified were related to age, profession, clini-

cal information and residence (Tab. I).

TABLE | - Frequency of non-compliance by age, profession, clinical
information and residence

Variables Number Frequency (%)
Non-compliance by age

Yes 18 2.68
No 654 97.32
Non-compliance by profession

Yes 164 24.40
No 508 75.60
Non-compliance by clinical information

Yes 45 6.70
No 627 93.30
Non-compliance by residence

Yes 350 52.08
No 322 47.92

The majority of non-compliance bulletins came from the
medicine (35.51%) and urology (25.85%) departments (Fig. 1).

Fig. 1 - Breakdown of non-
compliant forms by department.

Frequency (%)
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The non-compliances concerning age were 35.29%
for the medicine department and 29.41% for the urology
department. The lack of information on prescriptions in the
urology department was 41.98%, and 21.60% in the nephrol-
ogy department. The absence of clinical information was
frequent on the urology department forms (44.19%). Non-
compliances concerning residence accounted for 39.08% for
medicine and 22.70% for urology.

Study limitations

The non-conformities concerned only ECBU bulletins,
which justifies their high frequency during the course of this
work.

Discussion

Prescription is the result of careful consideration, taking
into account the epidemiological and clinical context on the
one hand, and precise knowledge of what can be expected
from the examination on the other (6). ECBU reports received
during the course of this study were 56.99% non-compliant.
Yacouba et al in Burkina Faso reported a non-compliant rate
of 5.2% (2). Our result could be explained by the size of our
sample, which was not large enough, and by the fact that
the study was limited to ECBU reports. The majority of non-
compliant reports came from medicine (35.51%) and urology
(25.85%) departments. Djobo et al found 3.64% and 1.33%,
respectively, for the medicine and urology departments (4).
This could be explained by automatic prescribing, which is
often based on personal habits rather than established pro-
tocols (6). In our study, non-compliance relating to clinical
information accounted for 6.70%. This proportion is lower
than that reported by Djobo et al, who found the rate to
be 46.63%. This situation could be explained by the lack of
awareness of the importance of this parameter in the inter-
pretation of ECBU by several of our prescribers (4). Including
clinical and therapeutic information can help the biologist in
choosing the technique to be used, or lead him/her to advise
against a costly investigation and suggest a more appropri-
ate one (2). Age was missing from 2.68% of the forms in our
study. This low rate confirms our prescribers’ mastery of the
impact of this parameter in interpreting the results (2). Those
with no occupation or residence accounted for 24.40% and
52.08%, respectively. These socio-demographic parameters
are one of the factors that will add value to our knowledge
of the factors that contribute to urinary tract infections.
Reporting them on ECBU reports will be of epidemiological
interest.

Conclusion

This study has provided information on the completeness
of ECBU reports. The high frequency of non-compliance is a

© 2024 The Authors. Published by AboutScience - www.aboutscience.eu
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cause for concern and is of concern to all prescribers in the
hospital. Close collaboration between prescribers and biolo-
gists would help to control non-compliance in the drafting of
examination reports.
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ABSTRACT

Immunotherapy has become an integral part of a comprehensive treatment approach to metastatic colorec-
tal cancer (mCRC). Nivolumab (Opdivo) is a human immunoglobulin G4 monoclonal antibody that blocks the
interaction between the programmed cell death 1 (PD-1) receptor and its ligands 1/2 (PD-L1/PD-L2), leading
to inhibition of T-cell proliferation, cytokine secretion, and enhanced immune response. The US Food and Drug
Administration (FDA) has approved this drug for use in high microsatellite instability (MSI-high)/deficiencies in
mismatch repair (dMMR) advanced CRC patients. However, its efficacy is extremely limited in microsatellite sta-
bility (MSS)/mismatch repair proficient ((MMR) patients. We report a case of a 42-year-old man diagnosed with
MSS/pMMR mCRC who has achieved a durable response to nivolumab after a progression under chemotherapy
with antiangiogenic treatment. We observed for the first time an atypical response after 8 months of nivolumab
treatment, with the regression of previous primary pulmonary lesions and the presence of new para-aortic lymph
node lesions. This report demonstrates that a subset of pretreated mCRC patients with the MSS/pMMR pheno-
type may benefit from nivolumab and these patients need more attention.

Keywords: Dissociated response, iRECIST, Metastatic colorectal cancer, Microsatellite stability, Nivolumab

Background

Immunotherapy has become an integral part of a compre-
hensive treatment approach to metastatic colorectal cancer
(mCRC). Nivolumab, one of the firstimmune checkpoint inhib-
itors, was approved by the US Food and Drug Administration
(FDA) in 2017 for use in patients whose tumors harbor
deficient mismatch repair (dMMR), or high microsatellite
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instability (MSI-high) and have progressed after conventional
chemotherapy. The nivolumab action is directed at the pro-
grammed cell death 1 (PD-1) receptor, a member of the CD28
superfamily, which is expressed on the surface of activated
T and B lymphocytes. Activation of PD-1/programmed cell
death ligands 1/2 (PD-L1/PD-L2) on the tumor and the tumor
microenvironment leads to enhanced immunosuppressive
effects (1). Nivolumab binds to the PD-1 receptor and blocks
its interaction with PD-L1 and PD-L2, inhibiting the PD-1-
mediated immune response.

Nivolumab approval was based on data from CheckMate
142 multicenter phase 2 study investigating its efficacy and
safety in the cohort of MSI-high/dMMR mCRC patients
who had progressed during or after prior treatment with a
fluoropyrimidine-, oxaliplatin-, or irinotecan-based chemo-
therapy. In this study, 68.9% of patients responded to treat-
ment, with 31.1% achieving an objective response rate (2).

2024 The Authors. This article is published by AboutScience and licensed under Creative Commons Attribution-NonCommercial 4.0 International (CC BY-NC 4.0).
Commercial use is not permitted and is subject to Publisher’s permissions. Full information is available at www.aboutscience.eu
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Further studies have confirmed that nivolumab provides
a long-term overall survival in MSI-high/dMMR mCRC (3).
Recent clinical trials data suggest that the combination of
nivolumab with multikinase or histone deacetylase inhibi-
tors demonstrates promising synergistic activity in patients
with microsatellite stability (MSS)/mismatch repair proficient
(PMMR) mCRC, which is detected in approximately 95% of
all mCRC cases (4,5). However, the molecular features of
MSS/pMMR that lead to enhanced tumor immunogenicity
and sensitivity to immune checkpoint inhibitors are to be
discussed.

The use of immune checkpoint inhibitors, including
nivolumab, has introduced new atypical response patterns,
such as dissociated response. The most common definition
of a dissociated response is the coexistence of both respond-
ing and non-responding lesions within the same patient (6).
However, there is no established terminology as well as stan-
dard criteria of definition for dissociated response; different
terms such as mixed or heterogeneous response are used.
Although various types of dissociated response to nivolumab
have been described in many solid tumors (7-9), there are
no data regarding such response in mCRC patients with MSS/
pMMR phenotype.

Here we report a case diagnosed with MSS/pMMR mCRC
who has achieved a durable response to nivolumab with
atypical reaction after progression following first- and second-
line chemotherapy with antiangiogenic therapy.

Case report

Patient information

A 42-year-old man, never smoker, with abdominal pain
accompanied by nausea was taken by ambulance to the local
hospital in August 2017, where intestinal obstruction was
verified. His medical history included chronic cholecystitis,
chronic pancreatitis, and mixed etiology of hepatitis. The
patient underwent abdominal stoma surgery. Biopsy revealed
a highly differentiated adenocarcinoma. The patient indepen-
dently visited Tomsk Cancer Research Institute for further

Drug Target Insights 2024; 18: 5

examination, where he underwent left hemicolectomy and
colostomy suturing. Pathologic verification of resection speci-
mens confirmed moderately differentiated adenocarcinoma
with mucinous features and foci of severe fibrosis, as well
as comedo necrosis and with an accompanying lymphocytic
infiltrate and invasion into the serous membrane. The patient
was diagnosed with splenic flexure colon cancer, TAN3MO,
stage IlIC. However, a month later, during an additional exami-
nation in October 2017, supraclavicular lymph node metasta-
ses on both sides were detected. Due to definitive evidence
of disseminated disease, the patient was upstaged to stage
IV. Molecular testing of the tumor revealed the KRASp.G12D
mutation.

MSS/pMMR phenotype

Immunohistochemistry analysis of MMR protein
expression (MLH1, MSH2, MSH6, and PMS2) demon-
strated a homogeneous pattern of their proficiency in
colon tumor tissue (Fig. 1A). Polymerase chain reaction
(PCR) assay confirmed the MSS phenotype for three differ-
ent colon tumor specimens (Fig. 1B). With respect to PD-L1
status, a weak expression (TPS-1% and CPS-6.0) in several
colon tumor specimens was independently detected by
two researchers.

Chemotherapeutic intervention

Patient was started on a first-line FOLFOX plus bevaci-
zumab regimen, which consisted of bevacizumab 5 mg/kg on
day 1, oxaliplatin 85 mg/m? on day 1, leucovorin 400 mg/m?
on day 1, and 5-fluorouracil 400 mg/m? bolus injection fol-
lowed by 46-hour continuous infusion of 5-fluorouracil 2,400
mg/m? on day 1. After four cycles of treatment, the partial
response per RECIST 1.1 was recorded. In June 2018, the
patient completed 14 cycles of chemotherapy and following
the chest computed tomography (CT) images showed the
appearance of randomly located focal nodules of up to 7 mm
in size consistent with lung metastases. The levels of tumor
markers such as CEA, CA19-9, and CA242 did not exceed the
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normal values, being 0-3.40 ng/mL for CEA, 0-34 U/mL for
CA19-9, and 0-20.0 U/mL for CA242.

Second-line treatment with FOLFIRI and aflibercept
(aflibercept 4 mg/kg on day 1, irinotecan 180 mg/m?on day
1, leucovorin 400 mg/m?on day 1, 5-fluorouracil 400 mg/m?
bolus injection followed by 46-hour continuous infusion of
5-fluorouracil 2,400 mg/m?) was initiated. Repeat CT images
after three cycles showed no growth of focal nodules in the
lung. This treatment was associated with adverse events such
as of grade 2 hypertension, nausea, and thrombocytopenia.
CT assessment after seven cycles of treatment confirmed a
stable response. Due to an acute exacerbation of mixed eti-
ology hepatitis (chronic hepatitis B with serum hepatitis B
virus DNA titer >10° copies/mL and toxic hepatitis) and an
abnormal alanine aminotransferase exceeding nine times
the upper limit of normal at baseline, subsequent treatment
was interrupted. The patient received hepatoprotective
and detoxification treatment. Approximately 2 months
later, CT scans showed an increase of nodule size in the lung
(Fig. 2A).

Long-term response to nivolumab in metastatic colorectal cancer

Nivolumab administration

Given the fast progression and PD-L1 status, treatment
with nivolumab at a dose 240 mg was started in December
2018. Three months later, most of the previously identified
focal nodules in the lung were not clearly visualized by CT,
the remaining lesions decreased in size up to 1-2 mm. In May
2019, chest CT scans confirmed the reduction of lung nodules
(Fig. 2B). However, a para-aortic lymph node (PALN) on the
left up to 15x12 mm was found (Fig. 2C). Using the iRECIST as
a modified immune RECIST criterion (10), the response was
classified as a dissociated response. MSS phenotype in lymph
node was further verified by PCR (Fig. 1B).

Further administration of nivolumab allowed achieving
positive dynamics in terms of the disappearance of lesions
in the lung (Fig. 2D) and the absence of the growth of PALN
metastases in August 2019 (Fig. 2E). An immune stable disease
(iSD) per iRECIST was recorded until September 2021, when we
had to discontinue treatment due to the patient being infected
with COVID-19. The administration of nivolumab was resumed;

Fig. 2 - Chest computed tomo-
graphy (CT) of the lung lesions
and para-aortic lymph node le-
sion. Focal nodules in the lung
at start of nivolumab treatment
(A); 5 months after nivolumab
treatment, reduction of lung
nodules (B) and para-aortic lym-
ph node lesion up to 12 mm (C);
8 months after nivolumab tre-
atment, disappearance of lung
lesions (D) and lack of growth of
para-aortic lymph node lesion
(E); increase of para-aortic lym-
ph node lesion 40 months after
nivolumab treatment (F).
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however, in April 2022, CT scans revealed an increase in the
size of PALN by 7 mm compared with the baseline (Fig. 2F). The
decision to initiate FOLFOX plus bevacizumab therapy (beva-
cizumab 5 mg/kg on day 1, oxaliplatin 85 mg/m? on day 1,
leucovorin 400 mg/m? on day 1, and 5-fluorouracil 400 mg/m?
bolus injection followed by 48 hours continuous infusion of
5-fluorouracil 2,400 mg/m? on day 1) was taken by a multidis-
ciplinary staff. Due to the experience of hypersensitivity reac-
tion to oxaliplatin after three cycles, the patient was switched
to the bevacizumab in combination with capecitabine regimen
(bevacizumab 5 mg/kg and capecitabine 2,500 mg/day, days 1
and 14). Currently, the patient has completed 10 cycles of this
therapy with good tolerance.

Conclusion

We have reported a patient with MSS/pMMR mCRC who
has achieved a complete response to nivolumab after a pro-
gression on chemotherapy and antiangiogenic treatment,
with a response duration of 32 months. Based on the pres-
ence of PD-L1 weak expression, the potential immunogenic
features of the tumor leading to benefit from PD-1/PD-L1
targeting therapy could be suggested. Present case report
demonstrates that a subset of pretreated mCRC patients with
MSS/pMMR phenotype may benefit from nivolumab. We
will undertake a high-throughput transcriptome sequencing
of both colon tumor and lymph node specimens to establish
possible molecular background for a dissociated response.
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ABSTRACT

Drug repurposing is a strategic endeavor that entails the identification of novel therapeutic applications for phar-
maceuticals that are already available in the market. Despite the advantageous nature of implementing this par-
ticular strategy owing to its cost-effectiveness and efficiency in reducing the time required for the drug discovery
process, it is essential to bear in mind that there are various factors that must be meticulously considered and
taken into account. Up to this point, there has been a noticeable absence of comprehensive analyses that shed
light on the limitations of repurposing drugs. The primary aim of this review is to conduct a thorough illustration
of the various challenges that arise when contemplating drug repurposing from a clinical perspective in three
major fields—cardiovascular, cancer, and diabetes—and to further underscore the potential risks associated with
the emergence of antimicrobial resistance (AMR) when employing repurposed antibiotics for the treatment of
noninfectious and infectious diseases. The process of developing repurposed medications necessitates the appli-
cation of creativity and innovation in designing the development program, as the body of evidence may differ
for each specific case. In order to effectively repurpose drugs, it is crucial to consider the clinical implications and
potential drawbacks that may arise during this process. By comprehensively analyzing these challenges, we can
attain a deeper comprehension of the intricacies involved in drug repurposing, which will ultimately lead to the
development of more efficacious and safe therapeutic approaches.

Keywords: Thalidomide, Levofloxacin, Minocycline, Doxycycline, Azithromycin, Hydroxychloroquine

the unintentional off-target effects of extant medications

Introduction

Drug repurposing, otherwise referred to as drug repo-
sitioning, is a tactical attempt encompassing the identifica-
tion of novel therapeutic applications for already existing
pharmaceuticals. It presents itself as a highly advantageous
strategy due to its cost-effective nature and ability to save
time in the drug discovery process, all while mitigating the
risks of failure as opposed to customary approaches (1). Drug
repurposing is an extremely advantageous technique in the
field of pharmaceutical research because it capitalizes on
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(2). This novel approach includes the use of pharmaceuticals
that have previously been approved, drugs that have been
declared ineffective in clinical trials, and drugs that have
been removed from the market for a variety of reasons (3).
By venturing into the realm of drug repurposing, researchers
can unlock a vast reservoir of therapeutic potential that has
hitherto remained untapped.

However, the question posed by several readers,
researchers, and patients is as follows: “Have any drugs that
have been repurposed actually received approval for their
new indications?” At first, one may find oneself engaged in
confident mental processes, but with an impassive counte-
nance, while seeking to recall enough examples to confirm
the current reaction. Still, a memorable case, such as tha-
lidomide, will spring to mind (4). The drug, infamously rec-
ognized in its devastating original form as a sedative and
curative for morning sickness, returned to the medical world
for the treatment of leprosy and, subsequently, multiple
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myeloma (5). It is worth noting that the discovery of tha-
lidomide’s efficacy in treating leprosy, specifically erythema
nodosum leprosum, was a serendipitous occurrence (6). The
story behind this accidental discovery is recounted in the
book Dark Remedy. In this tale, a physician administered
the only sedative available in the hospital’s pharmacy, which
had not been previously attempted, to a suffering leprosy
patient. Astonishingly, the drug had a dramatic and unex-
pected effect on the patient’s condition (7). This is a perfect
example of repurposing a medicine that was authorized and
then abandoned (and the method in which it was abandoned)
to treat a completely other ailment (8). Another example of
drug repurposing that is widely recognized is sildenafil, which
is also commonly known as Viagra. Initially, this medication
was prescribed for the treatment of arterial narrowness,
hypertension, and heart disease in both humans and animals.
However, it was fortuitously discovered that sildenafil has
beneficial effects on erectile tissue dysfunction in male geni-
tal organs (9). Following its approval by the US Food and Drug
Administration (FDA) in 1998, sildenafil has brought about
a significant transformation in the management of erectile
dysfunction (ED) and has contributed to a deeper compre-
hension of the underlying scientific principles behind ED and
its impact on men’s overall well-being (10). In addition to its
application in treating ED, sildenafil has also demonstrated
efficacy in addressing pulmonary arterial hypertension (PAH)
(11). Early investigations and clinical trials have explored the
potential favorable impacts of sildenafil on various organs,
including the heart, liver, kidney, brain, and intestines (12).
Nevertheless, further research is necessary in order to fully
comprehend the effects of sildenafil on different diseases
and organs (13). Despite the numerous obstacles and unsuc-
cessful attempts that we have elaborated on in the preceding
sections, there have been instances of drug repurposing that
have achieved success. Notable examples include the utili-
zation of zidovudine (azidothymidine, AZT) as a therapeutic
agent against human immunodeficiency virus (HIV) (14) and
the repurposing of tocilizumab for the treatment of COVID-
19 (15). The practice of repurposing drugs has demonstrated
its effectiveness in the development of therapeutic strategies
for various diseases and holds promise in addressing rare
and difficult conditions (3). This approach entails a combina-
tion of experimental and computational methods, leveraging
existing safety data and redirecting the application of drugs
based on validated target molecules (16). The utilization of
Application Programming Interfaces (APls) in drug repur-
posing is increasingly being acknowledged as a promising
technique for expediting the process of drug discovery and
development (17). Integrative approaches that extract data
from multiple sources through APIs offer the advantages of
adaptability, reusability, and transparency (18). One particu-
lar study outlined a strategy for ligand-based in silico drug
repurposing utilizing the analytical platform KNIME, which
entailed targeted data retrieval, data curation, and sub-
structure searches in DrugBank and other databases (19).
Another study developed a fully automated and parameter-
free virtual screening server called DrugRep, which con-
ducted molecular structure construction, docking, similarity
comparison, and binding affinity screening in a completely
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autonomous manner (20). These computational tools furnish
researchers with user-friendly interfaces and interactive pre-
dictions, thereby enhancing the accessibility and efficiency of
drug repurposing (21). Through the optimization of the ther-
apeutic potential of already existing drugs, drug repurposing
enhances the likelihood of attaining successful outcomes
and offers a means to promptly identify effective treatments
(22). Thinking deeply, we can conclude that the development
of repurposed medications necessitates the application of
creativity and innovation in designing the development pro-
gram, as the body of evidence differs for each individual case
not depending on the chance (23).

Several research studies have focused their attention on
investigating and understanding the potential advantages
and positive outcomes associated with the practice of drug
repurposing. However, it is worth noting that, up until now,
there has been a lack of comprehensive reviews that shed
light on the potential drawbacks and negative aspects of
drug repurposing. Therefore, the main aim of this particu-
lar review is to provide an in-depth analysis and exploration
of the various challenges that arise when considering drug
repurposing from a clinical perspective in the fields of car-
diovascular disease, cancer, and diabetes. Additionally, the
primary objective of this analysis is to underscore the height-
ened risk associated with the development of AMR that
arises from the utilization of antibiotics for purposes other
than their original intended use, whether it be for treating
various infectious diseases or noninfectious conditions that
deviate from their initial approved indications.

Drug repurposing challenges in clinical view

The process of drug repurposing has a number of draw-
backs. One key barrier is the pharmaceutical industry’s
restricted focus on diseases that provide more financial
rewards, lowering the amount of repurposing chances
for orphan diseases and neglected tropical disorders (24).
Furthermore, there are legal concerns surrounding repur-
posed medications, including restricted patent coverage and
obstacles encountered during the execution of clinical trials,
both of which decrease the likelihood of success (25). It is
imperative to address additional challenges that require
attention, such as the generation of false-positive signals dur-
ing data mining and the vulnerability of hypothesis validation
to bias and confounding (26). Moreover, the absence of clear
regulatory guidance poses yet another hindrance in the field
of drug repurposing (27). Despite the inherent advantages of
this technique, such as cheaper costs and faster time frames,
itis crucial to recognize substantial failures found during clini-
cal trials, when the repurposed medicine may fail to exhibit a
good balance of benefits and risks (28). Consequently, a com-
prehensive analysis of these challenges and limitations must
precede the pursuit of drug repurposing strategies.

Challenges in cardiovascular endeavor
The clinical perspective on drug repurposing has faced

numerous challenges and trials that have not been success-
ful. Despite the potential benefits of repurposing current
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drugs for unique applications, there are specific limitations
that hinder success in this endeavor. These limitations encom-
pass a lack of resources, difficulties with accessing data, and
concerns regarding personnel, all of which can impede the
process of drug profiling (29). Within the realm of cardiovas-
cular disease, repurposing anti-inflammatory medicines has
proven to be challenging due to unforeseen consequences
and the necessity for prolonged therapy (30). In a study con-
ducted by Ridker et al (31), it was found that the repurposing
of the therapeutic agent canakinumab possesses the capac-
ity to induce unfavorable outcomes, which encompasses the
occurrence of neutropenia as well as an elevated susceptibil-
ity to mortality specifically attributed to infection or sepsis, as
illustrated in Figure 1.

Another instance exemplified in Figure 1 arises when
etanercept is employed as a repurposed therapeutic agent
for the management of cardiovascular ailments. The clinical
trials were terminated prematurely due to the conspicuous
absence of any discernible benefit (32). In the same domain,
another agent, colchicine, which had been repurposed, was
subjected to different clinical trials as illustrated in Figure 2.
These trials brought to light a noteworthy escalation in
adverse gastrointestinal symptoms and an increased vulnera-
bility to pneumonia (33,34). Moreover, it is important to note

IL-1B

Canakinumab
Employment of this
\ , therapeutic agent does
bear the potential for
4 adverse effects, including:
« Neutropenia
Targets  Elevated risk of
mortality attributed
to infection or
sepsis.

Etanercept
Extracellular
portion of
human The trials were
TNFR2
prematurely
4 TNF-a 4 terminated as a result
Human of the absence of any
1gG1 Fc Targets discernible advantage.

FIGURE 1 - Examples on drug repurposed in cardiovascular endea-
vor. Canakinumab (ACZ885, llaris), a monoclonal antibody targeting
human anti-interleukin-1p, has been developed by Novartis (37). In
June 2009, the US Food and Drug Administration granted appro-
val for its use in the treatment of familial cold autoinflammatory
syndrome and Muckle-wells syndrome, both of which pertain to
cryopyrin-associated periodic syndromes, a group of inflammato-
ry diseases. However, the attempt by Novartis to repurpose this
drug, which has been approved for rare inflammatory diseases,
for a cohort of heart attack survivors has been rejected by the US
Food and Drug Administration, as announced by the Swiss pharma-
ceutical company (38). It is worth noting that although the scienti-
fic community highly praised the results obtained from Novartis’
Cantos study, some cardiovascular experts were less enthusiastic.
These experts concluded that the benefits of this medication were
not significant enough to warrant expanding its approved use to
include routine treatment of cardiac patients. A noteworthy exam-
ple supporting the viewpoint of these cardiovascular experts is the
study conducted by Ridker et al (31), which demonstrated that the
repurposing of this therapeutic agent yielded various adverse ef-
fects, as depicted in this figure.

The dark side of drug repurposing

Colchicine

* The group « thereisan « There is no notable * There was no
treated with elevated disparity in Major Adverse considerable decrease
colchicine susceptibility Cardiovascular Events observed in the size of
experienced a to pneumonia (MACE) between the the infarct at the end of
notable when using colchicine group and five days. Additionally,
increase in colchicine. placebo group.However, there was no significant
adverse the incidence of total reduction in major

gastrointestinal adverse cardiovascular

symptoms.

death has increased in
the colchicine group,
predominantly due to
sepsis.

events (MACE) during the
three-month follow-up
period. Furthermore, no
disparity was found in the
levels of inflammatory
markers, including white
blood cell count and C-
reactive protein, within
the first 48 hours.

FIGURE 2 - Challenges in clinical trials using colchicine. In the year
2009, the US FDA granted approval for the use of colchicine in the
treatment of familial Mediterranean fever (FMF) and the prevention
and management of gout attacks (41). Detailed investigations into
the mechanisms of action have revealed that colchicine exhibits its
effects by binding to microtubules, thereby exerting an influence
on numerous cellular processes (42). Additionally, colchicine has
been found to impede the expression of various inflammatory
cytokines (43). The concept that chronic inflammation contributes
to the development of cardiovascular diseases, such as coronary
artery disease (CAD), is currently gaining considerable scientific
attention (44). The distinctive anti-inflammatory mechanism of
colchicine has consequently prompted further investigations in
the domain of cardiovascular medicine (45). At present, the utili-
zation of colchicine in cardiovascular therapy remains quite limited
(46,47). This constraint may be attributed to the adverse effects
observed in clinical trials focused on cardiovascular conditions.
These adverse effects, as depicted in the figure, encompass ga-
strointestinal disorders (33), pneumonia (34), and sepsis, which
may ultimately lead to an increased incidence of overall mortality
(35). Furthermore, individuals treated with this medication did not
exhibit any notable differences in terms of infarct size or levels of
inflammatory markers, including white blood cell count and C-reac-
tive protein, within the initial 48-hour period. Moreover, a signifi-
cant decrease in the occurrence of MACE was not observed during
the 3-month follow-up period (36).

that there was no significant discrepancy observed in major
adverse cardiovascular events (MACEs) between the group
administered with colchicine and the group administered
with a placebo (35). However, it is worth mentioning that the
incidence of total mortality exhibited an augmentation in the
colchicine group, primarily due to sepsis (35). Additionally, in
a study conducted by Mewton et al (36), it was observed that
there was no substantial reduction in the size of the infarct at
the conclusion of a 5-day period (36). Within the same clini-
cal trial, there was no significant decrease in MACE during
the 3-month follow-up period. Furthermore, no disparity was
discovered in the levels of inflammatory markers, including
white blood cell count and C-reactive protein (CRP), within
the initial 48 hours.

On the other hand, etanercept is a pharmaceutical agent
employed for the purpose of managing and addressing auto-
immune disorders, such as plaque psoriasis, rheumatoid
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arthritis, psoriatic arthritis, juvenile idiopathic arthritis, and
ankylosing spondylitis. It belongs to the class of biologic
fusion proteins categorized as tumor necrosis factor (TNF)
blockers (39). Although the approval of systemic etanercept
for adults occurred in 2004, the FDA declined to approve its
use in children with psoriasis in 2018 (40). However, the FDA
later revised their risk-benefit assessment in light of a bet-
ter understanding of the disease burden, the unmet medi-
cal needs, and the impact of off-label use in children with
psoriasis. Consequently, in 2016, this led to the approval of
etanercept as the first systemic biologic product for the treat-
ment of moderate to severe psoriasis in children aged 4-17.
Despite these findings, some researchers have attempted
to repurpose this drug for the treatment of cardiovascular
diseases. An example of such an attempt is seen in a clinical
trial, depicted in the accompanying figure, which was termi-
nated due to the absence of any significant advantages (32).

Another drug repurposed for cardiovascular diseases
that faces challenges during clinical trials is methotrexate.
As indicated by the study conducted by Moreira et al (48),
methotrexate demonstrates no disparity in the duration of
a 6-minute walk before and after treatment. It also exhibits
no impact on the levels of CRP, nor does it affect the inci-
dence of MACE when compared to a placebo. Moreover, the
same author’s additional study (49) reveals that methotrex-
ate has no effect on the release of creatine kinase during the
initial 72 hours, no discrepancy in CRP levels, a significantly
poorer left ventricular ejection fraction (LVEF) in the metho-
trexate group at 3 months, and no impact on the incidence
of MACE. Conversely, in Ridker et al’s (50) study, the trial was
terminated prematurely due to the absence of any benefits.
No difference was observed in the incidence of MACE or in
the levels of inflammatory markers (white blood cell count,
CRP, interleukin-1B, interleukin-6) at 8 months. However, an
increased occurrence of leukopenia and non-basal cell skin
cancer was noted.

The final example in the realm of cardiovascular medi-
cine is the drug known as cyclosporine. Since its introduc-
tion into clinical practice in the late 1970s (51), the discovery
and utilization of cyclosporine has had a significant impact
on the advancement of transplant medicine (52,53). While
it has shown improvements in the rates of acute rejection
and early graft survival, the evidence regarding long-term
survival of renal allografts is less convincing (54). The identi-
fication of acute reversible nephrotoxicity and nephrotoxicity
in nonrenal transplants has subsequently led to the widely
accepted notion that there is also a chronic and more irre-
versible component to this drug (55). Consequently, there
has been a strong interest in developing protocols that aim to
minimize or even eliminate the use of calcineurin inhibitors
altogether (56). Despite these considerations, cyclosporine
has been repurposed for various other diseases, including
cardiovascular diseases (57,58). In two separate trials involv-
ing patients with ST-segment elevation myocardial infarction
(STEMI), cyclosporine failed to demonstrate any beneficial
effects on ST-segment resolution, left ventricular remodeling,
or the incidence of cardiovascular events during the respec-
tive trial periods of 6 months and 1 year (57,58). Moreover,
the use of cyclosporine in cardiovascular medicine has been
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associated with certain side effects such as hypertension,
hyperlipidemia, and diabetes mellitus (59). These side effects
may contribute to the high cardiovascular morbidity in renal
transplant patients and the development of chronic trans-
plant nephropathy (60). In conclusion, while cyclosporine has
revolutionized transplant medicine, its use in cardiovascular
medicine comes with potential side effects that must be care-
fully monitored and managed to ensure patient safety and
optimal outcomes (61).

Challenges in cancer endeavor

In the field of hematological malignancies, despite the
introduction of drug repurposing, which presents new possi-
bilities for innovative treatments, achieving complete remis-
sion remains an arduous task (62). Clinical trials that explore
the repurposing of drugs in oncology have exhibited vary-
ing levels of success, with certain limitations such as limited
sample sizes and participant heterogeneity (63). An illustra-
tion of repurposing challenges in multiple clinical trials has
come to light. One such instance involves the repurposing of
bortezomib to target hematological malignancies. However,
this drug proved to be ineffective as a stand-alone treatment
for other malignancies, including acute myelogenous leuke-
mia (AML) (62). Another example that showcases the act of
appropriating preexisting resources for alternative purposes
pertains to the potential drawbacks that arise when repur-
posing the chemical compound valproic acid (VPA) for vari-
ous medical applications. These disadvantages, such as its
lack of improvement in clinical outcomes for patients with
myelodysplastic syndrome (MDS) or elderly patients with
AML in a randomized phase Il study of low-dose decitabine
with VPA, have been observed (64). Additionally, another
study found that VPA did not have an impact on the objec-
tive response rate or overall survival (65). Furthermore, a
randomized phase Ill study examining the safety and effi-
cacy of combining VPA and all-trans retinoic acid (ATRA) with
induction therapy (idarubicin and cytarabine) for the treat-
ment of elderly AML patients was terminated prematurely
due to the absence of clinical improvement in the VPA group
compared to standard treatment (66). This lack of improve-
ment was further compounded by hematologic toxicity and
higher mortality rates associated with VPA (67). All of these
clinical studies shed light on the limitations and challenges
inherent in using VPA in contexts other than its original inten-
tion. However, there is promising potential for computational
drug repurposing to forecast the effectiveness of repurposed
medications in phase Il clinical trials, thereby streamlining
the process (68).

Challenges in diabetes endeavor

Drug repurposing trials in the field of diabetes have
encountered numerous hurdles and instances of failure. A
particular study examined the inability of prominent phar-
maceutical companies to develop novel treatments for type
2 diabetes (T2D) despite significant investments in traditional
drug development pipelines (69). Another scholarly article
highlighted the challenges faced by potentially effective
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medications during the advanced stages of clinical trials for
diabetes management (70). Researchers in the same field
are presently attempting to repurpose antidiabetic medica-
tions with the aim of addressing dementia, characterized by
the prevalence of insulin sensitizers and insulin substrates.
Despite the initial appearance of promise and the potential
for success, none of the clinical trials conducted thus far have
achieved the desired outcome of mitigating the cognitive
deterioration associated with late-onset dementia (71).

In recent years, there has been a significant focus on the
repurposing of antidiabetic drugs for the purpose of weight
control, alongside the use of other medications. The use of
antidiabetic drugs, such as metformin, glyburide, and SGLT-2
inhibitors, has shown promising results in terms of promoting
weight loss, which has garnered considerable attention (72).
Additionally, disulfiram, a medication commonly prescribed
for chronic alcoholism, has demonstrated a significant capa-
bility to counteract obesity in rats (73). Although the specific
mechanisms by which these drugs facilitate weight loss are
still being investigated, their potential as treatments for obe-
sity should not be underestimated. It is important to note
that despite the positive effects of these repurposed drugs
for obesity, there is also a focus on the repurposing of anti-
diabetic drugs such as semaglutide and tirzepatide, which
were initially developed to address the challenges associated
with T2D (74). These drugs can be traced back to a peptide
that was discovered in the venom of the Gila monster and
have the ability to mimic the actions of a naturally occur-
ring hormone that is released after food consumption. As a
result, they have shown promising results in terms of induc-
ing weight loss. However, it is essential to acknowledge that

The dark side of drug repurposing

these drugs do come with their fair share of adverse effects,
particularly in the gastrointestinal realm. Potential side
effects such as nausea, vomiting, diarrhea, and constipation
have been reported with their use. Therefore, it is crucial to
strike a careful balance between the beneficial effects and
the potential adverse effects when considering the use of
these drugs for the treatment of obesity.

Potential risk of repurposed antibiotics

One of the foremost concerns that need careful study is
the repurposing of antibiotics for noninfectious disorders,
some antibiotics of which are listed in Table 1. In this context,
it is crucial to assess both the efficacy of these repurposed
drugs and their potential to exacerbate the problem of multi-
drug resistance (75). In a study conducted by Wang et al (76),
it was shown that some non-antibiotic medications, when
present at levels that are both clinically and ecologically rele-
vant, had a notable impact on the dissemination of antibiotic
resistance. This effect was shown through the absorption of
exogenous antibiotic resistance genes (ARGs) (77,78), due to
the fact that the administration of non-antibiotic substances
has the potential to increase the likelihood of the develop-
ment of multidrug resistance at the clinical level (79). It is
plausible to suggest that the utilization of repurposed drugs
could exacerbate this issue even further. Therefore, the
present work strives to clarify this threat in the subsequent
section. The phenomenon of antibiotic resistance has been
steadily increasing over the past few decades, with no new
categories of antibiotics or viable alternatives receiving clini-
cal approval within the last three decades (75,80).

TABLE 1 - Some repurposed antibiotics and microbes that developed resistance to these antibiotics

Antibiotic Repurposed for

Microbes resistant to this antibiotic

1 Levofloxacin - Lung cancer
- Alzheimer’s disease

- Anti-amyloidogenic

- Cutibacterium avidum (82)
- Stenotrophomonas maltophilia (83,84)
- Haemophillus, Streptococcus, Corynebacterium, Staphylococcus, and Bordetella (85)

- Helicobacter pylori (86)

- Acinetobacter baumannii (87)

- Acinetobacter spp. and Escherichia coli (88)

2 Benzylpenicillin ~ Alzheimer’s disease

- All of the strains of nonfermenting gram-negative bacteria (NGNB) exhibited resistance

to benzylpenicillin. Pseudomonas cepacia and P. stutzeri were identified as the species
displaying the highest levels of resistance (89).

- Pseudomonas aeruginosa (90)

- Indole-positive Proteus strains are uniformly resistant to benzylpenicillin (91).

3 Doxycycline Treatment of malaria

- Arange of anaerobic bacteria, such as Bac teroides fragilis, exhibit resistance to attainable

blood levels of doxycycline (92).

-In the oral cavity, the prevailing type of antibiotic-resistant bacteria discovered were
gram-positive cocci (93).

- All isolated gram-negative strains, such as E. coli, E. fergusonii, and Proteus mirabilis,
exhibited resistance to doxycycline (94).

4 Azithromycin - COVID-19 pandemic

- Treatment of malaria drugazithromycin.

25 different strains of Legionella pneumophila exhibited resistance to the antimicrobial
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There is an ongoing endeavor to discover novel drugs or
alternative approaches to combat bacterial infections, but
unfortunately, the rate at which bacterial resistance develops
surpasses the pace of these endeavors (81).

While the notion of repurposing drugs may appear ratio-
nal and a scientific approach to addressing previously incur-
able ailments such as Alzheimer’s, cancer, and Parkinson’s, the
repurposing of antibiotic medications has generated concerns
regarding their use in treating such diseases, particularly in
light of the widespread prevalence of AMR that has wreaked
havoc in our contemporary era. AMR is well-known for its dev-
astating impact, with over 700,000 deaths occurring globally
as a result, and projections indicating that this number could
escalate to approximately 10 million people worldwide by the
year 2050 (95). A number of research studies have delved
into the utilization of antibiotics for the treatment of condi-
tions other than bacterial infections, attempting to repurpose
these medications (96-98). However, these studies have failed
to adequately acknowledge the grave peril associated with
employing antibiotics for repurposing, namely the progres-
sion of AMR (as depicted in Fig. 1).

The antibiotic levofloxacin has recently been proposed as a
potential repurposed medication for Alzheimer’s disease (AD)
(98). However, several other studies examining the effects of
this antibiotic on Alzheimer’s patients have been disregarded.
One of these studies involves a case report that observed an
increase in seizures in an AD patient who was administered a
dose of 500 mg/day of levofloxacin (99). Additionally, research
on the gut microbiome of Alzheimer’s patients has indicated
that Helicobacter pylori infection may serve as a trigger for
the release of inflammatory mediators in AD patients (104).
It is worth noting that H. pylori is known for its resistance to
levofloxacin (Tab. 1) (105). The primary concern with repur-
posed antibiotics lies in their dosage, duration of use, and
their impact on AMR. Antibiotics are typically administered
at doses significantly higher than non-antibiotic drugs (27).
In fact, a concentration of 400 mg of minocycline was found
to be ineffective in delaying the progression of cognitive or
functional impairment in patients with mild AD over a 2-year
period (106). Despite their potential as candidates in labora-
tory settings, the efficacy of these antibiotics in vivo is not guar-
anteed. Moreover, long-term exposure to antibiotics, whether
at clinical or sub-stoichiometric doses, can lead to the develop-
ment of drug resistance among gut microbes. Chronic admin-
istration of these antibiotics is necessary for the treatment or
management of AD. Consequently, the chronic use of antibiot-
ics at clinical doses may result in antibiotic resistance, making
it challenging to treat common infections. Furthermore, pro-
longed antibiotic use may increase a patient’s susceptibility
to infections. If any antibiotics demonstrate potential as anti-
Alzheimer’s agents in either laboratory or clinical studies, it is
imperative to assess their long-term consequences.

There has been a lack of comprehensive research aimed at
comprehending the prolonged implications of utilizing repur-
posed antibiotics to enhance AMR. However, existing data have
demonstrated a direct correlation between the consumption of
antibiotics and the emergence of AMR (107). Consequently, an
escalation of multidrug resistance may occur as the consump-
tion of these repurposed antibiotics increases. For example,
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doxycycline is an antibiotic that has been repurposed for the
treatment of malaria (Tab. 1). While there is no documented
evidence of increased AMR due to the use of doxycycline for
malaria prophylaxis, reports have indicated the development
of doxycycline resistance and coresistance to other antibiot-
ics when used to treat other diseases. A study revealed that
doxycycline-induced stress led to the emergence of coresis-
tance to colistin, which is considered a last-resort antibiotic for
extensively drug-resistant bacteria (108). This study shed light
on a potential mechanism of doxycycline-selected resistance
and coresistance in Vibrio cholerae, emphasizing the need for
stringent regulations regarding the indiscriminate use of anti-
biotics. Another aspect to consider is the unrestricted sale of
these antibiotics without prescription, particularly in develop-
ing countries such as India, which is one of the largest consum-
ers of antibiotics (109). Consequently, the controlled usage of
these repurposed antibiotics may be compromised. Prolonged
use of repurposed antibiotics could exert selective pressure,
resulting in the survival of multidrug-resistant and extremely
drug-resistant bacteria. In the absence of a competitive envi-
ronment, these drug-resistant strains may thrive more suc-
cessfully, leading to the elimination of phenotypically sensitive
strains, as illustrated in Figure 3 (110).

During the COVID-19 pandemic, health professionals
turned to the administration of azithromycin alone or in
combination with drugs like hydroxychloroquine. This repur-
posing of an antibiotic without any evidence of its antiviral
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FIGURE 3 - Progression of antimicrobial resistance. Antimicrobial
resistance may arise as a consequence of the improper utilization
of antibiotics or their employment for indications other than the
treatment of bacterial infections (100). This resistance can mani-
fest through the transmission of genes associated with antimicro-
bial resistance when bacteria are subjected to prolonged exposure
to low levels of antibiotics (101). Such a situation can result in the
emergence of bacteria that are resistant to multiple drugs, there-
by impeding the effective management of bacterial infections and
presenting a significant public health challenge (102). To effecti-
vely address antimicrobial resistance, it is imperative to advocate
for the responsible and prudent utilization of antibiotics, ensuring
their administration solely when warranted and in accordance with
appropriate dosages and durations (103). This diagram elucidates
the manner in which the inappropriate employment of antibiotics,
whether in terms of sublethal dosages or durations, leads to the
dissemination of resistance genes within bacterial populations,
consequently giving rise to an entirely resistant population.
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properties became a highly controversial practice. However,
its utilization continued to increase with the successive
waves of COVID-19. The future implications of such unreg-
ulated and unscientific use of antibiotics remain uncertain.
The consequences of this practice on AMR will further exac-
erbate the situation (111). In addition to the repurposing
of azithromycin in the context of the COVID-19 pandemic,
numerous studies have revealed its antimalarial proper-
ties. The eradication of Plasmodium falciparum parasites
is accomplished through two distinct mechanisms: delayed
death by means of inhibiting the apicoplast ribosomes and
rapid elimination throughout the blood stage development
(112). A trial carried out in Burkina Faso discovered that a
solitary oral dose of azithromycin did not result in a reduc-
tion in malaria positivity; however, it did alleviate caregiver-
reported fever as an adverse event (113). Furthermore, an
additional study determined that the supplementation of
azithromycin to seasonal malaria chemoprevention did not
yield improved nutritional outcomes among children (114).
Furthermore, novel derivatives of azithromycin that exhibit
swift action have been developed, manifesting exceptional
antimalarial activity in both in vitro and in vivo settings, while
employing a distinct mode of action compared to the more
gradual acting azithromycin (115). Although azithromycin has
indeed exhibited potential as an antimalarial agent, further
investigation is necessary to optimize its efficacy and com-
prehend its mechanisms of action. Considering the positive
correlation between extensive antibiotic usage and the wors-
ening of the antibiotic resistance crisis in the present era, it is
imperative to enhance AMR stewardship at an international
level in order to mitigate the impact of antibiotic use on the
menace of antibiotic resistance. Particular emphasis should
be placed on comprehending the ramifications of antibiotic
repurposing.

There is a profound necessity to explore alternatives to
antibiotics in the context of repurposing, especially those
that have already demonstrated resistance. The successful
repurposing of non-antibiotic drugs for cancer treatment has
been documented (116,117) and a similar approach can be
adopted for other diseases as well. While the repurposed
antibiotics may circumvent clinical trials, the absence of sub-
stantial studies addressing the grave issue of AMR may prove
to be catastrophic for the already advancing AMR against
most antibiotics. The role of AMR in exacerbating challenges
in the management of nosocomial infections and the result-
ing mortality due to multidrug resistance should not be
underestimated, particularly in an era where the efficacy of
most antibiotics is waning and treatment regimens rely on
last-resort antibiotics (118). It is imperative to find a solu-
tion that does not further burden the existing load of AMR.
Therefore, we propose that clinicians and researchers raise
awareness about the rampant problem of AMR and its con-
sequences, while discouraging the use of antibiotics in drug
repurposing.

After considering the knowledge mentioned above, one
could potentially inquire whether the practice of repurposing
antibiotics to address noninfectious ailments could poten-
tially elevate the likelihood of AMR. Furthermore, one may
also wonder about the implications of reusing antibiotics that

The dark side of drug repurposing

were originally approved for the treatment of one specific
infection in the context of treating a different infection.

In previous times, newer antibiotics were consistently
being surpassed by more recent ones, which were devised
to circumvent the most recent resistance mechanism dis-
covered in clinical isolates. Nevertheless, numerous compa-
nies have abandoned initiatives aimed at developing novel
anti-infectives due to the time and expense associated with
clinical trials. The insufficient availability of new drugs has
provided a compelling impetus to repurpose older antibiotics
for treating multidrug-resistant strains or to combine them
with agents capable of targeting multiple distinct pathways
within the pathogen or activating the resistance pathways
of host cells. This approach is anticipated to result in height-
ened effectiveness and reduce the likelihood of resistance
emergence (119).

Reverting to previous antibiotics can, under certain cir-
cumstances, overcome antibiotic resistance. For instance,
strains of tuberculosis that are resistant to the drug combina-
tions currently in use can be found in all regions of the world.
One effective tuberculosis medication, known as isoniazid,
hinders the enzyme InhA, thereby obstructing the synthesis
of the mycolic acids that constitute the cell wall of the myco-
bacterium. The resistance to isoniazid, which is a prodrug,
largely arises from mutations in the bacterial enzymes that
are necessary for its activation. Recently, it has been discov-
ered that an older antibiotic derived from natural sources,
called pyridomycin and first identified in the 1950s, directly
inhibits InhA. Consequently, it can be employed to treat
infections caused by drug-resistant strains of tuberculosis
that survive due to their inability to activate isoniazid (120).
The comprehension of this mechanism of action may also
promote the utilization of pyridomycin in conjunction with
other medications (121). However, there are several difficul-
ties in repurposing drugs for infectious diseases, and the sub-
sequent sections will outline some of the primary challenges
that arise in this domain.

The complexity of microorganisms and the limited
understanding of the complicated interactions
between pathogens and their hosts

Identifying appropriate therapeutic targets for anti-infec-
tive medications is a challenging endeavor due to the com-
plex nature of infection processes and the intricate interplay
between hosts and pathogens (122). Pathogens, encom-
passing viruses, bacteria, protozoa, and nematodes, acquire
significant genetic diversity through mutation and recombi-
nation, resulting in the emergence of drug-resistant mutants
(123). Consequently, the development of drugs that can
effectively target all viral variations becomes arduous. Hence,
it is imperative to consistently exert efforts to stay ahead of
evolving resistance mechanisms (124). Furthermore, certain
infections, including Neisseria spp. or Plasmodium spp., pos-
sess the capability to undergo antigenic variation, wherein
they modify the surface proteins on their cells to evade
detection and attack by the host organism’s immune sys-
tem. This ongoing process of adaptation poses challenges
in identifying consistent therapeutic targets and potential
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candidates for vaccination (125). Additionally, several patho-
gens like Trypanosoma cruzi, Mycobacterium tuberculosis,
and herpes viruses can establish latent or chronic infections,
wherein they remain inactive within host cells and success-
fully evade immune detection (126,127). Effectively manag-
ing such infections requires medications that can specifically
target the pathogen during both its active and latent stages.
Moreover, certain bacteria such as Pseudomonas aerugi-
nosa, Acinetobacter baumannii, and Staphylococcus aureus
can form biofilms, which augment their resistance to drugs
and impede drug accessibility, thereby making the eradica-
tion of infections more formidable (75,128).

Lack of efficient animal models

Developing animal models that accurately replicate
human infections is essential for preclinical testing. However,
creating suitable models for specific infectious diseases can
pose challenges due to the intricate interactions between
hosts and pathogens that are difficult to accurately simulate
(129). The absence of appropriate predictive models can hin-
der the progress of drug development, as it becomes ardu-
ous to comprehend the disease mechanisms and evaluate
the effectiveness of potential medications (130). An example
is the complexity involved in modeling diseases like COVID-
19 that necessitates the consideration of various factors such
as stochasticity, evolving transmission dynamics, and spatial
configurations (131).

A significant advancement in the field of antimalarial drug
research and development was the establishment of a NOD-
SCID mouse model for P. falciparum infection, which proved
valuable for testing drug efficacy (132). Moreover, the uti-
lization of organoid cultures derived from stem cells holds
significant promise in providing valuable insights into infec-
tious diseases by effectively mimicking in vivo disease charac-
teristics and enhancing the comprehension of host-microbe
interactions (133,134). In addition, the integration of sophis-
ticated mathematical models such as the SEIR model, incor-
porating multiple variables, can greatly assist in forecasting
disease dissemination, particularly for infections character-
ized by prolonged incubation periods and asymptomatic car-
riers (135). The optimization of the modeling process through
the formulation of well-defined research questions, imple-
mentation of quality assurance measures, and meticulous
reporting practices can substantially elevate the relevance
and comprehensibility of findings, thereby playing a pivotal
role in improving decision-making processes related to dis-
ease management (136).

On the other hand, epidemiological models, such as
agent-based simulation models and compartmental models,
play a crucial role in understanding disease spread dynamics
and evaluating intervention strategies (137-139). These mod-
els often involve making assumptions that may limit their
scope, such as focusing on single-strain and single-vector
scenarios, simplistic human behavior modeling, and ignor-
ing data quality evaluation (140). To improve the reliability of
these models, it is essential to consider factors like informa-
tion quality, human behavior, multi-vector, and multi-strain
scenarios, as they significantly impact the model outcomes
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without significantly increasing computational costs (141).
Collaborative efforts between researchers and modelers are
crucial to enhancing the accuracy of predictions and optimiz-
ing models for effective public health decision-making and
for repurposing antibiotics.

Elevated likelihood of clinical failure

Clinical trials for anti-infective medications frequently
encounter significant attrition rates as a result of inadequate
effectiveness, apprehensions regarding safety, or difficul-
ties in the recruitment of patients (142). Additionally, the
execution of clinical trials and the subsequent monitoring in
resource-constrained environments, along with the absence
of suitable surrogate endpoints for infectious diseases, col-
lectively contribute to the elevated levels of unsuccessful
outcomes (143).

In conclusion, while there is potential in repurposing drugs
to overcome antibiotic resistance in infectious diseases, sev-
eral difficulties arise in this domain. The complexity of micro-
organisms and the intricate interactions between pathogens
and their hosts pose challenges in identifying suitable thera-
peutic targets. Pathogens’ ability to evolve, undergo antigenic
variation, establish latent or chronic infections, and form bio-
films further complicate the development of effective medi-
cations. Addressing these challenges will require continued
research and collaboration to develop novel strategies and
therapies to combat drug-resistant infections.

Conclusion

Drug repurposing is a strategic initiative that involves the
exploration and identification of fresh therapeutic applica-
tions for pharmaceuticals that already exist in the market.
This approach has proven to be beneficial due to its cost-
effectiveness and ability to save time in the drug discovery
process. However, it is important to consider various factors
before fully embracing this strategy. One such factor is the
fact that numerous repurposed drugs have failed to achieve
their intended targets during clinical trials, leading to con-
cerns about the effectiveness of this approach. Additionally,
there is a growing apprehension about the potential increase
in the risk of multidrug resistance, which further emphasizes
the need for caution when repurposing drugs.

The development of repurposed medications requires a
high level of creativity and innovation in designing the devel-
opment program. This is because each case presents a unique
set of circumstances and evidence that must be thoroughly
evaluated. Therefore, it is crucial to approach each drug
repurposing project with a comprehensive understanding
of the ethical and pharmaceutical considerations involved.
Furthermore, it is imperative that repurposed drugs undergo
rigorous clinical trials before they can be approved for use.
This ensures that the safety and efficacy of these drugs are
thoroughly evaluated, and any potential risks and side effects
are identified and mitigated. In conclusion, the process of
selecting a repurposed drug should be guided by a range of
ethical and pharmaceutical considerations. It is important
to acknowledge the limitations and challenges associated
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with drug repurposing, such as the potential failure to reach
therapeutic targets and the risk of multidrug resistance. By
prioritizing the application of creativity and innovation in the
development program, as well as ensuring the completion of
rigorous clinical trials, we can maximize the potential benefits
of repurposed drugs while minimizing the associated risks.
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RBD mutations at the residues K417, E484, N501
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ABSTRACT

Introduction: It is unclear whether induced spike protein-specific antibodies due to infections with SARS-CoV-2 or
to the prototypic Wuhan isolate-based vaccination can immune-react with the emerging variants of SARS-CoV-2.
Aim/objectives: The main objective of the study was to measure the immunoreactivity of induced antibodies
postvaccination with Covishield™ (ChAdOx1 nCoV-19 coronavirus vaccines) or infections with SARS-CoV-2 by
using selected peptides of the spike protein of wild type and variants of SARS-CoV-2.

Methodology: Thirty patients who had recovered from SARS-CoV-2 infections and 30 individuals vaccinated with
both doses of Covishield™ were recruited for the study. Venous blood samples (5 mL) were collected at a single time
point from patients within 3-4 weeks of recovery from SARS-CoV-2 infections or receiving both doses of Covishield™
vaccines. The serum levels of total immunoglobulin were measured in both study groups. A total of 12 peptides of
10 to 24 amino acids length spanning to the receptor-binding domain (RBD) of wild type of SARS-CoV-2 and their
variants were synthesized. The serum levels of immune-reactive antibodies were measured using these peptides.
Results: The serum levels of total antibodies were found to be significantly (p<0.001) higher in the vaccinated
individuals as compared to COVID-19 recovered patients. Our study reported that the mutations in the RBD at the
residues K417, E484, and N501 have been associated with reduced immunoreactivity with anti-sera of vaccinated
people and COVID-19 recovered patients.

Conclusion: The amino acid substitutions at the RBD of SARS-CoV-2 have been associated with a higher potential
to escape the humoral immune response.

Keywords: Antibodies, COVID-19, Immune escape, Immunoreactivity, Mutation, SARS-CoV-2

Introduction

The coronavirus disease 2019 (COVID-19) pandemic
caused significant global impact and continues to be a threat
despite the introduction of vaccines (1,2). The vaccines have
been highly effective in preventing COVID-19 around the
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world (3). Globally, the COVID-19 pandemic is still producing
a significant amount of illness and mortality (4). According
to current knowledge, mildly symptomatic people represent
around 80% of all instances of COVID-19, which can range in
severity from asymptomatic to deadly pneumonitis (5). The
virus can cause a range of symptoms, from mild to severe,
and can be transmitted through the respiratory tract (6). It
has significant impacts on at-risk patients and the health-
care system, including high costs, loss of human resources,
and psychological problems (7). COVID-19, caused by severe
acute respiratory syndrome coronavirus 2 (SARS-CoV-2),
enters human cells by binding the receptor-binding domain
(RBD) of its spike (S) protein to the angiotensin-converting
enzyme 2 (ACE2) receptor (8,9). Antibodies directed against
the S-protein have the potential to neutralize the virus effi-
ciently (10). Since the first case of SARS-CoV-2 in Wuhan,
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China, over 774 million infections have been documented,
leading to the emergence of seven major lineages with vari-
ous variants (11,12). Coronaviruses have a large RNA genome
and mutations can arise naturally during replication, leading
to evolutionary advantages such as increased infectivity or
improved receptor binding (13). The Omicron variant of SARS-
CoV-2 has 30 non-synonymous amino acid mutations in the
spike protein, which have been reported to enable immune
evasion and reduce vaccine effectiveness (14). Variants of
concern (VOCs), such as B.1.1.7, B.1.1.298, B.1.429, P.2, P.1,
and B.1.351, have mutations that can increase transmissibil-
ity, virulence, or evade immune responses (15,16). These
variants mainly have mutations in the spike protein, particu-
larly in the S1 and RBD regions, which are the main targets of
neutralizing antibodies.

Twelve vaccines have been approved for use in humans
since the first reported case of SARS-CoV-2 in December
2019, with high efficacy in preventing COVID-19 (17).
However, the emergence of new variants has raised con-
cerns about the effectiveness of these vaccines, with some
trials showing reduced efficacy against variant strains in
certain countries (18). The emergence of VOCs with muta-
tions in the S-protein raises concerns about immune eva-
sion. Some VOCs, such as B.1.1.7 and B.1.351, have shown
reduced susceptibility to neutralizing antibodies, but the
immunoreactivity of induced antibodies after vaccination
with individual’s mutations occurred in the RBD in VOCs is
not well understood (15,19). The study focuses on under-
standing the humoral immune responses to SARS-CoV-2 in
COVID-19 convalescent donors and vaccine recipients. This
study investigated the levels of SARS-CoV-2 spike protein-
specific total antibodies in a cohort of individuals who have
received both doses of Covishield™ vaccine (vaccinated
group) and patients who have recovered from SARS-CoV-2
infections (recovered group). The aim of the study was to
compare the immunoreactivity of peptides of wild-type
SARS-CoV-2 and peptides of mutated SARS-CoV-2 with anti-
sera of vaccinated people and COVID-19 recovered patients
to understand the effectiveness of vaccination and potential
immune evasion strategies.

Materials and methods

Sample size and study groups

A total of 60 individuals of age 218 years (30 patients
recovered from COVID-19 infections, 30 received both
doses of Covishield™ vaccine) were recruited in the pres-
ent study. COVID-19 recovered patients of both sexes who
had not received any COVID-19 vaccines were recruited for
the COVID-19 recovered group, while age-matched individu-
als without previous history of SARS-CoV-2 infections who
have received both doses of Covishield™ were recruited for
the vaccinated group. Patients on immunotherapy or having
any kind of organ transplantations or immunocompromised
patients (patients with human immunodeficiency virus [HIV]
infection, autoimmunity, chronic kidney disease [CKD], and
any other immunodeficiency diseases) were excluded from
the study. This study was approved by the Institute Ethics
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Committee (IEC), All India Institute of Medical Sciences,
Raipur, Chhattisgarh, India (1936/IEC-AIIMSRPR/2021). The
completely filled up and signed written consent form was
obtained from each participant before taking the blood sam-
ple for the study.

Disease severity

Patients who tested positive for SARS-CoV-2 infection by
reverse transcriptase-polymerase chain reaction (RT-PCR) and
got admitted to the Institute from October 2021 to December
2022 wereincluded in the study. COVID-19 recovered patients
were divided into severe and mild groups: severe cases were
defined as those requiring invasive mechanical ventilation or
high-flow nasal oxygen, and mild cases as neither requiring
oxygen nor in-patient hospital care.

Sample collection

A total of 5 mL whole blood sample was collected in a
plain vial by venipuncture within 3 to 4 weeks of recovery
from COVID-19 infections, while the same amount of blood
sample was collected within 3 to 4 weeks postvaccination
with both doses of Covishield™. The serum was collected to
measure the levels of total antibodies and immunoreactivity
of antibodies with selected peptides of spike protein of wild
type and variants of SARS-CoV-2.

Serum isolation

The blood samples collected in the plain vial were kept for
30 minutes for clotting. After that, it was centrifuged at 1,500
rom for 10 minutes at 4°C. The resulting supernatant called
serum was separated into fresh Eppendorf tubes and stored
at —80°C till further use.

Determination of serum levels of total antibodies

The serum levels of total antibodies (immunoglobulin, Ig)
were measured in the collected serum samples of the vac-
cinated individuals and COVID-19 recovered patients. Human
SARS-CoV-2 spike (trimer) Ig total enzyme-linked immuno-
sorbent assay (ELISA) kit (Invitrogen, ThermoFisher Scientific)
was used for the estimation of total immunoglobulins as per
recommended standard protocol. Ten healthy serum samples
collected before 2019 were used as controls to investigate
the specificity and sensitivity of ELISA kit.

Peptide synthesis and purification

A total of 12 peptides (six for the wild-type Wuhan
isolates and six for the SARS-CoV-2 variants) of RBD of
the spike protein were selected based on the available
sequence of SARS-CoV-2 through UniPort software. These
peptides were commercially synthesized and obtained to
test the antibody responses. The peptides P1, P3, P5, P7,
P9, and P11 matched with wild-type SARS-CoV-2 sequence,
while peptides P2, P4, P6, P8, P10, and P12 matched with
variants of SARS-CoV-2 (Tab. 1). The peptides P1 and P2
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TABLE 1 - List of the peptides of the RBD from wild type and SARS-CoV-2 variants

S.No Peptides Sequences of amino acids in Sequence Mutating sites VOoC/wild type
the RBD of SARS-CoV-2 number
1 P1 APGQTGKIADYNYK 411-424 K417 Wild
2 P2 APGQTGNIADYNYK 411-424 417N Common site of mutation for Delta and Omicron
3 P3 TEIYQAGSTPCNGV 470-483 S477, T478 Wild
4 P4 TEIYQAGNKPCNGV 470-483 477N, 478K Common site of mutation for Delta and Omicron
5 P5 PCNGVEGFNCYFPL 479-492 EA84 Wild
6 P6 PCNGVAGFNCYFPL 479-492 484A Common site of mutation for Delta and Omicron
7 P7 PLQSYGFQPTNGVG 491-504 N501 Wild
8 P8 PLQSYGFQPTYGVG 491-504 501Y Common site of mutation for Delta and Omicron
9 P9 WNSNNLDSKVSGNYN 436-450 N440, G446 Wild
10 P10 WNSNKLDSKVSGNYN 436-450 440K, 446S Omicron
11 P11 YFPLQSYGFQPTNGVGYQPYR  489-509 Q493, G496, Q498,  Wild
N501, Y505
12 P12 YFPLRSYSFRPTYGVGHQPYR  489-509 493R, 4968, 498R, Omicron
501Y, 505H
RBD = receptor-binding domain; VOC = variants of concern.
The sites of amino acid variations in the peptide sequences are highlighted in bold.
represent wild-type and mutated SARS-CoV-2, respectively. Statistical analysis

Both peptides P1 and P2 have same number of amino acids
and same sequences of amino acids (411-424), but differ
from each other at single amino acid residue at position
417. Likewise, peptides P3 and P4 have same amino acid
sequence and length (470-483), but differ from each other
at two residues at positions 477 and 478 in wild-type and
mutated SARS-CoV-2, respectively. The peptides P5 and P6
show wild-type and mutated SARS-CoV-2, respectively, at
residue 484. Both peptides have a single amino acid dif-
ference at residue 484. Similarly, peptides P7, P9, P11 of
wild-type SARS-CoV-2 and peptides P8, P10, and P12 of
SARS-CoV-2 variants have same length and sequence of
amino acids, but differ from one another by one or more
than one amino acid (Tab. 1).

Direct binding assay

To check the immunoreactivity of peptides with SARS-
CoV-2 anti-sera and vaccine anti-sera, direct binding assay
was performed using standard ELISA protocol. The ELISA
plate was coated with individual peptides (200 ng/well)
of spike protein. After blocking and washing SARS-CoV-2
anti-sera and vaccine anti-sera were added at a dilution
of 1:200 onto the ELISA plate and incubated at 37°C for
2 hours. After washing, anti-human IgG antibody conju-
gated with horse radish peroxidase (HRP; 1:200 dilutions)
was added and incubated for 1 hour at 37°C. Washing step
was repeated after incubation and 100 pL/well substrate
solution (TMB) was added. The color was developed within
10-15 minutes. The color reaction was stopped by adding
50 uL/well of 2N H_SO,. The plate was read at 450 nm in
the ELISA reader.

Data visualization was performed via GraphPad Prism
version 8.0 (GraphPad software, San Diego, CA, USA) and
STATA 12 (STATA software, Chicago, USA) for Windows 10.0.
Result was expressed as mean and standard deviation (SD)
for normal distribution, or median and interquartile range
for skewed distribution. For two-group analysis, we used the
Mann-Whitney U-test for continuous variables. The level of
significance (p-value) in the mean antibody titer was com-
pared and analyzed with the Student’s t-test.

Results

Clinical and demographic details

The study analyzed 30 COVID-19 recovered subjects and
30 individuals vaccinated with both doses of Covishield™.
The clinical and demographic details are shown in Table 2.
The median age of the COVID-19 recovered patients was 48.5
years, with a range of 23 to 76 years, while the median age of
vaccinated group was 45 years, with a range of 18 to 74 years.
The distributions of patients based on their age <65 years and
>65 years in both groups are shown in Table 2. Out of the par-
ticipants, 33.33% and 40% females were found in COVID-19
recovered group and vaccinated group, respectively. Based on
disease severity, COVID-19 recovered patients were divided
into severe and mild groups. Out of the COVID-19 recovered
patients 43.33% were severe and required intensive care unit
(ICU) support in the hospital. The most prevalent comorbidi-
ties among the COVID-19 recovered patients were obesity
(26.67%), diabetes (23.33%), and hypertension (6.67%), and
some of the patients required intensive care and intubation
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TABLE 2 - Clinical and demographic details of COVID-19 recov-
ered patients and individuals who have received both doses of
Covishield™

Characteristics COoVID-19 Individuals
Recovered vaccinated with
patients both doses of
(n=30) Covishield™ (n = 30)
Age
Median (IQR) 48.5 (23-76) 45(18-74)
<65 years (%) 21(70) 18 (60)
65+ years (%) 9(30) 12 (40)
Female (%) 10(33.33) 12 (40)
Severity
Severe (%) 13(43.33) NA
Mild (%) 17(66.67) NA
Hospitalized, no ICU (%) 17 (66.67) NA
Hospitalized, required ICU (%)  13(43.33) NA
Died due to COVID-19 (%) 0(0) NA
Preexisting conditions
No underlying disease 11(36.67) 24 (80)
Hypertension 2(6.67) 2 (6.67)
Diabetes 7(23.33) 1(3.33)
Obesity 8(26.67) 2 (6.67)
Hypothyroidism 2(6.67) 0

ICU = intensive care unit; IQR, interquartile range.

due to the severity of their condition. Obesity, hypertension,
and diabetes were the most common comorbidities observed
in the patients who required ICU support.

Serum levels of total antibodies in COVID-19 recovered
patients and vaccinated individuals

The sensitivity and specificity of human SARS-CoV-2
spike (trimer) lIg total ELISA kit (/nvitrogen; ThermoFisher
Scientific) were tested by the serum sample collected before
2019 as a control. SARS-CoV-2 spike protein-specific total
antibodies were measured 3-4 weeks after the recovery
from SARS-CoV-2 infections and after receiving the second
dose of Covishield™ vaccine. The median (IQR) serum lev-
els of SARS-CoV-2 spike-specific total antibodies were found
to be 1275 U/mL (650-2000 U/mL) and 2100 U/mL (1300-
3000 U/mL) in COVID-19 recovered patients and vaccinated
individuals, respectively. The serum levels of total antibod-
ies were found to be significantly (p<0.001) higher in the
vaccinated individuals as compared to COVID-19 recovered
patients (Fig. 1).

Immunoreactivity of peptides with anti-sera of vaccinated
and COVID-19 recovered patients

The individual peptides (P1, P3, P5, P7, P9, and P11) of
wild-type SARS-CoV-2 and peptides (P2, P4, P6, P8, P10, and
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FIGURE 1 - Serum levels of SARS-CoV-2 spike protein-specific total
immunoglobulins (Ig) within 3-4 weeks of recovery from SARS-CoV-2
infections from the hospital (n = 30) and 3-4 weeks after receiving
the second dose of Covishield™ vaccine.

P12) were coated in the high-binding microtiter plate to
assess the immunoreactivity with anti-sera obtained from
vaccinated people and COVID-19 recovered patients. The
immunoreactivity of peptides with antibodies was observed
by taking the optical density (OD) at 592 nm. The difference
in the OD value with corresponding peptides of wild types
and mutated peptides was reported. The significant (p<0.05)
difference in the immunoreactivity of peptides of wild type
(P1, P5, P7) with peptides (P2, P6, P8) of mutated SARS-CoV-2
is reported in Figure 2. As compared to wild-type peptide
sequence (P1), the mutated peptide sequence (P2) has single
amino acid mutation in the RBD at position 417, which signifi-
cantly reduced the immunoreactivity with anti-sera of vac-
cinated people and COVID-19 recovered patients (Fig. 2A).
Likewise, the peptide sequence (P6) has a single amino acid
mutation at residue 484 in the RBD of SARS-CoV-2, which sig-
nificantly (p<0.05) reduced the immunoreactivity with anti-
sera of vaccinated people and COVID-19 recovered patients
(Fig. 2B). Similar to the mutated peptide sequences P2 and
P6 of SARS-CoV-2 variants, the peptide sequence (P8) has sin-
gle amino acid mutation in the RBD at the residue 501. This
mutation also reduced the immunoreactivity with anti-sera
of the vaccinated people and COVID-19 recovered patients
(Fig. 2C). Finally, we have tested the immunoreactivity of
peptide pools (P1, P5, and P7) of wild-type SARS-CoV-2 and
peptide pools (P2, P6, and P8) of SARS-CoV-2 variants with
the anti-sera of vaccinated people and COVID-19 recovered
patients. Our finding showed a significant (p<0.05) reduction
in immunoreactivity of anti-sera of vaccinated and COVID-19
recovered patients with peptide pools of SARC-CoV-2 vari-
ants (Fig. 2D). The amino acid mutations in the RBD of SARS-
CoV-2 variants at residues 477, 478 for peptide sequence P4
and at residues 400, 446 for peptide sequence P10 did not
reduce the immunoreactivity with anti-sera of vaccinated
people and COVID-19 recovered patients (Supplementary
figure 1, a and b). However, the mutated peptide sequence
(P12) of SARS-CoV-2 variants has five amino acid mutations
at residues 493, 496, 498, 501, and 505, which reduced the
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immunoreactivity with anti-sera of vaccinated people and
COVID-19 recovered patients. But, it was found to be compa-
rable (p>0.05) (Supplementary figure 1c).

Finally, our study reported that the mutations in the RBD
at the residues K417, E484, and N501 in SARS-CoV-2 vari-
ants have been associated with reduced immunoreactivity
with anti-sera of vaccinated people and COVID-19 recov-
ered patients (Fig. 2). The amino acid substitutions at K417,
E484, and N501 residues significantly reduced antibody bind-
ing with polyclonal serum antibodies obtained from people
who have recovered from COVID-19 and also vaccinated
with ChAdOx1 nCoV-19 vaccines. The findings indicate that
vaccination may result in a decreased long-term antibody
response to Beta and Omicron RBDs, highlighting the chal-
lenges in neutralizing these variants with the existing anti-
body response induced by vaccination.

Discussion

We analyzed the antibody response against SARS-CoV-2
spike protein using blood samples collected at least 3-4
weeks after recovery from nonvaccinated individuals who
had recovered from COVID-19. The serum levels of total
antibody were compared with individuals who had received
both doses of Covishield™. The findings of the present study
showed the significant rise in the levels of total antibody
after 3-4 weeks of recovery from SARS-CoV-2 infections and
after receiving both doses of Covishield™ (ChAdOx1 nCoV-
19 coronavirus vaccines). The raised level of total antibody
titer was found to be significantly higher in vaccinated people

A

Vaccinated

Recovered

compared to nonvaccinated people who have recovered
from SARS-CoV-2 infections. Several studies have reported a
significant rise in serum levels of total antibodies postvacci-
nation with Covishield™ in healthy individuals (20,21). Few
studies reported a significant difference in antibody titer with
disease severity among COVID-19 recovered patients (22,23).
Interestingly, among the recovered patients, those who had
severe COVID-19 had higher levels of anti-spike total anti-
body compared to those with mild disease (24). Our study
also reported significantly higher levels of SARS-CoV-2 spike
protein-specific total antibody in severe COVID-19 recovered
patients.

Vaccination with ChAdOx1 nCoV-19 coronavirus vaccines
led to a significant increase in anti-spike antibody titers, indi-
cating a robust humoral immune response. However, the
raised antibody after vaccination could not immune-react
with SARS-CoV-2 variant peptides. The polyclonal antibody
response postvaccination showed limitations in binding the
mutant peptides of RBDs of the Delta and Omicron variants,
suggesting a potential challenge in achieving full protec-
tion against these variants (25). Findings of this study sug-
gest that vaccination elicits a lower titer of immune-reactive
antibodies against the Delta and Omicron RBDs, indicating
potential challenges in neutralizing these variants. Overall,
the results highlight the need for ongoing monitoring and
adaptation of vaccines to address the evolving SARS-CoV-2
variants and their impact on antibody binding. The findings
of our study are supported by the study of Geers et al 2021
(26). The study revealed structural analysis that the Delta and
Omicron variants share a common immune escape strategy
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involving specific residues (K417-E484-N501), allowing them
to evade neutralization by anti-RBD antibodies (8,26). The
study suggests that through mutations of this triad, SARS-
CoV-2 has evolved to evade neutralization by the class
I/Il anti-RBD antibody fraction of hybrid immunity plasma. The
findings indicate that vaccination may result in a decreased
long-term antibody response to Delta and Omicron RBDs,
highlighting the challenges in neutralizing these variants with
the existing antibody response induced by vaccination. The
study also found that the interval between vaccination and
blood draw did not significantly impact antibody levels, indi-
cating the stability of the antibody response over time. These
findings highlight the need for continued monitoring and
adaptation of vaccines to address the evolving SARS-CoV-2
variants and their immune evasion strategies.

Findings of our study reported reduced immunoreactiv-
ity of anti-sera of vaccinated people and COVID-19 recovered
patients with a peptide having E484K mutation in the RBD of
SARS-CoV-2 variants. Our finding is supported by the study
done in Brazilian/Japanese variants (P.2 and P.1) with the
E484K mutation, which had significantly decreased neutraliza-
tion, suggesting evasion of antibody responses (27). The neu-
tralization of the South African B.1.351 strain, which has three
mutations in the RBD and has been found in reinfection cases,
was significantly reduced for two-dose vaccines, similar to
other distantly related coronaviruses, indicating that a small
number of mutations can lead to potent humoral immune
response escape (28,29). A considerable percentage of recipi-
ents did not have detectable neutralization of the B.1.351
variant after receiving two doses of either vaccine (22).
Individuals with prior COVID-19 infection or significant expo-
sure had higher neutralization titers and cross-neutralization
against various variants, suggesting a combination of prior
infection and vaccination may result in broader neutralizing
antibody responses (30). The B.1.351 variant of SARS-CoV-2,
also known as the South African variant, exhibits resistance
to neutralization primarily because of mutations in the RBD
of the spike protein. The RBD mutations in B.1.351, including
K417N, E484K, and N501Y, contribute to the observed escape
from vaccine-induced neutralization (31,32). Variants like P.2
and P.1 with specific RBD mutations reduce neutralization
potency and may explain reinfection cases (33).

Conclusion

The study concludes that multiple variants of SARS-CoV-2,
including the Delta and Omicron variants, reduced immuno-
reactivity with polyclonal sera by vaccine-induced humoral
immunity. The Delta variant’s neutralization is primarily
attributed to mutations in the RBD of the spike protein. The
RBD mutations, such as K417N, E484K, and N501Y, play a sig-
nificant role in the escape from vaccine-induced neutraliza-
tion. The study highlights the need for reformulating existing
vaccines to include diverse spike sequences and the develop-
ment of new vaccines capable of eliciting broadly neutralizing
antibodies to effectively combat the infection with variants
of SARS-COV-2 and possible future pandemic. It also empha-
sizes the importance of assessing other antibody-mediated
functions and cellular immune responses mediated by T cells
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and natural killer (NK) cells in understanding the overall pro-
tection provided by vaccines.
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Tuberculosis research: Quo vadis
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Despite 142 years of ongoing research, since Robert Koch
discovered the tuberculosis (TB) bacillus, TB continues to
flourish in the most vulnerable parts of the globe in Asia,
Africa and South America (1). Indeed, progressive socio-
economic measures (nutrition, housing and environment)
have shown to be more effective than research in disease
elimination in affluent areas of the globe (2). Undoubtedly,
however, areas undertaken in recent research studies under-
score new knowledge that may yield far-reaching impact on
disease control, if not elimination. This editorial aims to high-
light such specific studies and their impact.

Non-medical determinants

Little attention was paid to research on socio-economic
measures. In this regard, two studies, viz., Bhargava et al. (3)
and Shin et al. (4), stand out. Additionally, McKeown’s famous
graph (5) showed a dramatic decrease in TB even in the absence
of drugs with good housing and a balanced diet. With the recent
RATIONS (Reducing Activation of Tuberculosis by Improvement
of Nutritional Status) trial in rural Jharkhand, the problem of
undernutrition as a primary cause of TB was brought into the
limelight though with nutrition supplementation only 54%
of patients reached the desirable weight gain at 2 months of
treatment (6). This poses several puzzling questions which need
to be answered to establish nutrition as an effective control/
prevention tool. Environmental pollution studies and its effect
on TB incidence are also gaining ground with emphasis on par-
ticulate matter 2.5 and even smaller particles (7). However, the
concept of healthy housing with optimal access to light and ven-
tilation has been overlooked in India though it is prevalent in
some countries of South-East Asia (8). In a study in the slums in
Mumbai air exchange of 1-2 every 13 hours was seen to be the
norm as opposed to the desired 6-7 per hour (FMR unpublished
study). Transmission of all respiratory diseases is inevitable and
will be continuous with such a large ventilation deficit and will
continue to take place with compromised ventilation.

Drugs and mutations

The most singular outcome of biomedical research in
TB has been to identify new and repurposed drugs for use
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against the TB bacillus. From rifampicin in the early 1970s
to bedaquiline (BDQ) and delamanid in 2012 and 2013, the
trickle of new drugs is envisaged as a powerful means of dis-
ease control but one that has a window of time before drug
resistance sets in for a single drug/drug combination. One of
the most singular findings in recent years is the theme that
resistance to any drug can occur even before the drug is put
to use by the disease programme. Extensive drug-resistant
TB was detected in KwaZulu Natal even before the same
drugs were deployed, through natural selection (9). Similarly
in a cohort in India, mutations bestowing high minimum
inhibitory concentrations (MICs) to BDQ such as Rv0678:
c.141_142dupTC, p.Glu55Asp, p.Leull7Arg, p.Gly162Glu;
atpE: p.Glu61Asp, p.Thr51lle, p.Ser37Ala; pepQ: p.Pro69Leu,
p.Arg7GIn; mmplL5: le948Val, Thr794lle, Asp767Asn (FMR
unpublished data) were seen in patients not exposed to BDQ.
Does the presence of such natural mutations signify a natu-
ral tendency for resistance amplification? This is a powerful
phenomenon to study the evolution of drug resistance in the
coming years.

Another paradigm has been the linkage of gut microbi-
ome to the phenomenon of drug resistance in an individual
(10). Modulating the microbiome towards greater diversity
and speciation offers a novel way to combat the emergence
of drug resistance that needs to be explored with incisive
studies, especially since a disturbed gut microbiome contin-
ues to exist for over 1.2 years post-anti-TB treatment (11).
The use of complex compounds in phytomedicine indicates
another approach to minimizing drug resistance. These com-
plex structures in plant products may retard the development
of drug resistance to conventional anti-TB drugs by stabilizing
the gut microbiome or may have anti-bacterial action directly
vs drug-resistant bacteria. This would provide a relatively
cost-effective approach to the treatment of drug-resistant
TB. Though no scattered studies provide positive indications
(12-14), rigorous in-depth research is required.

Diagnosis

TB is well recognized as a respiratory disease spread
through the air through microdroplets, especially in vulner-
able communities. The ability to capture and detect such
infectious droplets through masks (15,16) or through capture
chambers (17) has given a profound scenario of disease biol-
ogy. Increasing evidence has been generated in very recent
years in even non-symptomatic individuals where disease in
the preclinical stages shows the capture of such infectious
droplets (18). This leads to a paradigm change in understand-
ing the transmission of TB through non-symptomatic individ-
uals, say, within a household in vulnerable communities and
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which can also be utilized effectively during active prevalence
surveys.

The pipeline of novel TB diagnostics has never been
richer. Several large consortia funded by the United States
Agency for International Development, National Institutes of
Health and Unitaid are currently undertaking validation study
of these diagnostics for ensuring that the best are put to use.
The future will stress self-sampling and self-testing technolo-
gies, which are likely to have wider acceptability.

Surveillance

The epidemiological research in TB is likely to be trans-
formed in the coming years through increasing use of sur-
veillance methods be it for antimicrobial resistance (AMR),
mutations, clinical profiles or drug responses. The ability
of countries to sustain continued data collection and rapid
analysis would allow the use of key data that can be used for
disease control.

Genomic surveillance and questions on how the environ-
ment fashions Mycobacterium tuberculosis (M.tb) response
could not have occurred without the explosion in the field of
bioinformatic tools and their application. For instance, Fastlin
facilitates ultra-fast and accurate mycobacterium complex
lineage typing, whereas Mykrobe can predict AMR in min-
utes (19,20). MTBseq is a comprehensive pipeline developed
for whole-genome sequencing of M.tb complex isolates (21).
These have been invaluable in ascertaining strain differences
and in detecting transmission of TB in hyperendemic areas or
examining tissue tropism of strain in extrapulmonary TB. We
anticipate the generation of crucial knowledge in the coming
years through deciphering the language of the cells.

Operations research

In operations research, the engagement of the private
sector has become a key theme in recent times taken up on
a global basis through the formation of public-private learn-
ing networks led by McGill University in Toronto. The Public
Private Interface Agency (PPIA) introduced by the Gates
Foundation in India around 2015 showed some early gains
for patients accessing a PPIA-engaged physician at the first
point of call (22). Whether this has translated to its successor,
the Private Provider Support Agency (PPSA) overseen by the
Government of India, remains to be evaluated.

The PPSA as of now is run on bureaucratic rather than
functional lines, the emphasis being on orienting non-govern-
mental organizations (the middle link between the National
Tuberculosis Elimination Programme and the community)
rather than sensitization and education of private sector phy-
sicians. The PPSA needs evaluation to fine-tune a potentially
effective solution to early diagnosis, correct treatment and
follow-up of TB patients buoyed by support mechanisms of
direct cash benefit transfer for nutrition to patients.

The pioneering differentiated care model introduced
by the Indian state of Tamil Nadu in 2022-2023 (23) is an
innovative step today open for wider dissemination nation-
ally and globally. It takes into account severe undernutri-
tion, impaired lung function and overall functionality. This
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model if researched well will provide crucial learnings on
approaches to reducing mortality and enhancing patient care
infrastructure.

An excessively strict adherence to national guidelines
for disease control paradoxically retards innovative insights
in clinical and microbiological research and also adversely
affects patient outcomes. Structures must be instituted
to examine result discrepancies so that new paradigms of
knowledge can be created.

Encouraging a comprehensive and open approach

With an eye on equitable access to knowledge and treat-
ment, research should increasingly focus on to what extent
and circumstances users stay out of the service technology
net. The upfront GeneXpert (24) initiative and the SMaRT-PCR
initiative (25 and Online) in diagnostic technology validation
is a step in the right direction where technical performance is
supplemented with an inquiry into community-level accept-
ability and feasibility. Two areas of applicability of such an
approach are paediatric TB and post-treatment rehabilita-
tion, an area almost completely ignored today in India. The
next couple of years will give a comprehensive view of how
novel technologies need to be translated for field conditions.

With the advent of big data technology globally, there
comes the responsibility of open data sharing that can ward
off common global threats. The trend of overt protection of
country data needs to be eschewed if the common good is to
be realized by the use of big data. Such global cooperation is
a desirable but still yet distant goal.

Abbreviations

TB, tuberculosis; BDQ, bedaquiline; M.tb, Mycobacterium
tuberculosis; PPIA, Public Private Interface Agency; PPSA,
Private Provider Support Agency

Acknowledgements

Grateful thanks to Dr. Ambreen Shaikh and Ms. Poonam
Daswani at The Foundation for Medical Research for their
assistance in referencing for this editorial.

Disclosures
Conflict of Interest: The author has no conflict of interest to declare.

Funding: The research received no specific grant from any funding
agency in the public, commercial, or not-for-profit sectors.

References

1.  World Health Organization (WHO). Global tuberculosis report,
2023. Online. Accessed 21 February 2024.

2. McKeown T, Record RG. Reasons for the decline of mortality in
England and Wales during the nineteenth century. Population
Studies. 1962;16(2):94-122. CrossRef

3. Bhargava A, Pai M, Bhargava M, Marais BJ, Menzies D. Can
social interventions prevent tuberculosis?: The Papworth
experiment (1918-1943) revisited. Am J Respir Crit Care Med.
2012;186(5):442-449. CrossRef PubMed

A‘ © 2024 The Authors. Drug Target Insights - ISSN 1177-3928 - www.aboutscience.eu/dti



https://fmrindia.org/tuberculosis.html
https://www.who.int/teams/global-tuberculosis-programme/tb-reports/global-tuberculosis-report-2023
https://doi.org/10.1080/00324728.1962.10414870
https://doi.org/10.1164/rccm.201201-0023OC
https://www.ncbi.nlm.nih.gov/pubmed/22773730

Mistry

10.

11.

12.

13.

14.

Shin S, Furin J, Bayona J, Mate K, Kim JY, Farmer P. Community-
based treatment of multidrug-resistant tuberculosis in Lima,
Peru: 7 years of experience. Soc Sci Med. 2004;59(7):1529-
1539. CrossRef PubMed

McKeown T. The modern rise of population. Edward Arnold;
1976.

Bhargava A, Bhargava M, Meher A, et al. Nutritional support
for adult patients with microbiologically confirmed pulmo-
nary tuberculosis: outcomes in a programmatic cohort nested
within the RATIONS trial in Jharkhand, India. Lancet Glob
Health. 2023;11(9):e1402-e1411. CrossRef PubMed

Dimala CA, Kadia BM. A systematic review and meta-analysis
on the association between ambient air pollution and pul-
monary tuberculosis. Sci Rep. 2022;12(1):11282. CrossRef
PubMed

Aditama W, Sitepu FY, Saputra R. Relationship between physi-
cal condition of house environment and the incidence of pul-
monary tuberculosis, Aceh, Indonesia. Int J Sci Health Res.
2019;4(1):227-231.

Gandhi NR, Moll A, Sturm AW, et al. Extensively drug-resistant
tuberculosis as a cause of death in patients co-infected with
tuberculosis and HIV in a rural area of South Africa. Lancet.
2006;368(9547):1575-1580. CrossRef PubMed

Matzaras R, Nikopoulou A, Protonotariou E, Christaki E. Gut
microbiota modulation and prevention of dysbiosis as an alter-
native approach to antimicrobial resistance: a narrative review.
Yale J Biol Med. 2022;95(4):479-494. PubMed

Wipperman MF, Fitzgerald DW, Juste MAJ, et al. Antibiotic
treatment for tuberculosis induces a profound dysbiosis of the
microbiome that persists long after therapy is completed. Sci
Rep. 2017;7(1):10767. CrossRef PubMed

Mangwani N, Singh PK, Kumar V. Medicinal plants: adjunct
treatment to tuberculosis chemotherapy to prevent hepatic
damage. J Ayurveda Integr Med. 2020;11(4):522-528. CrossRef
PubMed

Rana HK, Singh AK, Kumar R, Pandey AK. Antitubercular drugs:
possible role of natural products acting as antituberculosis
medication in overcoming drug resistance and drug-induced
hepatotoxicity. Naunyn Schmiedebergs Arch Pharmacol.
2024;397(3):1251-1273. CrossRef PubMed

Gautam S, Qureshi KA, Jameel Pasha SB, et al. Medicinal
plants as therapeutic alternatives to combat Mycobacterium
tuberculosis: a comprehensive review. Antibiotics (Basel).
2023;12(3):541. CrossRef PubMed

© 2024 The Authors. Published by AboutScience - www.aboutscience.eu

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

Drug Target Insights 2024; 18: 29

Williams CML, Cheah ESG, Malkin J, et al. Face mask sampling
for the detection of Mycobacterium tuberculosis in expelled
aerosols. PLoS One. 2014;9(8):e104921. CrossRef PubMed
Shaikh A, Sriraman K, Vaswani S, Oswal V, Mistry N. Detection
of Mycobacterium tuberculosis RNA in bioaerosols from pul-
monary tuberculosis patients. Int J Infect Dis. 2019;86:5-11.
CrossRef PubMed

Wood R, Morrow C, Barry CE lll, et al. Real-time investigation of
tuberculosis transmission: developing the respiratory aerosol
sampling chamber (RASC). PLoS One. 2016;11(1):e0146658.
CrossRef PubMed

Williams CM, Abdulwhhab M, Birring SS, et al. Exhaled Myco-
bacterium tuberculosis output and detection of subclinical dis-
ease by face-mask sampling: prospective observational studies.
Lancet Infect Dis. 2020;20(5):607-617. CrossRef PubMed
Derelle R, Lees J, Phelan J, Lalvani A, Arinaminpathy N, Chin-
delevitch L. fastlin: an ultra-fast program for Mycobacte-
rium tuberculosis complex lineage typing. Bioinformatics.
2023;39(11):btad648. CrossRef PubMed

Hunt M, Bradley P, Lapierre SG, et al. Antibiotic resistance pre-
diction for Mycobacterium tuberculosis from genome sequence
data with Mykrobe. Wellcome Open Res. 2019;4:191. CrossRef
PubMed

Kohl TA, Utpatel C, Schleusener V, et al. MTBseq: a compre-
hensive pipeline for whole genome sequence analysis of Myco-
bacterium tuberculosis complex isolates. Peer). 2018;6:e5895.
CrossRef PubMed

Shah'S, Shah S, Rangan S, et al. Effect of public-private interface
agency in Patna and Mumbai, India: does it alter durations and
delays in care seeking for drug-sensitive pulmonary tuberculo-
sis? Gates Open Res. 2020;4:32.

Shewade HD, Frederick A, Kiruthika G, et al. The first differenti-
ated TB care model from India: delays and predictors of losses in
the care cascade. Glob Health Sci Pract. 2023;11(2):€2200505.
CrossRef PubMed

Sarin S, Huddart S, Raizada N, et al. Cost and operational
impact of promoting upfront GeneXpert MTB/RIF test referrals
for presumptive pediatric tuberculosis patients in India. PLoS
One. 2019;14(4):e0214675. CrossRef PubMed

Shaikh A, Sriraman K, Vaswani S, et al. SMaRT-PCR: sampling
using masks and RT-PCR, a non-invasive diagnostic tool for pae-
diatric pulmonary TB. Int J Tuberc Lung Dis. 2024;28(4):189-
194. CrossRef PubMed


https://doi.org/10.1016/j.socscimed.2004.01.027
https://www.ncbi.nlm.nih.gov/pubmed/15246180
https://doi.org/10.1016/S2214-109X(23)00324-8
https://www.ncbi.nlm.nih.gov/pubmed/37567210
https://doi.org/10.1038/s41598-022-15443-9
https://www.ncbi.nlm.nih.gov/pubmed/35788679
https://doi.org/10.1016/S0140-6736(06)69573-1
https://www.ncbi.nlm.nih.gov/pubmed/17084757
https://www.ncbi.nlm.nih.gov/pubmed/36568836
https://doi.org/10.1038/s41598-017-10346-6
https://www.ncbi.nlm.nih.gov/pubmed/28883399
https://doi.org/10.1016/j.jaim.2019.02.004
https://www.ncbi.nlm.nih.gov/pubmed/31679802
https://doi.org/10.1007/s00210-023-02679-z
https://www.ncbi.nlm.nih.gov/pubmed/37665346
https://doi.org/10.3390/antibiotics12030541
https://www.ncbi.nlm.nih.gov/pubmed/36978408
https://doi.org/10.1371/journal.pone.0104921
https://www.ncbi.nlm.nih.gov/pubmed/25122163
https://doi.org/10.1016/j.ijid.2019.06.006
https://www.ncbi.nlm.nih.gov/pubmed/31202909
https://doi.org/10.1371/journal.pone.0146658
https://www.ncbi.nlm.nih.gov/pubmed/26807816
https://doi.org/10.1093/bioinformatics/btad648
https://www.ncbi.nlm.nih.gov/pubmed/32085847
https://doi.org/10.1093/bioinformatics/btad648
https://www.ncbi.nlm.nih.gov/pubmed/37871178
https://doi.org/10.12688/wellcomeopenres.15603.1
https://www.ncbi.nlm.nih.gov/pubmed/32055708
https://doi.org/10.7717/peerj.5895
https://www.ncbi.nlm.nih.gov/pubmed/30479891
https://doi.org/10.9745/GHSP-D-22-00505
https://www.ncbi.nlm.nih.gov/pubmed/37116929
https://doi.org/10.1371/journal.pone.0214675
https://www.ncbi.nlm.nih.gov/pubmed/30933997
https://doi.org/10.5588/ijtld.23.0291
https://www.ncbi.nlm.nih.gov/pubmed/38563336

Drug Target Insights 2024; 18: 30-46
ISSN 1177-3928 | DOI: 10.33393/dti.2024.2707 a

REVIEW T

DTI

Molecular targets and therapeutic potential of
baicalein: a review

Kavita Munjal®, Yash Goel? Vinod Kumar Gauttam®3, Hitesh Chopra®?, Madhav Singla®, Smriti®*, Saurabh Gupta®s,
Rohit Sharma®?

!Department of Pharmacognosy, Amity Institute of Pharmacy, Amity University, Noida, Uttar Pradesh - India

’Department of Pharmacy, M.M. College of Pharmacy, M.M. (Deemed to be University), Mullana, Ambala, Haryana - India

3Department of Pharmacognosy, Shiva Institute of Pharmacy, Bilaspur, Himachal Pradesh - India

‘Department of Biosciences, Saveetha School of Engineering, Saveetha Institute of Medical and Technical Sciences, Chennai, Tamil Nadu - India
*Department of Pharmacy, Chitkara College of Pharmacy, Chitkara University, Rajpura, Punjab - India

%Department of Pharmacology, Chameli Devi Institute of Pharmacy, Indore, Madhya Pradesh - India

’Department of Rasa Shastra and Bhaishajya Kalpana, Faculty of Ayurveda, Institute of Medical Sciences, Banaras Hindu University, Varanasi,
Uttar Pradesh - India

ABSTRACT

Aim: Researchers using herbs and natural products to find new drugs often prefer flavonoids because of their
potential as antioxidants and anti-inflammatories. The planned review addressed baicalein research findings in
detail. This manuscript provides a complete review of baicalein’s potential pharmacological effects along with
several molecular targets for better understanding of its therapeutic activities.

Materials and methods: We targeted the review on in vitro and in vivo studies reported on baicalein. For this,
the literature is gathered from the database available on search engines like PubMed, ScienceDirect, Scopus, and
Google Scholar up to 21 December 2023. The keywords “Scutellaria baicalensis”, “Oroxylum indicum”, “Neuropro-
tective”, “Cardioprotective”, “Toxicity studies”, and “Baicalein” were used to fetch the content.

Results: Baicalein’s molecular receptor binding approach has shown anticancer, antidiabetic, antimicrobial, anti-
aging, neuroprotective, cardioprotective, respiratory protective, gastroprotective, hepatic protective, and renal
protective effects. The synergistic effects of this drug with other selective herbs are also contributed towards
significant therapeutic potential.

Conclusion: This systematic review article from a contemporary and scientific perspective offers fresh insight
into S. baicalensis, O. indicum, and its bioactive component baicalein as a potential complementary medicine.
Baicalein may be transformed into more efficacious and acceptable evidence-based medicine. However, we rec-
ommend more clinical and mechanistic approaches to confirm safety and efficacy of baicalein.

Keywords: Alzheimer’s, Baicalein, Cancer, Epilepsy, Heart failure, Hypertension, Parkinson, Stroke

baicalensis and Oroxylum indicum. S. baicalensis Georgi,

Intr ion . .
troductio a member of the Lamiaceae family, stands as one of the

Baicalein, a flavone compound, is widely recognized in
Chinese traditional medicine as Huang-qin or Chinese skull-
cap (1). Recent research has revealed the therapeutic signifi-
cance and pharmacological findings of roots of Scutellaria
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pharmacologically significant species of flowering plant. The
herbaceous perennial under investigation exhibits distinct
characteristics that contribute to its overall appeal. Its papery
leaves, thick roots, and branching stems provide a sturdy
foundation for its growth and development. Additionally, the
vibrant purple-red to blue blooms add a touch of elegance
and beauty to its appearance. The presence of black-brown
ovoid nutlets further enhance its appearance. Traditional
Chinese medicine has a rich history of utilization and contin-
ues to be widely practiced. The cultivation of this particular
plant species has been observed in various regions, including
eastern Russia, Japan, China, Siberia, Mongolia, and Korea.
In addition to the well-known Chinese medicinal ingredients,
various Scutellaria species including S. viscidula, S. rehderi-
ana, S. amoena, S. likiangensis, and S. hypericifolia have also
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been utilized as Huang-qin in different regions (2). There are
several ways available for extracting baicalein, as shown in
Table 1. The auxiliary extraction methodology achieved the
maximum yield while extracting from the roots of Scutellaria.

0. indicum, commonly referred to as the Indian trum-
pet flower, has received significant attention in the field of
research. The plant in issue belongs to the Bignoniaceae
family, which is well-known for its therapeutic qualities. The
subject of investigation is a compact to moderate-sized decid-
uous tree, characterized by presence of light grayish brown
bark adorned with cory lenticels. The vibrant reddish-purple
blooms grow on its outer surface, while its inner core exhib-
ited the presence of pinkish yellow flowers. Additionally, the
tree bears distinctive woody, winged, large, and flat fruits,
which add to its visual allure. Furthermore, this remarkable
tree exhibits presence of pinnately compound evergreen
leaves, enhancing its overall appeal. The geographical distri-
bution of this particular phenomenon primarily encompasses
the countries of India, China, Thailand, Sri Lanka, Cambodia,
Bangladesh, and other nations within the South Asian region.

Baicalin, also known as baicalein-7-O-B-D-glucuronic acid,
undergoes hydroxylation to yield a biologically active agly-
cone called baicalein (CID 64982), which is chemically known
as 5,6,7-trihydroxyflavone (3). Baicalein, a naturally occurring
flavonoid, exhibits a chemical structure derived from the fun-
damental framework of 2-phenyl chromen-4-one (also known
as 2-phenyl-1-benzopyran-4-one). One intriguing aspect of
bodily metabolism is the ability for certain substances to
undergo a transformative process, allowing them to transition
into different forms. Baicalin, a naturally occurring compound,
exhibits a unique molecular structure, which contributes to
the diverse biological activities and potential therapeutic
applications. Understanding the structural features of baicalin
is crucial for elucidating its mechanisms of action and explor-
ing its potential in various fields of research (1,4).

This molecule demonstrates a wide range of biologi-
cal actions, including significant domains such as reduc-
ing the risk of cancer, virus suppression, diabetic control,
and mitigation of age-related deterioration. Additionally, it

TABLE 1 - Several methods for extraction of baicalein
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demonstrates notable protective effects on the neurological,
cardiovascular, gastrointestinal (Gl), hepatic, respiratory, and
renal systems (5). This comprehensive review aims to consol-
idate a wealth of information on the diverse pharmacological
effects associated with various diseases, encompassing mul-
tiple pathways, mechanisms of action, and in vitro studies
(5). This review further highlight the attractive opportunities
for baicalein-associated drug discovery and research across a
range of therapeutic areas.

Chemistry of baicalein

Flavonoids, a class of polyphenolic compounds, have gar-
nered significant attention in the realm of natural products due
to their extensive research and exploration (11). One of the key
structural components of this compound was produced using
the acetate route, leading to the development of the phenolic
ring chromophore (ring A) within its 15-carbon skeletal frame-
work (11). One of the best examples of the most fundamental
flavone molecule is chrysin, which has the unique property of
retaining the necessary meta-substituted hydroxyl groups on
the A-ring. The OH substitution at chrysin’s C-6 position causes
it to change into the trihydroxy derivative baicalein (12) having
chemical formula C _H, O.. More specifically, it is recognized
as 5,6,7-trihydroxy-2-phenyl-4H-chromen-4-one, as Figure 1
illustrates. Using a multistep synthetic strategy, researchers
have effectively recreated the biosynthetic transition of chry-
sin to baicalein in recent laboratory tests; 1-(2,4,6-trihydroxy-
phenyl)ethanone and 1-ethyl-3-phenyl-1,3-propanedione are
combined in the first synthesis technique. Chen et al com-
pleted a pioneering investigation that revealed an amazing
and novel method for extracting baicalein from 3,4,5-trime-
thoxyphenol. This approach, which consists of a brief fourstep
procedure, showed promise for a more streamlined and effec-
tive manufacture of baicalein (13,14). One of the key struc-
tural characteristics that distinguishes baicalin and baicalein is
the notable existence of a di-ortho OH on ring A. The remark-
able characteristic exhibited by polyphenolic compounds lies
in their ability to serve as efficient markers for metal chelation,

S. no. | Species Part of the plant | Extraction method Analytical | Yield Reference
technique
1. Oroxylum Stem barks Solvent (ethanol) extraction (Reflux method) HPTLC 26.498 mg/g (6)
indicum Solvent (acetone) extraction (Reflux method) HPTLC 8.631 mg/g
DMSO extract (Reflux method) HPTLC 13.883 mg/g
DMF extract (Reflux method) HPTLC 20.529 mg/g
Seeds Solvent (95% ethanol) extraction (maceration HPLC 0.72% + 0.00% (7)
method) wW/W
2. Scutellaria | Roots Solvent (methanol) extraction (maceration method) | HPLC 0.5 mg/mL (8)
g‘;igfg/fmis Auxiliary extraction method HPLC 116.8 mg/g 9)
Supercritical fluid extraction HPLC-UV 2.5-80 pg/mL (10)

DMF = dimethylformamide; DMSO = dimethyl sulfoxide; HPLC-UV = high-performance liquid chromatography ultraviolet; HPTLC = high-performance thin layer

chromatography.

© 2024 The Authors. Published by AboutScience - www.aboutscience.eu
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FIGURE 1 - Structure of baicalein.

free radical scavenging properties, and enzyme inhibition. The
structural features of baicalein are believed to be responsible
for its reported antioxidant effects and its ability to chelate
divalent metal ions (14).

Anticancer effects of baicalein

Cancer, uncontrolled cell proliferation, can show up phe-
notypically in a number of ways, from benign to fatal. There
are numerous factors that can lead to the development of
cancer, including deoxyribonucleic acid (DNA) damage, muta-
tions in the DNA or any by-products of that DNA, and dysfunc-
tion of the regulatory and repressor mechanisms during the
cell cycle. The four phases of the cell cycle in actively dividing
eukaryotes occur in the sequence starting from gap 1, synthe-
sis, gap 2 followed by mitosis. While entering the next phase
of the cell cycle, there are a number of checkpoints available
en route to ensure that the actions at each phase have been
appropriately completed. Phosphorylated retinoblastoma
protein (pRB), cyclin subunits, cyclin-dependent kinases
(CDKs), and cyclin-dependent kinase inhibitors (CDKIs) are
the components of these checkpoints (15). Cell cycle arrest
occurs when cells are unable to pass cell cycle checkpoints.
Cell death and growth inhibition may result from G1 arrest.
G2/M arrest is linked to increased apoptosis and may increase
the cytotoxicity of chemotherapy (16).

Itis estimated that in 2024, around 2,001,140 new cancer
cases and 611,720 cancer deaths are projected to occur in the
United States. With around 350 cases of lung cancer fatalities
every day, lung cancer is the most common cause of cancer-
related mortality (17). Baicalein induces G1/S arrest in lung
squamous carcinoma (CH27) cells by downregulating CDK4
and cyclin D1, as well as upregulating cyclin E expression, a
crucial regulator of the G1/S checkpoint of the cell cycle (18).

Global breast cancer rates are rising, with 364,000 United
States cases anticipated by 2040 (19). Baicalein inhibited
17- estradiol-induced transactivation of the estrogen recep-
tor in MCF-7 human breast cancer cells in the S and G2/M
stages (20).

Therapeutic Insights into Baicalein

Eastern Asia currently accounts for more than 60%
of cases of gastric cancer. Currently, a major problem in
Eastern Asia is how to manage gastric cancer in the older
population. It is anticipated that the total number of gas-
tric cancer cases and fatalities would reach its peak soon
(21). The gastric cancer cell line SGC-7901 underwent a sig-
nificant S-phase arrest as a result of baicalein. It resulted
in SGC-7901 cells going into apoptosis. Analysis of protein
expression levels in SGC-7901 cells showed that when
baicalein was administered, Bcl-2 was downregulated and
Bax was increased (22).

The third most common reason for cancer-related death
worldwide is primary hepatic cancer. Most patients receive
a bad prognosis at an advanced stage. In an in vitro inves-
tigation using hepatoma carcinoma cells (Hep G2 and J2),
baicalein therapy resulted in S-phase arrest. Some of the
underlying mechanisms include early-stage DNA damage,
the inhibition of growth-stimulating substances, and the acti-
vation of cyclin- CDKls (23).

The seventh most common cause of cancer-related fatali-
ties worldwide is pancreatic cancer. However, many devel-
oped nations suffer from it more severely. Globally, there
were 458,918 new cases of pancreatic cancer recorded in
2018, and 355,317 additional instances are expected to be
reported before 2040 (24). Baicalein upregulates Bax while
downregulating Bcl-2 and Mcl-1 to encourage apoptosis in
pancreatic cancer cells (25). In PANC-1 cells, baicalein induced
arrest of GO/G1 phase when studied in vitro (26).

Rising death rates from colorectal cancer (CRC) are a bur-
den shared by developing Asian nations. Patients with CRC
may be at danger if they are underweight or overweight (27).
In HCT-116 CRC cells, baicalein causes a significant arrest of
S phase and promotes apoptosis by activating caspase 3 and
caspase 9 (28).

The most common form of male cancer in developed
nations is prostate cancer (PC). In PC cells, baicalein caused
GO/G1 arrest by lower down cyclins (D1 and D3) and pRB (29).

Bladder cancer (BC) ranks in the top 10 most common
cancers globally. Baicalein caused G2/M arrest in TSGH8301
and BFTC905 BC cells by altering two essential proteins (cyclin
B1 and phospho-Cdc2) required to initiate the final stage of
cell cycle (30,31).

Ovarian cancer is the seventh most prevalent malignant
tumor in women, gravely endangering the reproductive health
of women. It has a poor prognosis, unknown pathophysiol-
ogy, missed diagnoses, and a high recurrence rate (38). It only
affects women and has a fatality rate of 46.2% after 5 years,
making it unique to the female population (38). Baicalein inhib-
its the synthesis of vascular endothelial growth factor (VEGF),
HIF-1, c-Myc, and nuclear factor kappa B (NF-kB) in the G1 and
S phases of ovarian cancer cell lines (OVCAR-3 and CP-70). It
inhibited the growth of ovarian cancer cells by lowering the
expression of matrix metalloproteinase (MMP)-2 (32-35).

Osteosarcoma (OS) is the most prevalent primary bone
cancer in children and adolescents. In its advanced stages,
it has a low survival rate (36,37). Baicalein produced intra-
cellular reactive oxygen species (ROS) and activated BNIP3
to slow down the development and hasten the apoptosis of
MG-63,0S cells (38).

An © 2024 The Authors. Drug Target Insights - ISSN 1177-3928 - www.aboutscience.eu/dti
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By reducing the levels of cyclin D1 and CDK4, which inhib-
its the advancement of the G1 phase, it slowed the growth
of OS cells. By decreasing the levels of cyclin D1 and CDK4,
it inhibited the growth of OS cells by inhibiting cell cycle pro-
gression at the G1 phase of division (Tab. 2) (39).

Baicalin for neuroprotection and cognitive
enhancement

Alzheimer’s disease is responsible for the more than
25 million cases of dementia that exist today. Both in indus-
trialized and developing nations, Alzheimer’s disease has a
substantial impact on those who are affected, the caregiv-
ers, and society (40). One of the cellular disorders hypothe-
sized to be responsible for the loss of neurons in Alzheimer’s
disease is aggregation of AS (41). Baicalein exhibits neuro-
protective qualities against amyloid (AN) functions by pre-
venting AN from aggregating in PC12 neuronal cells to cause
Af-induced cytotoxicity (42). By activating GABA receptors,
baicalein encourages non-amyloidogenic processing of APP,
which lowers the generation of Af and enhances cognitive
function (43). Baicalein demonstrated a potent inhibitory
effect on AB-induced cell death (43,44).

The prevalence of Parkinson’s disease looks to be rising
with age, and it is a global concern. Males are affected by the
disease 1.5-2 times more frequently than females worldwide.

Drug Target Insights 2024; 18: 33

The prevalence of Parkinson’s disease appears to be higher in
Western nations than in Asian nations (45). Amyloid-specific
proteins aggregate to cause Parkinson’s disease. In -sheet
fibrillar aggregate, formed by several proteins including a-syn
amyloid proteins are especially prevalent. The main constitu-
ent of Lewy bodies is abnormally folded aggregates of a-syn,
which manifest as intracellular inclusions in nigral dopami-
nergic neurons in the brains of Parkinson’s disease patients
(46). As a result, a-syn represents a viable therapeutic target
for Parkinson’s disease treatment to stop the disease growth
and spread (47). Baicalein functions by impeding the aggre-
gation of disease-specific a-syn protein. Both baicalein and
its oxidized counterpart prevent the production of a-syn
fibrils at lower micromolar levels. Moreover, baicalein dem-
onstrated the capacity to disintegrate the preexisting a-syn
fibrils (48). Additionally, by eliminating iNOS protein, mRNA,
and promoter activity in endotoxin/cytokine-induced microg-
lia, baicalein effectively reduced NO generation and iNOS
gene expression (49).

Stroke ranks second globally in terms of mortality and
third globally in terms of disability, with ischemic heart dis-
ease coming in first in both categories (50). According to
the Indian Global Burden of Disease Study, which was con-
ducted between 1990 and 2019, stroke was India’s leading
cause of both fatalities from neurological illnesses and dis-
ability-adjusted life years (DALYs) (51). In ischemic stroke,

TABLE 2 - In vitro studies of baicalin/baicalein against various types of cancer

Plant compound Name of cancers | Cell lines Cell cycle Mechanism References
phase arrest

Lung cancer CH27 G1/S “Nsed cyclin Eand (18)
sed levels of CDK4 and
cyclin D1

Breast cancer MCF-7 G2/S Blocked 17-estradiol- (20)
induced transactivation
of the estrogen receptor

Gastric cancer SGC-7901 S Jsed Bcl-2 and Psed (22)
Bax

Hepatic cancer Hep G2andHep |S Activation of CDK (23)

] . ] ) 12 inhibitors like p21 or p27
Scutellaria baicalensis Georgi
Pancreatic cancer | PANC-1 GO/G1 MNsed Bax and |/sed Bcl- (26)
l 2 and Mcl-1
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neuroprotection is achieved by inhibiting iINOS activity or
by iINOS gene deletion. Neuroexcitotoxic and ischemic trau-
mas cause the production of COX-2. Specific COX-2 inhibitors
reduce brain damage brought on by localized ischemia. The
optimal method for treating cerebral ischemia-reperfusion
(1/R) injury involves targeting the NF-kB pathway, accord-
ing to numerous experts. Baicalein therapy significantly
decreased the expression of COX-2 and iNOS, as well as PGE2
and NF-kB, indicating a protective effect against cerebral
I/R injury. Because baicalein blocks inflammatory mediators
including LOX-1, COX-2, PGE2, and NF-kB, it may have anti-
inflammatory and antioxidant effects that contribute to its
capacity to prevent cerebral I/R (52). Baicalein therapy mark-
edly elevated nuclear Nrf2 expression and AMPK phosphory-
lation in the ischemic cerebral cortex (53). Cell damage and
a rise in oxidative stress are caused by an excess of ROS or
by the malfunctioning of antioxidant enzymes. Basic leucine
zipper transcription factor Nrf2 controls the expression of
the gene that detoxifies ROS as well as the antioxidant gene
(54,55).

Epilepsy is a chronic, noncommunicable brain illness that
affects people of all ages. One of the most prevalent neuro-
logical conditions, epilepsy affects about 50 million people
worldwide. More than 80% of people in low- and middle-
income countries have epilepsy. FeCl,-induced post-traumatic
epileptic seizures are a significant type of acquired epileptic
seizures (56). Baicalein suppressed ferroptosis associated
with 12/15-LOX, hence lessening the severity of post-trau-
matic epileptic episodes generated by FeCl, (57). HT22 cells
were damaged by ferroptosis, which is mitigated by baicalein
may be due to its lipid peroxidation inhibitor (Fig. 2) (58).
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Respiratory protective action of baicalein

Chronic respiratory conditions are among the world’s
leading causes of morbidity and mortality. They affect the
lung’s airways and other structural components. Asthma is
the most prevalent chronic respiratory illnesses. There are
already approximately 300 million asthmatics worldwide,
and by 2025, that figure may rise by an additional 100 million.
Asthma is a long-term inflammatory illness of the airways
characterized by thickening of the airway wall, hyper-respon-
siveness and remodeling of the airways, poor relaxation, and
persistent blockage of airflow by the smooth muscle of the
airways (59-61). Hypersecretion of airway mucus is one of
the key features of asthma pathophysiology. Baicalein ther-
apy showed dramatical decrease in MUC5AC and MUC5B
MRNA expression levels in the submucosal glands and the
epithelium, respectively, which were significantly greater in
asthma. Baicalein also exhibits anti-asthmatic properties by
inhibiting tumor necrosis factor (TNF)-a-induced NF-kB acti-
vation in normal bronchial epithelial (BEAS-2B) cells (62),
which was mostly expressed by downstream iNOS produc-
tion, IkBa phosphorylation and degradation, and nuclear
translocation of p65 (63).

Another structural change associated with asthma has
been described as increased extracellular matrix (ECM)
deposition. The primary ECM producers in the lung are myo-
fibroblasts and fibroblasts. During allergic airway inflamma-
tion, myofibroblasts deposit collagen types | and Ill. ECM’s
constituents, especially collagens, are broken down and con-
trolled by MMPs, which are secreted by fibroblasts. In allergic
asthma, MMP-9, the main airway MMP, is upregulated, which

FIGURE 2 - Baicalein regula-
ting a wide range of signaling
pathways linked to the etio-
logy of multiple degenerative
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results in airway remodeling (64). According to recent stud-
ies, baicalein administration reduces the ovalbumin (OVA)-
induced expression of collagen | and MMP-9 (65).

Cardioprotective action of baicalein

Globally, cardiovascular disease (CVD) is one of the major
causes of morbidity and motility. In past few decades, changes
in lifestyle and socioeconomic conditions that have an impact
on the progression of CVDs have been observed. Hypertension
is a significant contributor to CVD and fatalities globally, par-
ticularly in low- and middle-income nations. As per the 2017
guidelines from the American College of Cardiology and
American Heart Association, hypertension is defined as a
systolic blood pressure over 130 mm Hg or a diastolic blood
pressure above 80 mm Hg (66-70). Baicalin assisted in lower-
ing high-sensitivity C-reactive protein (CRP), interleukin (IL)-6,
and IL-1 levels in the serum, which served to forcibly lower
blood pressure (71). Baicalin altered the expression of miR-
145 and increased TNF-a levels in human aortic endothelial
cells (HAECs), thereby reducing the inflammatory effects of
TNF-a (72).

Angiotensin Il (Ang II) may activate apoptosis-related
proteins, encourage the production of ROS, and inhibit the
synthesis of NO, which results in endothelial dysfunction that
may lead to hypertension. Therefore, lowering cell apoptosis,
suppressing oxidative stress, and preventing Ang ll-induced
endothelial dysfunction are effective ways to treat hyperten-
sion. Baicalin has been shown in a study utilizing the human
umbilical vein endothelial cell (HUVEC) model of Ang Il injury
to significantly reduce oxidative stress and endothelial dys-
function caused by Ang Il. The primary strategies employed
to produce these beneficial effects include modulating the
expression of Bax, Bcl-2, and cleaved caspase-3, activating
the ACE2/Ang-(1-7)/mas axis, and upregulating the PI3K/
AKT/eNOS pathway. They also found that baicalin raised NO
level and total antioxidant capacity, and decreased markers
of oxidative stress such as malondialdehyde (MDA) and ROS
(73,74). It was also shown that the combination of baicalin
and berberine relaxed blood arteries by acting on the volt-
age-dependent Ca2+ channel (VDCC) (75). By boosting
endogenous NO synthesis, which is produced by the enzyme
endothelial nitric oxide synthase (eNOS), baicalin may also
lower blood pressure (76).

Heart failure is a complicated clinical condition that arises
when the heart is unable to pump enough blood to meet
the body’s needs. It arises from any ailment that impacts the
ventricles’ ability to fill or the blood’s ability to be ejected
into the systemic circulation (77). Baicalin seems to be very
useful in treatment of CHF as it has an anti-fibrosis property.
Baicalin may be able to treat myocardial fibrosis by inhibiting
the expression of the fibrosis genes (type | and Ill collagen)
and connective tissue growth factor (CTGF). Baicalin can effi-
ciently induce endothelial cell migration and greatly boost
the expression of VEGF when the concentration is between
10 and 50 g/mL, which aids in promoting angiogenesis. This
outcome can be achieved by over-activating the ERR/PGC-1a
pathway (78). Baicalin also decreased caspase-3 and the
Bax/Bcl-2 ratio, which lowered apoptosis. This suggests that
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apoptosis inhibition could lessen adverse remodeling and the
eventual development of heart failure (79).

Gastroprotective activity of baicalein

Peptic ulcer disease (PUD), as determined by hospi-
talization statistics and diagnosed by physicians, had an
incidence rate of 0.03%-0.17% and 0.10%-0.19% per year,
respectively. Although most research indicated that PUD
incidence or prevalence had decreased over time, still it is a
serious and life-threatening disease (80). Acetylsalicylic acid
(ASA), Helicobacter pylori infection, and non-steroidal anti-
inflammatory drugs (NSAIDs) are the major causes of PUD.
While there has been a significant improvement in H. pylori
infection therapy recently, ASA and NSAID prescriptions
have grown within the same time frame (81). According to
reports, inhibiting gastric acid output and exhibiting a reduc-
tion in gastric mucosal damage are both effects of activating
o2-adrenergic receptors (82). The gastroprotective proper-
ties of baicalein may be mediated through these receptors. In
contrast to the formation of free radicals, glutathione (GSH)
protects the stomach mucosa from damage (82). Baicalein
was found to exert protective effects via raising the tissue’s
GSH concentration, signaling to an antioxidant mechanism
(83). Baicalein exhibited cytoprotective effects by inducing the
secretion of more gastric mucus, acting as an anti-secretory by
suppressing hydrogen-potassium-ATPase activity, and acting
as an antioxidant by raising GSH levels (83). By raising the SH
compound, which naturally regulates mucus production, and
the NO level, which is involved in maintenance of the integrity
of the gastric mucosa, and regulates the secretions like acid,
alkaline, mucus, and blood flow in gastric mucosa, baicalein
demonstrated a gastroprotective effect against lesions (83).
The stomach mucosa showed significant reductions in MDA,
IL-8, and TNF-a contents, as well as increases in superoxide
dismutase (SOD) activity and glutathione peroxidase (GPx)
level due to inhibition of inflammation and ROS scavenging
actions of the baicalein-Zn complex (84).

Hepatoprotective activity of baicalein

Worldwide, the prevalence and incidence of nonalcoholic
fatty liver disease (NAFLD), the main cause of liver-related
morbidity and mortality, have increased as a result of the
obesity epidemic (85). Men and aging both increase the risk
of NAFLD and fibrosis. Despite the fact that obesity is a major
risk factor for NAFLD, current studies have revealed that slim
individuals can also develop the condition (86). NAFLD is
defined as the condition in which 5% or more hepatic cells
develop macro-vesicular steatosis, when there is no second-
ary etiology like alcohol or drugs (86). An excessive buildup of
lipids in the liver results from the increased hepatic lipogen-
esis and serum non-esterified fatty acids, which causes fatty
liver, decreased liver function, and ultimately liver failure (87).
Baicalein has several effects against FLD, suggesting that it
may be used therapeutically. In order to improve lipid metab-
olism and reduce hepatic de novo lipogenesis, baicalein inhib-
its the Ca2+/CaM-dependent protein kinase/AMP-activated
protein kinase/acetyl-CoA carboxylase (CaMKK/AMPK/ACC)
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pathway (88). Baicalein also has the capacity to reduce liver
fibrosis, oxidative stress, and systemic inflammation in FLD. In
order to reverse fibrosis, baicalein consequently inhibits the
synthesis of collagen (type | and a-1) chain and transforming
growth factor (TGF)-B1 (88,89). Additionally, it inhibits the
TGF-1/Smad3 pathway in vitro to reverse the epithelial-mes-
enchymal transition and stop the progression of liver fibro-
sis (90). Baicalein also has an indirect antioxidant effect by
decreasing MDA levels while increasing hepatic GSH and SOD
(91). By inhibiting the TGF-B/Smad pathway, baicalein slowed
down the epithelial-mesenchymal transition. Additionally, it
decreased high levels of inflammatory factors such TNF-a,
IL-1 and -6, inhibited the apoptotic proteins caspase-3 and
-9, and B-cell lymphoma-2, and hindered the IkB kinase/IkB/
NF-kB pathway. These all helped to lessen liver disorders (92).
Because of its inhibitory influence on the production of p-p38,
MAPK, p-CREB, FoxO1, PGC-1, PEPCK, and G6Pase, baicalein
considerably reduces insulin concentrations brought on by a
high-fat meal. Thus, because of its numerous pharmacological
actions, baicalein may prevent FLD (93).

Baicalein action as a renal protective agent

Chronic kidney disease (CKD) prevalence is acknowledged
as a major public health concern on a global scale. It is esti-
mated that 13.4% (11.7%-15.1%) of the global population has
KD and that 4.902-7.083 million have end-stage kidney disease
(ESKD), requiring renal replacement therapy (94).

The incapacity of the kidneys to perform their excretory
duties, which results in the retention of nitrogenous waste
products in the blood, is known as renal failure. Kidney failure
comes in two flavors: acute and chronic (95). One of the main
causes of renal failure is diabetes mellitus (DM), which is why
many diabetic individuals continue to struggle with diabetic
nephropathy (DN), which is a serious condition (96). Patients
with DN typically have elevated urine microalbumin, urine
B2-MG, and Urinary albumin excretion rate in Diabetic neu-
ropathy. Among these, an increase in urine microalbumin and
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urinary 2-MB indicates renal tubular injury, while an increase
in UAER indicates glomerular injury (97). It was discovered that
baicalin significantly reduced the patient’s urine 2-MG, UAER,
and microalbumin levels. Additionally, it was discovered to con-
siderably enhance the patient’s quality of life, reduce the rate
at which DN progresses, and enhance kidney function (98-100).

Acute renal injury is a serious adverse effect of the anti-
cancer drug cisplatin. Increased ROS generation from cispla-
tin damages endogenous intracellular targets like proteins,
lipids, and DNA, resulting in cellular malfunction and death
(101). Additionally, the toxic effects of cisplatin are made
worse by the activation of various signaling pathways, such
as MAPKs, NF-kB, and p53, by cisplatin-induced ROS (114). A
key factor in the pathophysiology of cisplatin-induced kidney
injury is the production of iNOS and strong cytotoxic peroxyni-
trite through the interaction of superoxide radical and NO
(102). Baicalein has been demonstrated to have a significant
antioxidant impact. Baicalein has been shown to adequately
remove peroxynitrite anion radicals and inhibit peroxyni-
trite-induced cell death in LLC-PK1 cells. Pretreatment with
baicalein significantly decreased these changes. Therefore,
baicalein’s capacity to lessen cisplatin-induced nephrotoxicity
is probably due, at least in part, to the attenuation of renal
oxidative and/or nitrative stress (Fig. 3) (102).

Baicalein as an antimicrobial agent

Across the world, infectious diseases are a leading source
of morbidity and mortality (103). The emergence of drug-
resistant forms of bacteria has diminished the impact of anti-
biotics on germs and resulted in ongoing difficulties, despite
notable advancements in the treatment of microbial infec-
tions (104). Combination therapy was developed in response
to this problem, and as a result of the expanding prevalence
of antibiotic resistance, it has improved treatment efficacy
and partially reduced drug resistance. Furthermore, the bac-
terial resistance to antibiotics has motivated the creation of
innovative antibacterial drugs for the treatment of infectious

FIGURE 3 - The healing poten-
tial of baicalein by modulating
several signaling pathways miti-
gating the symptoms of certain
ilinesses such as cardiac, renal,
respiratory, and gastric.
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disorders. People from many cultures have used a variety of
herbal remedies for many generations, and some of these nat-
ural medicines are crucial for the treatment and prevention of
infectious diseases (105,106). Baicalein’s function as an anti-
bacterial agent is crucial. Baicalin inhibits pro-inflammatory
cytokine release, MAPK activation, NF-kB pathway activa-
tion, and NLRP3 to diminish inflammation in periodontal
cells. By promoting the expression of interferon regulatory
factor (IRF)4 and inhibiting the expression of IRF5, baicalin
also lessens inflammation by regulating the transition of M1
to M2 macrophages. Baicalin inhibited NF-kB and p38 phos-
phorylation as well as mRNA expression, which decreases
pro-inflammatory cytokines TNF-a, IL-B, and IL-6 levels (107).

Bacterial growth occurs naturally as biofilms, which are
abundant in the environment (108). Biofilm production leads
to an increase in resistance to antibiotics and antimicrobial
agents. Quorum sensing (QS), a mechanism responsible for
the intercellular exchanges of information, is essential to
the production of biofilms (109). Baicalin suppresses the QS
system, which inhibits inflammatory responses. Baicalein
has been shown to have antimicrobial properties against
Meningococcus, Staphylococcus aureus, Corynebacterium
diphtheriae, Pseudomonas aeruginosa, and dysentery bacil-
lus. Through a number of mechanisms, such as enhancing the
host immune system, preventing the formation of biofilms,
lowering antimicrobial medicine resistance, suppressing bac-
terial secretions, and upsetting microbial morphology, baicalin
acts as a herbal antimicrobial agent against several microbial
infections (110).

Baicalin has also been shown to suppress apoptosis,
decrease FAS protein expression, block the caspase-8 path-
way, and decrease Bax protein production. These actions are
all thought to contribute to its antiviral efficacy (111). Baicalin
lowers the raised levels of hepatic markers alanine transami-
nase (ALT), aspartate aminotransferase (AST), and total bili-
rubin along with hepatitis B virus (HBV)-DNA in patients with
chronic hepatitis B. It can also be used in conjunction with
other medications to treat viral infections in patients with an
H1N1 influenza infection. Baicalin regulates the numbers of
T-lymphocyte subsets and upregulates CD3+, CD4+/CD8+,
and other positive lymphocyte subsets (112).

Invasive fungal infections increase morbidity and death
of patients who have impaired immune systems (113).
Currently, polyenes, echinocandins, and azoles are the three
primary classes of frontline clinical antifungal agents used to
treat such infections (114). However, each of these groups
has drawbacks that may restrict their clinical use for the
management of invasive fungal infections, and it is urgently
necessary to identify new antifungal medicines that target
novel targets. Baicalein has demonstrated potential antifun-
gal activity. It significantly inhibits the growth of Aspergillus
fumigatus, Cryptococcus neoformans, and Candida species.
Because it targets Enol, BE (baicalein) has anti-C. albicans
action via preventing glycolysis. BE (baicalein) has a sub-
stantial inhibitory effect on CaEnol’s enolase activity (115).
Baicalein inhibits TSLP/TSLPR pathway activity, which sup-
presses inflammatory response and protects against A.
fumigatus keratitis by preventing fungal growth, biofilm for-
mation, and adhesion (Tab. 3) (116,117).
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Antidiabetic property of baicalein

DM is the most prevalent endocrine disorder in the
21st century, and is spreading all over the world. Diabetes
increases blood sugar levels. Neglecting to manage it consis-
tently and carefully increases the risk of significant adverse
effects, including stroke and heart failure. Type 1, type 2, and
gestational diabetes are the three most prevalent forms of
the disease. By preventing islet cell death, baicalein reduces
hyperglycemia, improves glucose intolerance, and encour-
ages insulin production (118). Baicalein is used to treat dia-
betes, which lowers total cholesterol, plasma triglyceride
plasma levels along with sugar lowering effect (119).

Baicalein additionally showed antihyperglycemic effects in
both in vivo and in vitro models via blocking the a-glucosidase
action in 3T3-L1 adipocyte cell line. The main function of the
enzyme a-glucosidase is to catalyze the breakdown of starches
and carbs in food to produce glucose that may be absorbed
through the digestive tract (120). As a result, delaying the syn-
thesis of glucose after meal digestion may minimize hyper-
glycemia. It was discovered that baicalein had a-glucosidase
inhibitory effects comparable to those of the commonly pre-
scribed, clinically effective a-glucosidase inhibitor, acarbose
(120). The synergistic impact of baicalein and acarbose treat-
ment is reported for showing reduced harmful hepatic side
effects associated with using high dosages of the acarbose
alone to treat diabetes by lowering the dosage from high
(20 mg/kg) to low (4 mg/kg) levels (121).

Glycation of bovine serum albumin (BSA) is a compli-
cated chain of events wherein reducing sugars like glucose
alter the structure of the protein. Due to the excess glucose
molecules in their serum, diabetics usually have greater gly-
cation rates. This can lead to nonfunctional proteins and fur-
ther activate several signaling pathways, increasing the risk of
beta-cell damage, insulin resistance, and diabetes complica-
tions. Baicalein also has the potential to cure hyperglycemia
by reducing BSA glycation (122).

Baicalein action as an antiaging agent

Skin aging is a natural process that is defined by the
skin’s progressive physiologic and anatomical changes. The
dermis experiences striking alterations including the huge
deposition of irregular elastic fibers, collagen deterioration,
and hyaluronic acid loss. Skin aging is caused by a variety of
extrinsic (usually linked to aging) and natural (mostly genet-
ically determined) factors, such as exposure to ultraviolet
(UV) radiation, high intake of alcohol, and pollution. UV radi-
ation is the main cause of photoaging in human skin (123).

Baicalein may find use in skin care products and as a
photoprotective agent. UV radiation significantly raised the
activities of MMP-1 mRNA (123), while baicalin treatment
inhibited this UV radiation-induced action of MMP-1 and
resulted in the formation of procollagen type 1. Rich baica-
lein inhibited collagen fiber loss, wrinkle formation, and skin
thickness brought on by UV radiation.

UV causes high levels of ROS to be produced in the skin
tissues. This can cause increase of oxidative stress to a variety
of cellular macro and micro molecules, including proteins,

A



38

nucleic acids, and cell membranes. ROS have a major contri-
bution in both the onset and development of skin aging. MDA
is a result of lipid peroxidation whose quantity reveals the
extent of oxidative stress on cells. The antioxidant defense of
the normal cell against ROS is carried out by SOD and GSH-Px
enzymes (125). The results demonstrate that UV rays cause
oxidative damage and slow down the dermal tissue capacity
to eliminate ROS. It was also revealed that UVA radiation con-
siderably elevated MDA levels in fibroblasts and significantly
decreased SOD and GSH-Px activities. Additionally, baicalin
therapy by itself dramatically reduced MDA levels in fibro-
blasts and increased SOD and GSH-Px activity (125).

Pharmacokinetics

Clinical and toxicological studies

It has been shown that baicalein is a unique, potentially
effective medicinal agent for treating a range of illnesses.
Therefore, clinical trials are required to ensure the therapeu-
tic role of baicalein. Several studies are designed by various
research groups for the purpose. Two phase | clinical trials
were conducted on healthy adults in China to evaluate the
safety and efficacy using chewable baicalein pills.

Seventy-two healthy Chinese adults participated in a
phase | (2014) random, double-blind investigation to examine
the pharmacokinetic (PK) characteristics of baicalein using a
single-dose trial (100-2800 mg) (126). Blood, urine, and feces
samples were obtained at fixed schedules for up to 48 hours
post drug administration. After that, baicalein was inves-
tigated by the spectrometric analysis of samples through
liquid chromatography with tandem mass spectrometry
(LC/MS/MS). The PK profile of baicalein was found to be mul-
tiphasic, with a median T__ of 0.75-3.5 hours and a t, of
1.90-15.01 hours. The proportlonallty coefficient (90% Cl)
estimates for C__, AUC_,, and AUC, were 0.83 (0.70-0.96),
0.91 (0.81-1.00), and 0.92 (0.82-1.02), in that order. The
predefined ranges of 0.89-1.11, 0.93-1.07, and 0.93-1.07,
respectively, encompass all values. It was unclear what the
dose proportionality was for a baicalein dose range of 100-
2800 mg. Baicalein excreted in urine makes up 1% of the
total. Baicalein was eliminated as a medication in approxi-
mately 27% of the feces. Baicalein’s C _ and C_ values at
800 mg single dose and 800 mg multiple dose, respec-
tively, were higher than the in vitro effective concentration
(0.1 uM) against SARS-CoV-2 (127). Baicalein was highly tol-
erable. Eleven adverse treatment-related occurrences were
detected; all were considered “minor” and retreated on their
own. There were no significant adverse occurrences. As a
result, healthy volunteers tolerated single oral dosages of
baicalein of 100-2800 mg without any adverse effects (127).

The study by Li M, Shi A, Pang H, et al. published in the
Journal of Ethnopharmacology in 2014 investigated the
safety, tolerability, and pharmacokinetics of a single ascend-
ing dose of baicalein chewable tablets in healthy subjects.
The research found that single oral doses of 100-2800 mg of
baicalein were safe and well tolerated by healthy individu-
als, with no serious adverse events occurring. The study con-
cluded that baicalein chewable tablets were generally safe
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and well-tolerated, supporting the further exploration of
baicalein in clinical studies due to its favorable safety profile
and pharmacokinetic properties (128). Baicalein suppressed
the generation of mid-late mRNA, hence suppressing the
HIN1 and H3N2 influenza viruses, A/FM1/1/47, and A/
Beijing/32/92, respectively (163). Baicalein and its metabo-
lites were found at higher concentrations, but not in a dose-
proportionate way. In healthy Chinese volunteers, baicalein
tablets within the studied dosage range were well-tolerated
and safe, with no severe or potentially fatal side effects (128).

In order to assess the safety and efficacy of capecitabine
(CAP) in conjunction with PHY906, a combination of four
traditional Chinese herbs—Scutellaria baicalensis Georgi,
Glycyrrhiza uralensis Fisch., Ziziphus jujuba Mill.,, and
Paeonia lactiflora Pall.—in the treatment of advanced pan-
creatic carcinoma (APC), another study was carried out in
2006. Preclinical studies indicate that PHY906 is a potent
inhibitor of NF-kB and that it works in concert with CAP to
exhibit synergistic antitumor effects in PANC-1 cell lines.
PHY906 does not alter the PK of CAP, as studies on several
tumor types have shown, but it may reduce the Gl toxicities
associated with chemotherapy, especially diarrhea. These
data have motivated the phase I/l study of the safety and
tolerability of a weekly (7/7) dose-intense schedule for CAP
plus PHY906. Patients with advanced solid tumors (STs) who
did not respond to conventional therapy were recruited for
the phase | research. On days 1-4, patients were given 800
mg of PHY906 twice a day, and for 14 days, they were given
1,500 mg/m? of CAP every day. Patients with gemcitabine-
refractory APC will be recruited for the phase Il research. The
study’s findings show that CAP and PHY906 together have
tolerable toxicity in patients with ST (130).

In phase I/l clinical trials oral administration of baica-
lein has been shown to be safe for humans (130). However,
more detailed research on baicalein’s therapeutic potential
in patients with various diseases is required.

Nano-formulations of baicalein

Srivastava et al created baicalein-loaded mixed micelles to
improve the solubility and bioavailability of baicalein oral prep-
aration to treat breast cancer. Micelles encapsulating baicalein
in pluronic F127 (F127) and D-tocopherol polyethylene glycol
1000 succinate (TPGS) were investigated for their anticancer
properties. The micelles in the optimal formulation exhibited a
zeta potential of 4.01 mV and a mean particle size of 25.04 nm.
Baicalein was released from micelles in vitro with a sustained
release profile at pH 7.4, and an 83.43% computed entrapment
efficiency percentage was obtained. In vitro cell culture studies
showed a significant increase in the absorption and cytotox-
icity of baicalein formulation and performance evaluation of
polymeric in-loaded micelles targeting MDAMB-231 cell lines.
The cell cycle analysis findings demonstrated that cells were
halted in the GO/G1 phase of the cell cycle and that baicalein
micelles had a greater capacity to induce apoptosis than did
baicalein in its free form. The results of the ROS and mitochon-
drial membrane potential experiment demonstrate that the
novel formulation suppresses cell growth through the ROS-
dependent mitochondrial-mediated apoptotic pathway (131).
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Majumdar et al developed baicalein-loaded nanolipo-
some gel formulation, which was easy to apply to the skin’s
surface because it has a high degree of homogeneity, a pH
that is about equivalent to that of the skin, and an appropri-
ate thixotropic characteristic. Baicalein’s release was greatly
extended and concentration-independent after the develop-
ment of nanoliposomal gel. In contrast to commercially avail-
able formulations, the nanoliposomes loaded with baicalein
demonstrated remarkable anti-inflammatory effectiveness
throughout testing. Accordingly, the engineered nanoliposo-
mal gel filled with baicalein may be employed as an effec-
tive carrier for baicalein topical administration to suppress
inflammatory reactions (132).

The efficacy of baicalein-loaded iron oxide nanoparticles
(NPs) against the triple-negative breast cancer (TNBC) cell
line MDA-MB-231 was examined by Kavithaa et al. Using an
electron microscope to analyze a subset of cancer cells, it
was revealed that the particles were absorbed by the vari-
ous subcellular components of the cells. Furthermore, the
assessment of mitochondrial membrane potential was con-
ducted using flow cytometry employing JC-1 labeling. The
results indicated the presence of significant aggregates in
cells treated with iron oxide NPs loaded with baicalein, indi-
cating a considerable reduction in mitochondrial membrane
potential. Baicalein-loaded iron oxide NPs elevated apop-
totic genes such as Bad, Bax, GADD45, and poly(ADP-ribose)
polymerase (PARP) cleavage in a dose-dependent manner
while downregulating anti-apoptotic genes. Comprehensive
kit-based flow cytometric analysis confirms that nano con-
jugates may clearly induce apoptosis, DNA damage, and cell
cycle arrest, as well as reduce the rate of cell proliferation in
TNBC cells (133).

Li et al investigated the releasing patterns and loading
efficiencies of baicalein (BE) and baicalin (BA) enclosed in
mesoporous silica nanoparticles (MSNs) that were produced
and modified with amines (Nano-BA and Nano-BE, respec-
tively). Using primary human gingival epithelial cells (hGECs),
the cytotoxicity of Nano-BA and Nano-BE was examined, and
a transmission electron microscope was used to observe
the cells’ uptake of the compounds. Their anti-inflammatory
effects in IL-1-treated hGECs were measured using the cyto-
kine array and the enzyme-linked immunosorbent test.
This study shows that amine-modified MSNs are capable of
encapsulating BA and BE, and that this nano-encapsulation
greatly increases the rate of drug delivery and prolongs the
release of BA and BE for up to 216 hours. Furthermore, when
exposed to a solution devoid of NPs, hGECs were able to inter-
nalize Nano-BA and Nano-BE and maintain them inside the
cells for at least 24 hours. It is noteworthy that IL-1-induced
expression of IL-6 and IL-8 in hGECs is effectively suppressed
by pretreatment with Nano-BE. To summarize, BE encapsu-
lated in a NP may efficiently release its contents and be taken
up by cells, which has major anti-inflammatory effects (134).

Researchers created a pH-responsive drug delivery
system (DDS) encapsulating baicalein zeolite imidazole
framework-8 (ZIF-8). The synthesized nanocomposite exhib-
ited a drug-loading capacity of 40.32%. The in vitro drug
release kinetics from the nanocomposite showed excel-
lent stimuli-responsive drug release capabilities in an acidic

© 2024 The Authors. Published by AboutScience - www.aboutscience.eu

Drug Target Insights 2024; 18: 39

environment. The growth of E. coli, S. aureus, P. aeruginosa,
and Staphylococcus epidermidis was significantly inhibited by
the nanocomposite. The synergistic effect of zinc (ll) ions and
baicalein molecules was demonstrated to be the antibacte-
rial mechanism of the BA@ZIF-8 nanocomposite. According
to in vitro biocompatibility tests, BA@ZIF-8 did not cause any
cytotoxicity in L929 fibroblast cells. The created nanocom-
posite dramatically enhanced the number of proliferating
and migrating cells in the wounded area, according to tests
conducted on a scratch wound. According to the findings of
the pH-responsive drug release mechanism, the synthesized
nanocomposite exhibited greater stability at a neutral pH.
The nanocomposite demonstrated rapid baicalein release
(65.8%) in acidic conditions, indicating that it is a great choice
for pH-responsive drug delivery (135).

This investigation of the anticancer properties of BSA-
baicalein @Zn-Glu nanostructure-mediated GluRs was con-
ducted using human glioblastoma U87 cells. The transport
of baicalein active component was studied with hybrid NPs
of BSA-Ba@Zn-Glu. BSA-Ba@Zn-Glu NPs were effectively
synthesized in a single reduction process. The cytotoxic
efficacy and apoptotic rate of the nanostructures on U87
glioblastoma cells were assessed using 3-(4,5-dimethylthi-
azol-a-yl)-2,5 diphenyltetrazolium bromide (MTT) assays
and flow cytometry, respectively. The synthesized BSA-Ba@
Zn-Glu nanostructures, with diameters ranging from 142.40
to 177.10 nm and zeta potentials between 10.57 and 35.77
mV, have the potential to extravasate into cancer cells. The
drug release of BSA-Ba@Zn NPs was both pH-dependent and
pH-controlled. In vitro, it was demonstrated that BSA-Ba@
Zn-Glu NPs significantly reduced cell viability and increased
apoptosis in U87 cancer cells. A green manufacturing
approach was used to create Zn NPs, and it was shown that
these particles had a deadly effect in addition to increasing
the uptake of NPs by cells via Glu receptors. Glu conjuga-
tion and drug delivery of baicalein were achieved through
the use of BSA NPs as a nano-platform. BSA-Ba@Zn-Glu NPs
can cause dose-dependent cytotoxicity and death in human
brain cancer cells (U87). Finally, future research on targeted
medication delivery in vivo may make use of this nanostruc-
ture. It may also be paired with other treatments, such as
x-ray irradiation (Table 3) (136).

Patents on baicalein

The patents related to pharmacological activity of baica-
lein have been tabulated in Table 4.

Conclusion

This systematic review provides a new scientific and mod-
ern perspective on the traditional Chinese medicine baica-
lein as a possible supplementary therapy. Baicalein contains
anticancer, antimicrobial, antidiabetic, and antiaging prop-
erties in addition to protective effects on the brain, heart,
lungs, stomach, hepatic, and renal systems, based on the
published data reviewed. Repeatedly administering baicalein
orally, at dosages ranging from 200 to 600 mg, was shown
to be safe and well-tolerated by healthy individuals. There
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TABLE 3 - Studies of nano-formulated baicalein/baicalin in several disorders

S. no. | Disorder Formulation Combination | Application | Outcome Reference
1. Diabetes NLC No Invitroand | B-NLCs possess favorable physical stability and (137)
in vivo enhanced capability for drug retention along with
improved antidiabetic effectiveness
Selenium NPs Naringenin + | Invitro and | Maintain optimal blood glucose levels by enhancing (138)
baicalin in vivo insulin sensitivity, production, and mitigating the
dysfunction of pancreatic B-cells in T2DM
2 Breast Iron oxide NPs | No In vitro At a very low dose, it inhibits antiapoptotic protein (139)
cancer and increases apoptotic proteins
Nanoemulsion | Paclitaxel + Invitroand | Improved permeability and retention effects (140)
baicalein in vivo
3. Human lung | Nanoparticles Paclitaxel + Invitroand | Exhibited synergism and anticancer potential and (142)
cancer cells (prodrug) baicalein in vivo reduction of multidrug resistance of paclitaxel occurs
4. | Cervical Nanoliposomes | No In vivo This formulation demonstrated significant antitumor (142)
tumor efficacy
5. Cerebral SLN 0OX26 In vivo It regulates amino acid levels, which are responsible (143)
ischemia antibody + for the therapeutic effect of treating excitotoxic
baicalin neuronal damage

NLC = nanostructured lipid carriers; NP = nanoparticle; SLN = solid lipid nanoparticles; T2DM = type 2 diabetes mellitus.

TABLE 4 - Patents related to baicalein

S. no.

Patent number

Year of
publishing/grant

Details of patent

CN1411815A

2003

The current innovation relates to the preparation method for baicalin eye drops. The root

of the natural Chinese medicinal plant Scutellaria is the source of baicalin, the main active
element in the product. It exhibits a robust therapeutic effect in the management of pathogen-
induced ophthalmopathy without causing ocular discomfort or deleterious side effects.

CN103720650A

2014

The innovation is an injection of baicalin that has anti-influenza viral properties. Baicalin,
2.16 g of disodium hydrogen phosphate, 0.6 g of sodium dihydrogen phosphate, and

100 mL of injection water make up this mixture. The injection is sterilized by applying
high pressure while keeping the sodium hydroxide pH at 7.0. The medication blocks
neuraminidase action, which prevents the virus from releasing its infection. It is highly
bioavailable and rarely causes negative side effects.

CN101642426B

2009

The innovation is a technique for making nanoscale eye drops of the baicalein adhesion
type. Baicalein (w/w) = 0.001%-3%, lipid (w/w) = 0.1%-20%, surfactant (w/w) = 0.1%-

10%, preservative (w/w) = 0.001%-3%, isotonic regulator (w/w) = 0.1%-10%, penetration
enhancer (w/w) = 0.005%-10%. The remaining volume of deionized water is used to create
the baicalin adhesion type nanoscale eye drops, with the pH being kept between 5 and 9.

CN101856350A

2010

The use of baicalein in the preparation of medications for the treatment and prevention
of PD is disclosed in the invention. The formulation has the ability to improve and treat PD
symptoms while also lowering the trembling frequencies and amplitudes. By preventing
damage to dopaminergic neurons, the formulation can effectively prevent and treat
pathological changes and the development of PD. Baicalein, on the other hand, inhibits
Parkinson’s symptoms by acting on nervous systems and protects dopaminergic neurons
through apoptosis resistance, inflammatory resistance, and antioxidation.

CN101701245A

2010

The innovation offers a way to extract the major proteinase inhibitor of the SARS coronavirus
from a traditional Chinese remedy. The steps in the procedure are as follows: (1) Determining
the exosomatic suppressive activities of different extractives from a single traditional Chinese
medicine that are main proteinase inhibitors of the SARS coronavirus; (2) choosing the
extractive that has the highest exosomatic suppressive activity; and (3) sorting and choosing
the extractives chosen in step (2) at least once. The substance that the procedure separated
has exosomatic inhibitory actions on the major proteinase of the SARS coronavirus, making it a
potentially ideal medication or a viable prodrug for commercialization.

(Continued)
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S. no.

Patent number

Year of
publishing/grant

Details of patent

CN102068452A

2011

The invention relates to a pharmaceutical composition with a synergistic antiviral ratio
of 20:1 to 1:10 for baicalein and ribavirin. It lessens the minimum medicine tolerance as
well as the adverse effects and side effects. Moreover, the antiviral component works
by inhibiting viral replication. It has great advantages and looks to have a bright future in
treating and preventing influenza viruses.

CN105560177A

2016

The invention discloses the veterinary mixed suspension containing amoxicillin and
baicalein, as well as the manufacturing process. The suspension is made by dispersing the
active components, amoxicillin and baicalein, 1:1, in a dispersion medium. The problems
of amoxicillin being easily broken down in an agqueous solution and the medication

being slowly released in an oily mixed suspension are both solved for time-dependent
antibiotics. T>MIC is prolonged, effective acting time is prolonged, and a user only needs to
take the medication three times consecutively at intervals of 12 hours.

CN112007023A

2020

According to the invention, baicalein alpha, beta, or (beta 0+ beta 1) mixed crystal

form can be used for preventing and/or treating obesity and its related conditions.

More precisely, to the administration of a drug in the range of 0.001-2000 mg/kg/day/po
as an active element in the management of obesity and its by-products, including
hyperlipidemia, insulin resistance, and blood sugar.

CN108653206B

2020

The innovation, which falls under the category of pharmaceutical preparations, describes
how to prepare a baicalein nanosuspension. The following elements comprise the
baicalein nanosuspension prescription, expressed as a percentage by mass: phospholipid
(0.05%-10%), F-68 (0.1-3%), glycerol (1%-10%), and the rest water. 0.1%-2% of the
phospholipid compound is called baicalein. The invention offers a low cost and energy
consumption, excellent safety, enhanced stability, better medication loading rate, and a
straightforward and convenient operation.

10.

CN112691102A

2021

The invention describes using baicalein to make a medication that treats and prevents
PD as well as the depressive symptoms of Parkinson’s syndrome. The invention finds that
baicalein can clearly increase the levels of neurotransmitters like DA, NE, and 5-HT in the
brain and metabolites thereof, decrease the level of neuroinflammation factors in blood
plasma, and improve the symptoms of a rotenone-induced depression mood model

of a PD/Parkinson syndrome mouse. Consequently, baicalein can be utilized to make
medications that prevent and treat PD as well as the symptoms of depression associated
with the condition.

11.

CN113244216A

2021

The innovation reveals the use of baicalein in the development of a medication to suppress
a novel coronavirus and reveals that baicalein and SARS-CoV-2Mpro can be coupled, also
preventing SARS-CoV-2Mpro from functioning as an enzyme in vitro. The protease activity,
which impedes the new coronavirus’s ability to replicate, has promising applications in the
field of creating new coronavirus drugs.

12.

W02021159570A1

2021

This invention involves using baicalein to make a drug that will either treat or prevent

a disease caused by a novel coronavirus infection. The invention in question pertains
specifically to the use of baicalein and a pharmaceutical composition containing baicalein
in the preparation of a drug intended to prevent and/or treat diseases caused by novel
coronavirus infections (SARS-CoV-2). These infections can range in severity from mild to
severe, and they include novel coronavirus pneumonia.

13.

CN113925861A

2022

The invention describes the use of a Scutellaria flavone active ingredient and its
preparation in the manufacturing of a medication intended to cure or prevent
inflammatory storm. Wogonin, oroxylin A, and baicalein are the components from which
the active ingredient of baicalein is chosen. Reducing the frequency of inflammatory
storms, particularly in patients who are severely ill, helps to lessen organ damage and
halt the disease’s course. The innovation finds that wogonin, baicalein, and oroxylin A

all operate to varying degrees to block the mouse cytokine storm. Lung damage and
inflammatory cell infiltration brought on by an inflammatory storm can be lessened by
baicalein. Thus, the medication for both preventing and treating the inflammatory storm
can be made using the active ingredient of baicalein.

DA = dopamine; MIC = minimum inhibitory concentration; NE = norepinephrine; PD = Parkinson’s disease; SARS-CoV = severe acute respiratory syndrome coro-

navirus.
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was no impairment seen in liver and renal function; how-
ever, it may affect the metabolism of triglycerides. Baicalein
is rapidly and extensively metabolized in the body, resulting
in the production of several metabolites. Out of the seven
metabolites, 7-BS and BGG exhibited a significantly larger
amount in the plasma. The scientific literature has shown
the antiviral activity of baicalein and baicalin (7-BG). There
are direct and indirect consequences among them. It is criti-
cal to know each mode of action in order to maximize this
flavonoid’s efficacy in treating diseases. There are direct and
indirect consequences among them. Clinical research on this
natural substance’s efficacy, however, did not provide enough
information. Consequently, additional evidence-based clini-
cal trials are required to verify the safety and effectiveness
of baicalein as a potential therapeutic agent for a range of
human illnesses and for the good of humanity.
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Introduction

ABSTRACT

Background: Pistacia chinensis is extensively employed in traditional medicine. This study aimed to isolate and
evaluate the therapeutic effects of 3'4’78-tetrahydroxy-3-methoxyflavone from P. chinensis crude extract.
Materials and Methods: The study utilized column chromatography for isolation. The plant extract and its iso-
lated compound were assessed for in vivo analgesic (hot plate model), anti-inflammatory (carrageenan-induced
paw edema), sedative (open field model), and muscle relaxing properties (inclined plane and traction test).
Results: In the thermal-induced analgesic model, a significant analgesic effect was observed for the extract
(25, 50, and 100 mg/kg) and the isolated compound (2.5, 5, 10, and 15 mg/kg) at higher doses. The extract
(100 mg/kg) significantly prolonged latency time (21.98 seconds) after 120 minutes of administration. The iso-
lated compound elevated the latency time (20.03 seconds) after 30 minutes, remaining significant up to 120 min-
utes with a latency time of 24.11 seconds. The anti-inflammatory effect showed a reduction in inflammatory
reactions by 50.23% (extract) and 67.09% (compound) after the fifth hour of treatment. Both samples demon-
strated significant sedative effects, with the extract hindering movement by 54.11 lines crossed compared to
the negative control (180.99 lines). The isolated compound reduced the number of lines crossed to 15.23+SEM
compared to the negative control. Both samples were also significant muscle relaxants. Docking studies indicated
that the compound’s therapeutic effect is due to inhibiting COX and nociceptive pathways.

Conclusion: The isolated compound from Pistacia chinensis exhibits significant analgesic, anti-inflammatory, sedative,
and muscle relaxing properties, with potential therapeutic applications by inhibiting COX and nociceptive pathways.

Keywords: Anacardiaceae, Analgesic, Anti-inflammatory, In vivo, Muscle relaxant, Pistacia chinensis, Sedative

to pistag. The term pistachio can also be traced back to the
word pista in many languages, such as Persian and the early

Plants have been acknowledged for millennia as having
direct therapeutic effects for treating common disorders
(1,2). The etymology of the term pistachio can be traced back
to its Avestan origin, precisely the word pstk, which translates
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classical tongues of Central Asia (3,4). The Anacardiaceae
(R.Br.) Lindl. family (order Sapindales) originally comprised 82
genera and 700 species of pantropical (tropical and subtropi-
cal) trees, shrubs, and lianas that secrete gums and resins (5).
Recently included are 83 genera and 860 tree species (6).
The kakra shringi is the Chinese Pistacia chinensis vari-
ety integerrima. Located in the Himalayas from the Indus to
Kumaon, this moderate-sized deciduous tree reaches heights
of 18 m (7). The leaves and petioles of plants infested by
the Pemphigus species of bug develop hard, horn-shaped,
rugose, hollow galls (8). The crushed and dried galls possess
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a distinct aroma and flavor reminiscent of terebinth. The fla-
vor profile of these items exhibits a sharp and slightly spicy
taste reminiscent of terebinthine notes. Additionally, there is
a subtle balsamic aroma present (9).

P. chinensis is a widespread Pistacia species found in Asia.
Traditional applications of P. chinensis include wood, seed oil,
ornamental uses, and folk remedies for detoxification, sore
pharynx, and diarrhea (10). According to De Pooter et al (11),
the primary chemical components of P. chinensis leaf essen-
tial oils grown in Egypt were trans-8-ocimene limonene. Two
3-3'-dimeric 4-phenyl dihydro coumarin compounds with
estrogen-like activity were isolated from the twig extract of P
chinensis (12). The galls of P. chinensis are used in Ayurvedic
medicine to treat a wide range of ailments, including but not
limited to hiccups, asthma, chronic bronchitis, fever, vomit-
ing in infants, skin diseases, psoriasis, snake bites, scorpion
stings, and increased hunger (13). The plant has considerable
therapeutic potential under its pharmacological activity and
active constituents. The P. integerrima plant has captured the
interest of researchers, and a wealth of literature is already
available (14). Few studies explored particular aspects of
P. chinensis. In Pakistan, hepatitis and liver disorders are
treated with P. chinensis galls. There have been reports of
its leishmanicidal (15), depressant (16), analgesic and anti-
inflammatory (17), spasmolytic (18), and hyperuricemic (10)
properties. Noureen et al (19) concluded that bioactive anti-
oxidants found in the bark of P. chinensis could be a suitable
source for isolating potent antioxidant compounds.

In addition to its therapeutic uses, P. chinensis has numer-
ous applications in ecology and energy production, among
others (19). P. chinensis oil, mostly fatty acids with 16 to 18
carbon chain lengths, is chemically identical to fossil die-
sel (C15 C19) (20). P. chinensis biodiesel meets EU, US, and
Chinese light diesel standards (21). A compound with a
chemical structure of 2-(3,4-dihydroxyphenyl)-7,8-dihydroxy-
3-methoxy-4H-chromen-4-one compound derived from P.
chinensis exhibits properties that can help regulate blood
sugar levels and prevent glycation (22). P. chinensis isolated
flavonoids have been shown to exhibit ENPP1 inhibition,
which is a therapeutic intervention (23).

To date, only a limited number of flavones have been
successfully commercialized, despite their potential as anal-
gesics, sedatives, muscle relaxants, and anti-inflammatory
agents. Considerable evidence exists regarding the poten-
tial toxicity and adverse effects associated with nearly all
commercially available flavones. Hence, the present study
was designed to investigate the potential in vivo analgesic,
sedative, muscle relaxant, and anti-inflammatory properties
of the compound 3',4’,7,8-tetrahydroxy-3-methoxyflavone
derived from P. chinensis. The aim was to determine if these
effects could be achieved with minimal adverse effects, tak-
ing into consideration the traditional use of the plant.

Materials and methods
Plant collection
P. chinensis (Bunge) seeds were acquired from the

University of Peshawar’s botanical garden. Dr. Muhammad
Ilyas, Department of Botany, University of Swabi, KP, Pakistan,

Studies of 3',4,7,8-tetrahydroxy-3-methoxyflavone

identified the plant species delivered to the department. The
specimen with the voucher number Pistacia chinensis was
stored in the department’s herbarium.

The obtained seeds were shade-dried for 20 days and
washed with water to remove grit. After that, the desiccated
grain was ground into a powder using a grinder. One kilogram
of powdered plant material was immersed in methanol for
10 days to extract the most significant number of polar sec-
ondary metabolites. The obtained extract was concentrated
at low temperature and pressure using a rotary evaporator,
yielding 18.9 g of extract (2.11%).

Extraction and isolation

The seeds of P. chinensis were rinsed with water to
remove dust. The washed seeds (8.32 kg) were pulverized
using a machine to produce the powdered plant materials.
The plant material was subjected to a 20-day cold extraction
with methanol (10 mL). The extract was concentrated using
a rotary evaporator under reduced temperature and pres-
sure, yielding 112 g of crude extract. To remove the less polar
compounds from the crude extract, it was defatted with
n-hexane. The 22.2 g defatted crude extract was subjected
to column chromatography, yielding compound 1 (Figure 1).
Physical and spectroscopic data were compared to previously
reported data to determine the isolated compound chemical
structure (20,21,24).

FIGURE 1 - The chemical structure of the isolated compound 1 from
Pistacia chinensis.

Classification of animals

The BLAB/c mice of either sex weighing 23-27 g were
obtained from the National Institute of Heath Islamabad,
Pakistan. The animals were classified for the in vivo experi-
ments as negative control (treated with normal saline,
10 mL/kg), positive control (treated with standard drug), and
extract/compounds were administered to the tested groups.
This study was approved by the ethical committee (SOU/
Pharm-23), Department of Pharmacy, University of Swabi, KP,
Pakistan, on January 15, 2023.

Analgesic screening

A hot plate analgesia meter was used to evolve the anal-
gesic effect. Animals were classified as above. All the animals
were tested on hot plates for positive responses. The animals
were treated with extract or compound, and after 30 min-
utes of treatment, each animal was placed at the center of a
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hot plate, and the time of stay on the hot plate was counted
in seconds (latency time). The animal that stayed more than
25 seconds (cut-off time) was excluded from the study. The
latency time was periodically observed at 30, 60, 90, and 120
minutes posttreatment (25). Tramadol was used as a stan-
dard drug.

Anti-inflammatory activity

After correctly classifying animals into the abovemen-
tioned categories, the negative control group was admin-
istered normal saline, and the positive control group was
administered diclofenac sodium. The rest of the groups were
treated with extract and isolated compound 1. After 30 min-
utes of these treatments, carrageenan (1%, 0.05 mL) was
administered subcutaneously to the right hind paw of each
animal. The induced inflammation was determined in the
form of paw edema. This paw volume was measured regu-
larly, and the anti-inflammatory effect percentage was calcu-
lated using the following formula:

A—B

Percent effect= x100

where A and B represent the paw edema of the negative
and positive control groups, respectively (26).

Sedative screening

Using our previously published paradigm, the open-field
method was used to evaluate the sedative effect of the
extract and the compound. The experimental room’s sound-
proofing consisted of a wooden cage with equal space. The
animals were categorized as described earlier, and the posi-
tive control group was administered diazepam (0.5 mg/kg).
After 30 minutes of treatment with normal saline (negative
control), diazepam (positive control), and extract/compound
(tested groups), the sedative effect of each animal in the spe-
cial wooden box was evaluated. The animal was deposited

Drug Target Insights 2024; 18: 49

in the center of the box, and for 10 minutes, the number
of lines it crossed was recorded. The greater the number of
crossed lines, the less sedative the drug, and vice versa (27).

Muscle relaxant activity

Inclined plane and traction tests were used to determine
muscle coordination potential. In the inclined plane test, a
plane was designed with an angle of 65° on which an animal
will slide. A metallic wire coated with rubber was used in case
of traction test on which the animal will hang. After correctly
classifying animals into various groups as above, the groups
were appropriately treated with normal saline, diazepam,
and extract/compound. After 30 minutes of these treat-
ments, the animal’s muscle coordination effect was checked
on an inclined plan for 5 seconds and the hanging duration
for 5 seconds. The sliding of animals within 5 seconds meant
animals with relaxed muscles, and the passing of animals to
hang with wire for 5 seconds reflects no muscle relaxation
effect.

Docking

Interaction analysis via docking between receptors and
ligands is essential for finding ligand inhibition patterns. We
performed docking studies using MOE software version MOE
2016.0802 (Chemical Computing Group, Canada). Interactions
of the new ligand and the superimposed co-crystallized ligand
have been found.

Results

The extract and isolated compound were significantly
analgesic in thermally induced algesia, as shown in Table 1.
The analgesic effect of the extract (25, 50, and 100 mg/kg)
and the isolated compound (2.5, 5, 10, and 15 mg/kg) was
dose dependent. The extract (100 mg/kg) exhibited a sig-
nificant (p<0.01) prolonged latency time (16.76 seconds) as

TABLE 1 - Analgesic effect of Pistacia chinensis crude extract and isolated compound

Group Dose (mg/kg) Time (minutes)
30 60 90 120
NS 10 mL 9.18 £ 0.06 9.19 £ 0.09 9.17£0.10 9.20+0.08
Tramadol 10 25.23 £ 0.07*** 25.30 £ 0.13%** 26.00 £ 0.15%** 26.43 £ 0.12%**
Extract 25 9.65+0.90 13.98+0.43 14.00+£0.27 13.90 £ 0.87
50 12.43+0.79 16.09 £ 0.66** 16.98 £ 0.64** 17.00 £ 0.54**
100 14.76 £ 0.66 19.49 £ 0.65** 17.07 £ 0.43** 16.90 £ 0.23**
250 16.76 £ 0.76** 21.65 £ 0.54%** 22.24 £ 0.21*** 21.98 £ 0.11***
Compound 1 2.5 11.76 £ 0.45 1498 £ 0.54 15.00+£0.34 14.87 £0.39
5 13.09+£0.66 17.34 £0.28** 17.98 + 0.54** 17.32 £+ 0.40**
10 17.32 £0.55 20.87 + 0.51*** 20.98 £ 0.28%** 20.07 £ 0.45%**
15 20.03 £ 0.45%** 24.08 £ 0.55 24.65 £ 0.54%** 2411 + 0.43***

ANOVA = analysis of variance; NS = normal saline, SEM = standard error of the mean.

##%0<0.001, ¥*p<0.01.

Data are presented as mean + SEM. The level of statistical significance was calculated through GraphPad Prism using an ANOVA analysis test.
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compared to negative control after 30 minutes of administra-
tion, and this effect remained significant (p<0.001) up to 120
minutes (21.98 seconds latency time) after administration.
The isolated compound elevated the latency time (20.03 sec-
onds) after 30 minutes where the effect remained significant
up to 120 minutes with a latency time of 24.11 seconds.

The anti-inflammatory effect of the extract and com-
pound is exhibited in Figure 2. The extract reduced the
edema by 20.23% after 3 hours of administration and sig-
nificantly by 50.23% after 5 hours of experimental duration.
The isolated compound attenuated the inflammatory reac-
tions up to 86.32% after 3 hours, and this anti-inflammatory
process was improved by 67.09% after 5 hours of compound
administration.

1001
Compound 1
80- E3 Extract
% @ Diclofenac
Q 60
2
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)
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3 4
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FIGURE 2 - Percentage of the anti-inflammatory effect of crude
extract and isolated compound 1 of Pistacia chinensis on carrage-
enan paw in mice.

The crude extract and isolated compound from P. chinen-
sis were found to be significant sedatives in the open-field
model, as shown in Table 2. No sedative effect was observed
in lower doses (25 and 50 mg/kg), while the higher doses
(100 and 250 mg/kg) demonstrated significant (p<0.001)
hindrance in the movement of animals. The isolated com-
pound resulted in a more sedative effect as compared to the
extract. The movement of animals was significantly (p<0.01)

Studies of 3',4,7,8-tetrahydroxy-3-methoxyflavone

TABLE 2 - Sedative activity of crude extract and isolated compound
from Pistacia chinensis

Samples Dose (mg/kg) Number of lines crossed
NS 5mL 180.99 £ 3.54
Diazepam 0.5 2.32 £0.43%**
Extract 25 85.29+3.33
50 76.76 +3.09
100 67.09 + 2.64*
250 54.11 +2.65%*
Compound 1 2.5 45.24 +£2.01*%*
5 36.23 + 1.77***
10 25.09 + 1.50%**
15 15.23 £ 1.32%**

ANOVA = analysis of variance; NS = normal saline, SEM = standard error of
the mean.

***p<0.001, **p<0.01.

Data are presented as mean + SEM. The level of statistical significance was
calculated through GraphPad Prism using the ANOVA analysis test.

hindered (54.11 lines crossed as compared to the negative
control — 180.99 lines crossed by animals). The isolated com-
pound reduced the number of lines crossed up to 15.23 com-
pared to the negative control.

The effect on muscle coordination of crude extract and
isolated compound from P. chinensis is presented in Table 3.
A significant muscle relaxant effect was noticed in both experi-
mental models. Uniform muscle relaxation was noted dose-
dependently and time-dependently. The extract (250 mg/kg)
demonstrated a 42.88% and 43.56% effect in the inclined
plane and traction model, respectively. The isolated com-
pound exhibited up to 70% muscle relaxation at 15 mg/kg.

We also performed docking studies by using Molecular
Operating Environment (MOE) software. Compound 3°,4°,7,8-
tetrahydroxy-3-methoxyflavone isolated from P. chinensis

TABLE 3 - Muscle relaxant effect of crude extract and isolated compound from Pistacia chinensis

Group Dose (mg/kg) Inclined plane model (%) Traction model (%)
30 60 90 30 60 20
NS 10 mL/kg - - - - - -
Diazepam 0.5 100+0.0 100+0.0 100+ 0.0 100+0.0 100+0.0 100+0.0
Crude extract 25 14.43 £3.02 20.43+£2.76 21.98+2.00 15.23+2.54 21.43+2.87 22.06£2.41
50 20.98 £ 2.87 26.98 £2.80 27.55+2.04 21.64 £2.89 2798 £2.98 28.54 +2.47
100 2743 +2.88 33.98£2.82 34.80+2.76 28.09+2.54 34.09+2.93 34.87+2.44
250 34.54+2.90 41.09 £ 2.66 42.88 £2.54 35.88+£2.34 43.09 + 2.65 43.56 + 2.56
Compound 1 2.5 41.67 £2.20 4754 +2.12 48.54 £2.10 42.01+£2.11 47.99 £2.04 48.39+3.01
5 48.09 £2.80 55.87 £ 2.00 55.32+2.11 49.32 +£1.80 56.43+2.13 56.91 +2.98
10 56.43 £2.32 63.98£2.34 63.98 £2.65 57.13+£1.90 64.36 £ 2.06 65.08 £ 2.662
15 62.09£2.77 68.33+2.66 69.03 £2.90 62.78 £ 1.66 70.02 £2.08 70.98+2.14

ANOVA = analysis of variance; NS = normal saline, SEM = standard error of the mean.

#4%p<0.001, **p<0.01.

Data are presented as mean + SEM. The level of statistical significance was calculated through GraphPad Prism using the ANOVA analysis test.
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(Anacardiaceae) docked in the binding sites of pain modulat-
ing and inflammatory receptors having PDB accession codes
1EQG, 1CX2, 4EJ4, 4DJH, 4DKL for COX-1, COX-2, DOR, KOR,
and MOR (28-31).

Two-dimensional interaction plots of native ligand ibu-
profen and isolated flavon in the binding sites of cyclooxy-
genase (COX)-1 are shown in Figure 3. Ibuprofen showed
hydrogen bonding interaction with the receptor COX-1
(Fig. 3A). Isolated flavone interacts with COX-1 residues
(Gly526, Ser530, Tyr355) and showed good interactions for
inhibiting pain and inflammation modulation that includes
one conventional hydrogen bond with residue Ser530, m-1
interaction with residue Gly526, and amide-nt stacking with
residue Tyr355 (Fig. 3B).

(a) (b)

ATYR)
L@J

FIGURE 3 - A) Ibuprofen (co-crystalized native ligand) two-
dimensional interaction plot in the cyclooxygenase-1 (COX-1)
receptorbindingsite. B)Isolated compound 3’,4’,7,8-tetrahydroxy-3-
methoxyflavone two-dimensional interaction plot in the COX-1
receptor.

Two-dimensional interaction plots of native ligand SC-558
and isolated compound in the binding site of COX-2 are
shown in Figure 4. SC-558 inhibitor has good hydrogen bond-
ing interaction with the receptor COX-2 (Fig. 4A). Isolated
flavone interacts with the COX-2 receptor and showed five
conventional hydrogen bond interactions with residues
Tyr385, Leu352, His90, Argl20, and Tyr355, which enhance
the ligand-inhibiting efficacy (Fig. 4B).

(b)

FIGURE 4 - A) SC-558 (co-crystalized native ligand) two-dimensio-
nal interaction plot in the cyclooxygenase-2 (COX-2) receptor bin-
ding site. B) Isolated flavone two-dimensional interaction plot in
the COX-2 receptor binding site.

Two-dimensional interaction plots of native ligand nal-
trindole and isolated compound in the binding site of delta
opioid receptor (DOR) are shown in Figure 5. Naltrindole has
good interactions such as conventional hydrogen bonding

© 2024 The Authors. Published by AboutScience - www.aboutscience.eu
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interaction and m-sulfur with the DOR (Figure 5A). Isolated
compound flavone interacts with the DOR by residues
Met132, His278, Asp128, Ile304 and exhibited three conven-
tional hydrogen bonds with residues His278, Asp128, lle304
and a m-sulfur interaction with residue Met132 (Figure 5B).

(@) @ (b) P

A:132

MET
A:132

FIGURE 5 - A) Naltrindole (co-crystalized native ligand) two-dimen-
sional interaction plot in the delta opioid receptor (DOR) receptor
binding site. B) Isolated flavone two-dimensional interaction plot in
the DOR binding site.

Two-dimensional interaction plots of native ligand JDTic
and isolated compound in the binding site of kappa opioid
receptor (KOR) are shown in Figure 6. JDTic inhibitor has
good interactions such as conventional hydrogen bond-
ing, m-1t stacking, and m-sulfur interaction with KOR (Figure
6A). Isolated flavone interacted with KOR residues (Met142,
His291, Tyr312, Tyr139) and showed three conventional
hydrogen bonds with residues His291, Tyr312, Tyr139 and
n-sulfur interaction with residue Met142 (Figure 6B).

(a) a2 (b)
XX
/S ; MET “ ‘

A:142 ‘

FIGURE 6 - A) JDTic (co-crystallized native ligand) two-dimensional
interaction plot in the kappa opioid receptor (KOR) receptor bin-
ding site. B) Isolated flavone two-dimensional interaction plot in
the KOR binding site.

Two-dimensional interaction plots of native ligand
(b-FNA) and isolated compound in the binding site of mu opi-
oid receptor (MOR) are shown in Figure 7. The co-crystalized
ligand has good interactions, such as conventional hydrogen
bonding and m-sulfur interaction with the MOR (Figure 7A).
Isolated compound interacts with MOR binding site residues
Val300, Aspl147, Tyr326, Asn150, and His297 and showed
good interactions for inhibiting pain, euphoria, sedation,
and respiratory depression receptors, which included three
conventional hydrogen bonds with residues Asp147, Asn150,
His297, n-mt stacking with residue Tyr326, and m-sigma inter-
action with residue Val300 (Figure 7B).
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FIGURE 7 - A) b-FNA (co-crystalized native ligand) two-dimensional
interaction plot in the mu opioid receptor (MOR) receptor binding

site. B) Isolated compound two-dimensional interaction plot in the
MOR binding site.

Discussion

The search for new, safe and effective economical drug
candidates is challenging for medicinal chemists in the mod-
ern era. The pain, inflammation, and insomnia are treated
with various drug regimens, and each of these analgesic,
anti-inflammatory, and sedative drugs has mild or significant
side effects. Due to these side effects, patient compliance
is declining, and ultimately, the patient seeks an alterna-
tive therapeutic agent. This switching of therapeutic options
leads to therapy failure. Therefore, searching for a safe and
effective drug molecule is essential. The present study was
conducted to find a suitable drug molecule from P. chinensis.
This medicinal plant is used locally to treat pain, inflamma-
tion (31), fever, and depression (10). To provide a scientific
background to this folklore, the crude extract and isolated
compound of P. chinensis were tested for analgesic, anti-
inflammatory, and muscle coordination effects. The extract
and isolated constituent demonstrated a significant analgesic
effect in the thermal-induced pain model. This pain model
is used to find central analgesic potential (32). The prolon-
gation of latency time by extracting and isolating molecules
reflects the central analgesic potential. The central analgesic
pathway is attributed to the stimulation of opioid receptors
(25). Once these inhibitor receptors link with inhibitor pro-
teins and are stimulated with ligand, the neurotransmitters’
(substance p) release is blocked, and pain sensation is dimin-
ished. The results of the hot plate indicate that the extract or
compound might be agnostic for opioid receptors. The sam-
ples to be tested also attenuated the induced paw edema in
the inflammatory model. This attenuation of induced paw
edema by inflammatory mediators (carrageenan) indicates
the COX inhibitory potential. The extract and compound also
proved to be a sedative following previous studies (33). The
muscle relaxation effect is also a promising adjuvant with
analgesic and anti-inflammatory effects.

Docking studies were performed for the isolated com-
pound against COX-1,2, DOR, KOR, and MOR, and their
interactions were also compared with native co-crystalized
ligands of each receptor. Analgesic drugs help to reduce the
pain and are also called painkillers. In our current study, we
performed analgesic and anti-inflammatory in vivo activity
by keeping the tramadol and diclofenac as standard drugs.

Studies of 3',4,7,8-tetrahydroxy-3-methoxyflavone

Results showed that isolated compounds have good anal-
gesic and anti-inflammatory effects. COX receptors synthe-
size prostaglandins, prostanoids, and thromboxane, which
cause inflammation and pain. COX receptor inhibition helps
to get relief from pain and inflammation. COX-1 and COX-2
are the two COX receptors. Opioid receptors belong to the
seven transmembrane G protein-coupled receptors (GPCRs).
Opioid receptors are known for mediating the hormones and
neurotransmitters. Opioid receptors are also the primary tar-
get for anti-analgesics, anti-inflammatory drugs, antidepres-
sants, sedatives, and muscle relaxant medications. Opioid
receptors are extensively dispersed in the central and periph-
eral nervous systems (CNS and PNS). Opioid receptors are
classified as delta, kappa, and mu opioid receptors.

In our current study, the experimental results showed
that the isolated compound has a significant sedative and
muscle relaxant effect. We performed docking studies on
two forms of COX (COX-1, COX-2) and three opioid recep-
tors (delta, kappa, and mu). Isolated flavone from P. chinen-
sis (Anacardiaceae) showed strong interactions with COXs.
In the binding site of COX-1, the compound exhibited one
hydrogen bond formed with residue Ser530, m-t interaction
with Gly526, and amide-mt stacking with residue Tyr355. In
contrast, the isolated flavone interacted with two critical resi-
dues (His90 and Leu352) in the COX-2-specific binding site.
The computed crucial energy values for isolated flavone in
the binding sites of COX-1 and COX-2 are —-6.374 and -7.019
kcal/mol, respectively. These values showed that it predomi-
nantly inhibited COX-2. However, it may be classified as a non-
selective COX inhibitor. Isolated flavone also exhibited strong
interactions with all studied opioid receptors. The calculated
binding energy values for DOR, KOR, and MOR are -6.2942,
-6.7136, and -6.6148 kcal/mol, respectively. Docking stud-
ies on COX isoforms and opioid receptors showed that the
compound exerts its therapeutic effect by inhibiting COX and
nociceptive pathways.

P. chinensis extract and isolated compound exhibited
potent analgesic, anti-inflammatory, sedative, and muscle
relaxant properties. Consequently, our findings justify using P.
chinensis extract and isolated compounds to treat numerous
diseases. The discovery of novel pharmaceutical products will
result from the detailed mechanism studies conducted for
drug discovery. Docking studies on COX isoforms and opioid
receptors showed that the compound exerts its therapeutic
effect by inhibiting COX and nociceptive pathways.
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Introduction

ABSTRACT

Objective: Anti-pathogenic potential of a polyherbal formulation Enteropan® was investigated against a multidrug-
resistant strain of the bacterium Pseudomonas aeruginosa.

Methods: Growth, pigment production, antibiotic susceptibility, etc., were assessed through appropriate in vitro
assays. Virulence of the test pathogen was assessed employing the nematode worm Caenorhabditis elegans as
a model host. Molecular mechanisms underlining the anti-pathogenic activity of the test formulation were eluci-
dated through whole transcriptome analysis of the extract-exposed bacterial culture.

Results: Enteropan-pre-exposed P. aeruginosa displayed reduced (~70%4 ) virulence towards the model host
C. elegans. Enteropan affected various traits like biofilm formation, protein synthesis and secretion, quorum-
modulated pigment production, antibiotic susceptibility, nitrogen metabolism, etc., in this pathogen. P. aeru-
ginosa could not develop complete resistance to the virulence-attenuating activity of Enteropan even after
repeated exposure to this polyherbal formulation. Whole transcriptome analysis showed 17% of P. aeruginosa
genome to get differentially expressed under influence of Enteropan. Major mechanisms through which Entero-
pan exerted its anti-virulence activity were found to be generation of nitrosative stress, oxidative stress, envelop
stress, quorum modulation, disturbance of protein homeostasis and metal homeostasis. Network analysis of the
differently expressed genes resulted in identification of 10 proteins with high network centrality as potential tar-
gets from among the downregulated genes. Differential expression of genes coding for five (rpoA, tig, rpsB, rpsL,
and rpsJ) of these targets was validated through real-time polymerase chain reaction too, and they can further be
pursued as potential targets by various drug discovery programmes.

Keywords: Antimicrobial resistance (AMR), Anti-virulence, Caenorhabditis elegans, Iron/Sulphur homeostasis,
Metal homeostasis, Network analysis, Nitrosative stress, Polyherbal, Transcriptome

multidrug-resistant (MDR) P. aeruginosa was responsible
for an estimated 32,600 hospitalizations, and 2,700 deaths

Antibiotic-resistant strains of the gram-negative bacte-
rial pathogen Pseudomonas aeruginosa are responsible
for considerable morbidity and mortality globally (1). As
per CDC’s Antibiotic Resistance Threat Report (2019),
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in 2017 (2). Healthcare costs in the United States alone
attributed to these infections were estimated to be 767
million USD. Later released update to this report indicated
an increase in number of infections caused by hospital-
onset MDR P. geruginosa in 2022 as compared to that in
2019 (Online). According to a study conducted by Wattal
et al (3), India holds a leading position globally with respect
to consumption of antibiotics for human use. This heavy
antibiotic usage contributes significantly towards antibiotic
resistance, resulting in a substantial increase in mortal-
ity among newborns who contract sepsis caused by MDR
pathogens. P. aeruginosa displays versatility with respect
to types of infections it causes, as it has been involved in
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pneumonia, urinary tract infections, bloodstream infec-
tions, and surgical site infections. Hospitalized patients on
ventilators, those with catheters, surgical wounds, or burns
are particularly at higher risk of contracting P. aeruginosa
infection (4). While treating MDR P. aeruginosa infec-
tions, the choice of available effective antibiotics remains
quite narrow (5), and hence there is an urgent need for
discovery and development of novel antibacterial agents/
formulations against this notorious pathogen.

Traditional medicine (TM) formulations can be a potential
source of novel leads against bacterial pathogens including
P. aeruginosa. Since TM often relies on polyherbal formula-
tions (6,7) for treatment, and these polyherbal formulations
display ‘multiplicity of targets’ (8) against susceptible patho-
gens, investigating the effect of such formulations in the patho-
gens at whole metabolome or transcriptome level can result
in discovery of new molecular targets in pathogens. While
dearth of novel cellular and molecular targets has been one of
the major hurdles in new antibiotic discovery (9,10), elucidat-
ing the anti-pathogenic potential of polyherbal formulations at
molecular level can be quite relevant. Often these polyherbal
formulations exhibit anti-virulence effect (11) rather than
directly inhibiting growth of the target pathogens. They may
do so by affecting expression of non-essential genes (i.e. other
than housekeeping genes) in the pathogens.

Present study investigated one polyherbal formulation
(Enteropan) for its anti-pathogenic potential against a MDR
P. aeruginosa. This formulation or its component plant
extracts are traditionally being prescribed for treatment of
irritable bowel syndrome, diarrhoea, dysentery, and other
gastrointestinal problems (Online).

Materials and methods
Test formulation

Test formulation Enteropan® was procured from Dr. Palep’s
Medical Research Foundation Pvt. Ltd, Mumbai. All the nine
ingredient plants and their parts whose hydroalcoholic extracts
have been mixed to prepare this formulation are listed in
Table 1. We obtained the polyherbal mix from the manufac-
turer in dried powder form without any bulking agent, and
mixed 4 g of it in 8 mL of dimethylsulfoxide (DMSO; Merck).
The DMSO-soluble fraction of Enteropan was found to be
71.17% + 3.07. After separating the insoluble fraction through
centrifugation, the remaining DMSO-dissolved fraction was
stored under refrigeration.

Test organisms

P. aeruginosa strain was sourced from our internal lab cul-
ture collection. Its antibiogram (Tab. S1) generated through
disc diffusion assay revealed it to be resistant to three dif-
ferent classes of antibiotics, that is, co-trimoxazole (combi-
nation of trimethoprim and sulfamethoxazole), streptomycin
(aminoglycoside), and augmentin (combination of amoxicil-
lin and clavulanic acid). Antibiotic susceptibility of this strain
to kanamycin was classified as ‘intermediate’. Pseudomonas
broth (20 g/L peptic digest of animal tissue, 10 g/L potassium
sulphate, 1.4 g/L magnesium chloride, 3% v/v glycerol, pH
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TABLE 1 - Ingredients of Enteropan formulation

Scientific Common Part Proportion in the

name English name used polyherbal mix
(Indian name) (mg/capsule)

Aegle Wood apple Leaves 100

marmelos (Bael)

Myristica Nutmeg Fruit 15

fragrans (Jaiphal)

Zingiber Ginger Rhizome 60

officinale (Sunthi)

Aconitum Indian Atees Bulb 30

heterophyllum (Ativisha)

Coriandrum Coriander Seeds 40

sativum (Dhanyak)

Cyperus Nutgrass Rhizome 25

rotundus (Nagarmotha)

Vetiveria Khas Khas grass  Roots 50

zizanioides (Usheer)

Punica Pomegranate Rind 50

granatum (Dadim)

Holarrhena Star gooseberry Bark 27

antidysenterica (Kutaj)

7.0 £ 0.2) or agar (HiMedia) was used to cultivate this bac-
terium. Inoculum density of this bacterium to be used in all
experiments was adjusted at OD,,. = 0.08-0.10 to achieve
equivalence to McFarland turbidity standard 0.5.

Escherichia coli OP50 procured from LabTIE B.V. the
Netherlands was used as food for Caenorhabditis elegans,
while maintaining the worm on NGM (nematode growth
medium; 3 g/L NaCl, 1 M CaCl,, 1 M MgSO,, 2.5 g/L pep-
tone, 5 mg/mL cholesterol, 1 M phosphate buffer of pH 6,
17 g/L agar-agar).

The nematode worm C. elegans (N2 Bristol, procured
from IIT Gandhinagar, Gujarat, India) was used as a model
host for P. aeruginosa. The worm was maintained on NGM
agar plates. Worm synchronization was done as described in
literature (12) and in our previous studies (13,14) too. Prior
to all in vivo assays, worms were kept without food for 2 days
to make them gnotobiotic.

In vivo assays

Four different types of in vivo assays performed are
described below. Each of them involved live-dead counting
over a period of 5 days under a microscope (4x) with halogen
light source. On the last day of the experiment, when plates
could be opened, death was confirmed by touching them
with a straight wire, wherein no movement was considered
as confirmation of death. In each well, there were 10 worms
in M9 buffer (3 g/LKH,PO,; 6 g/L Na,HPO,; 5 g/L NaCl), which
were challenged with P. geruginosa by adding 100 uL (OD, =
1.50 + 0.05) of bacterial culture grown in Pseudomonas broth
for 21 + 1 hours at 35+ 0.5°C.

A
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Anti-pathogenic assay

Ten worms of L3-L4 stage contained in 900 uL M9 buf-
fer were challenged with P. aeruginosa (100 uL of the culture
broth) in absence or presence of Enteropan (50-1,000 pg/mL),
wherein neither the bacterium nor the worms were pre-
exposed to Enteropan. Incubation was done at 22°C for 5 days
with live-dead microscopic count once a day.

Anti-infective assay

P. aeruginosa was grown at 35°C for 20-22 hours in Pseu-
domonas broth with or without Enteropan (5-1,000 pg/mL).
Post-incubation, 100 pL of the culture broth was mixed with
900 pL of M9 buffer containing 10 worms (L3-L4 stage) in a
24-well plate (surface non-treated; HiMedia). This plate was
incubated at 22°C for 5 days (15,16).

Prophylactic assay

Gnotobiotic worms were incubated in M9 buffer sup-
plemented with Enteropan (5-1,000 pg/mL) for 96 hours.
Following incubation, these worms were washed with M9
buffer twice, and then challenged with P. aeruginosa not pre-
exposed to Enteropan (100 pL of the culture broth) in 24-well
plates (HiMedia). Worm survival was monitored over a 5-day
period under microscope (17).

Post-infection assay

Ten worms contained in M9 buffer were first challenged
with pathogen, and after allowing P. aeruginosa (100 pL of
the culture broth) for 3 or 6 hours to establish infection,
Enteropan (50-1,000 pg/mL) was added into the well as a pos-
sible post-infection therapy. Survival of worms was observed
through a live-dead count under microscope over 5 days (18).

Appropriate controls were included in all the above
experiments as relevant:

Sterility Control: Sterile M9 buffer containing neither bacte-
ria nor worms

Survival Control: M9 buffer containing 10 worms (no bacteria
added)

Toxicity Control: 10 worms in M9 buffer supplemented with
Enteropan

Infection Control: 10 worms in M9 buffer + 100 uL of the
P. aeruginosa culture broth (OD__, = 1.50 £ 0.05). These wells
did not contain any plant extract.

Vehicle Control: 0.5% v/v DMSO was used in place of
Enteropan.

Positive Control: Standard antibiotics employed as positive
controls are detailed in the figure legends.

In vitro assays

Growth and pigment quantification

The broth dilution assay was used to evaluate P. aerugi-
nosa’s growth and quorum sensing (QS)-regulated pigment
synthesis in the presence or absence of the test formulation.

Molecular mechanisms underlying Enteropan

Different concentrations (ranging from 5 to 1,000 pg/mL) of
Enteropan formulation were used to challenge the organism.
The growth media employed was Pseudomonas broth, into
which bacterial inoculum set to 0.5 McFarland turbidity stan-
dard was added at 10% v/v, followed by incubation at 35°C
for 20-22 hours, with intermittent shaking. The experiment
also contained an appropriate vehicle control with DMSO
(0.5% v/v) and an abiotic control with extract and growth
medium but no inoculum.

Bacterial growth was measured photometrically at the
end of the incubation by measuring the culture density at
764 nm (Agilent Cary 60 UV-visible spectrophotometer)
(19). Following this, pigment was extracted and quantified in
accordance with the procedure outlined for each pigment.

One mL of culture broth was mixed in a 2:1 ratio with
chloroform (Merck, Mumbai), followed by centrifuga-
tion (15,300 g) for 10 minutes. This resulted in the forma-
tion of two immiscible layers. OD of the upper aqueous
layer containing the vyellow-green fluorescent pigment
pyoverdine was measured at 405 nm. Pyoverdine Unit was
calculated as OD405/OD764. The lower chloroform layer con-
taining the blue pigment pyocyanin was mixed with 0.1 N HCI
(20% v/v; Merck). This caused a change of colour from blue
to pink. This was followed by centrifugation (15,300 g) for
10 minutes, and OD of upper layer acidic liquid containing
pyocyanin was quantified at 520 nm. Pyocyanin Unit was
calculated as OD,, /OD,

520

Biofilm assays

Biofilm formation is an important virulence trait, and
hence the effect of Enteropan on biofilm forming ability of
P. aeruginosa, as well as on pre-formed biofilm was inves-
tigated. A flow diagram depicting all four different biofilm
assays is included in supplementary file (Fig. S2). Biofilm
quantification was achieved through crystal violet assay (20).
Biofilm viability was assessed through 3-(4,5-Dimethylthiazol-
2-yl)-2,5-diphenyltetrazolium bromide (MTT) assay (21).

For the crystal violet assay, the biofilm-containing tubes
(after discarding the inside liquid) were washed with phos-
phate-buffered saline (PBS) in order to remove all non-adher-
ent (planktonic) bacteria, and air-dried for 15 minutes. Then,
each of the washed tubes was stained with 1.5 mL of 0.4%
aqueous crystal violet (Central Drug House, Delhi) solution for
30 minutes. Afterwards, each tube was washed twice with 2
mL of sterile distilled water and immediately de-stained with
1.5 mL of 95% ethanol. After 45 minutes of de-staining, 1 mL
of de-staining solution was transferred into separate tubes,
and read at 580 nm (Agilent Cary 60 UV-Vis).

For the MTT assay, the biofilm-containing tubes (after
discarding the inside liquid) were washed with PBS in order
to remove all non-adherent (planktonic) bacteria, and air-
dried for 15 minutes. Then 1.8 mL of minimal media (sucrose
15g/L, K,HPO, 5 g/L, NH,Cl 2 g/L, NaCl 1 g/L, MgSO, 0.1 g/L,
yeast extract 0.1 g/L, pH 7.4 £ 0.2) was added into each tube,
followed by addition of 200 pL of 0.3% MTT [HiMedia]. Then
after 2 hours of incubation at 35°C, all liquid content was dis-
carded, and the remaining purple formazan derivatives were
dissolved in 2 mL of DMSO and measured at 540 nm.
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Nitrite estimation

Quantification of nitrite in bacterial culture was achieved
through a colorimetric assay using modified Griess reagent
(22,23). Supernatant (250 pL) obtained from centrifugation
(13,500 g; 25°C; 10 minutes) of P. aeruginosa culture grown in
the presence or absence of Enteropan was mixed with 250 plL
of Griess reagent (1x; Sigma-Aldrich), followed by 15 min-
utes of incubation in dark at room temperature. Absorbance
of the resulting pink colour was measured at 540 nm. This
absorbance was plotted on the standard curve prepared
using NaNO, (0.43-65 uM) to calculate nitrite concentration.
Sodium nitroprusside (Sigma-Aldrich) was used as a positive
control, as it is known to generate nitrosative stress in bacte-
ria (24). Deionized water was used as negative control.

Antibiotic susceptibility test

Antibiogram of P. aeruginosa’s overnight grown culture in
Pseudomonas broth in the presence or absence of Enteropan
was generated through disc diffusion assay in accordance
with Clinical and Laboratory Standards Institute (CLSI) guide-
lines (25). Cells grown in Pseudomonas broth were separated
through centrifugation (13,600 g) and washed with phos-
phate buffer (pH 7.0 + 0.2) followed by centrifugation. The
resulting cell pellet was used to prepare inoculum for subse-
quent disc diffusion assay by suspending the cells in normal
saline and adjusting the OD_,. between 0.08 and 0.10. This
inoculum (100 pL) was spread onto cation-adjusted Mueller-
Hinton agar (HiMedia) plates (Borosil; 150 mm) followed
by placing the antibiotic discs (Icosa G-I MINUS; HiMedia,
Mumbai) on the agar surface. Incubation at 35°C was made
for 18 £ 1 hours, followed by observation and measurement
of zone of inhibition.

Protein estimation

Extracellular protein present in bacterial culture (grown
in the presence or absence of Enteropan) supernatant, and
intracellular protein in the cell lysate was quantified through
Folin-Lowry method (26,27). After measuring cell density,
1 mL of P. aeruginosa culture was centrifuged (13,600 g), and
the resulting supernatant was used for extracellular protein
estimation. The remaining cell pellet was subjected to lysis
(28) for release of intracellular proteins. Briefly, the cell pel-
let was washed with phosphate buffer (pH 7.4) and centri-
fuged (13,600 g). Resulting pellet was resuspended in 1 mL of
chilled lysis buffer (0.876 g NaCl, 1 mL of Triton X-100, 0.5 g
sodium deoxycholate, 0.1 g sodium dodecyl sulphate, and
0.60 g Tris HCI, in 99 mL of distilled water) and centrifuged
(500 rpm) for 30 minutes at 4°C for agitation purpose. This
was followed by further centrifugation (16,000 g at 4°C) for
20 min. Resulting cell lysate (supernatant) was used for pro-
tein estimation. Kanamycin (HiMedia; at IC, : 200 ug/mL), an
aminoglycoside antibiotic known to inhibit bacterial protein
synthesis (29,30), was used as a positive control.

Whole transcriptome analysis

To gain insight into the molecular mechanisms by which
Enteropan attenuates bacterial virulence and modulates
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various traits like pigment production, antibiotic susceptibil-
ity, nitrogen metabolism, protein synthesis/excretion, etc.,
we compared the gene expression profile of Enteropan-
pre-treated P. aeruginosa with that of control culture at the
whole transcriptome level.

RNA extraction

Trizol (Invitrogen Bioservices; 343909) was used to extract
RNA from bacterial cells (31). RNA was dissolved in nuclease-
free water after precipitation with isopropanol and wash-
ing with 75% ethanol. Using the RNA HS assay kit (Thermo
Fisher; Q32851) and adhering to the manufacturer’s instruc-
tions, the extracted RNA was quantified using a Qubit 4.0
fluorometer (Thermo Fisher; Q33238). RNA concentration
and purity were evaluated using Nanodrop 1000. Finally, RNA
was checked on the TapeStation using HS RNA ScreenTape
(Agilent) to yield RIN (RNA Integrity Number) values (Tab. S2).

Library preparation

Final libraries were measured using a Qubit 4.0 fluorom-
eter (Thermo Fisher; Q33238), a DNA HS assay kit (Thermo
Fisher; Q322851), and a TapeStation 4150 (Agilent) using
high-sensitivity D1000 ScreenTapes (Agilent; 5067-5582).
The acquired sizes of all libraries are reported in Table S3.

Genome annotation and functional analysis

FastQC v.0.11.9 (default parameters) was used to under-
take a quality assessment of the sample’s raw fastq readings
(32). The reads’ quality was then reevaluated using Fastq
v.0.20.1 (33) after pre-processing the raw fastq reads with
Fastg v.0.20.1.

The P aeruginosa genome (GCA_000006765.1_
ASM676v1) was indexed using bowtie2-build (34) v2.4.2
(default parameters). The processed reads were mapped
to the P. ageruginosa genome using bowtie2 v2.4.2. Gene
counts were determined using feature count v.0.46.1 (35)
to quantify the aligned reads from the individual samples.
Differential expression was estimated using the exact test
(parameters: dispersion 0.1) with these gene counts as inputs
in edgeR (36). The up- and downregulated sequences were
extracted from the P. aeruginosa coding file and annotated
using Blast2GO (37) to obtain the Gene Ontology (GO) key-
words. These GO terms were used to create GO bar graphs
with the wego tool (38).

All the raw sequence data has been submitted to the
Sequence Read Archive. The relevant accession number is
SRX15248092 (Online).

Network analysis

Network analysis was carried out for Enteropan-exposed
P. aeruginosa’s differentially expressed genes (DEG) fulfilling
the dual criteria of log fold change >2 and false discovery rate
(FDR) <0.001. List of DEG was fed into the database STRING
(v.11.5) (39) for generating the Protein-Protein Interaction
(PPI) network. Then the genes were arranged in decreasing
order of ‘node degree’ (a measure of connectivity with other
genes or proteins), and those above an empirically selected
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threshold value (19 and 53 for up- and downregulated genes,
respectively) were subjected to ranking by cytoHubba (v.3.9.1)
plugin (40) of Cytoscape (41). Since cytoHubba uses 12 dif-
ferent ranking methods, we considered the DEG being top-
ranked by >6 different methods (i.e. 50% of the total ranking
methods) for further analysis. These top-ranked shortlisted
proteins were further subjected to network cluster analysis
through STRING, and those that were part of multiple clus-
ters were considered as ‘hubs’ which can be taken up for fur-
ther confirmation of their targetability. Here ‘hub’ refers to a
gene or protein interacting with many other genes/proteins.
Hubs thus identified were further subjected to co-occurrence
analysis to see whether an anti-virulence agent targeting
them is likely to satisfy the criterion of selective toxicity (i.e.
targeting the pathogen without harming host). This sequence
analysis allowed us to end with a limited number of proteins
which satisfied various statistical and biological significance
criteria simultaneously, that is, (1) log fold change >2; (2) FDR
<0.001; (3) relative higher node degree; (4) top-ranking by at
least six cytoHubba methods; (5) member of more than one
local network cluster; (6) high probability of the target being
absent from the host.

Real-time polymerase chain reaction analysis

Polymerase chain reaction (PCR) was used to confirm the
differential expression of the possible hubs discovered by net-
work analysis of the DEG reported from whole transcriptome
analysis (WTA). Primer3Plus (42) was used to design primers
for the target genes (Tab. 2). These primer sequences were ver-
ified for their ability to specifically bind only to the target gene
sequence throughout the whole genome file of P. aeruginosa.
RNA extraction and purity check was executed as described in
the previous section. The SuperScript™ VILO™ cDNA Synthesis
Kit (Invitrogen Biosciences) was used to generate comple-
mentary DNA. Using gene-specific primers purchased from
Sigma-Aldrich, the PCR experiment was carried out employing
the temperature profile shown in Table S4. The gene PA3725
(recJ) was kept as an endogenous control. The reaction mix

TABLE 2 - Primer sequences for the target genes

Gene ID Primers Afnpllcon
size (bp)
PA4238 FP: 5-CGCTGAACATGAAGCTGAAG-3' 194
(rpoA) RP: 5-CAGGACCAGTTTGTCCAGGT-3'
] FP: 5-ACCGAAGTCAACAAGCGTCT-3'
PA1800 (tig) 208
RP: 5'-GGATTCAGCTTCTGCTCGAC-3'
PA3656 FP: 5-GCGCAACAAGATCCATATCA-3' 53
(rpsB) RP: 5'-GATCGACTGACGGATGGTCT-3'
FP: 5'-TACATCGGTGGTGAAGGTCA-3'
PA4268 (rpsL) 155

RP: 5'-TACTTCGAACGACCCTGCTT-3'
FP: 5-GATTCGGTTGAAGGCTTTTG-3'

PA4264 (rpsJ) 174
RP: 5'-TACTGATCACGCGCATCTTT-3'

Control gene  FP: 5'-CCAGTTGAGCATCCAGGAGT-3'
PA3725 (rec/) RP:5-TTTCAGCACCAGCTTCAGGT-3'

157
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used was FastStart Essential DNA Green Master mix (Roche;
06402712001). Real-time PCR (RT-PCR) assay was performed
on QuantStudio 5 RT-PCR machine (Thermo Fisher Scientific,
USA). Sample generation for PCR validation was done indepen-
dent of that for transcriptome assay.

Statistical analysis

All results reported are means of three or more indepen-
dent experiments, each performed in triplicate. Statistical
significance was assessed through t-test performed using
Microsoft Excel®, and data with p < 0.05 was considered to
be significant.

Results and discussion
In vivo assays

P. aeruginosa displayed reduced virulence towards
C. elegans in the presence of Enteropan

When C. elegans was challenged with P. aeruginosa in the
presence of Enteropan, the bacterium could kill lesser worms
than in the absence of Enteropan (Fig. 1A; Supplementary
videos: A-E). The most effective concentration of Enteropan
with respect to offering protection to the worm population
from bacterial attack was found to be 250 pug/mL. Since higher
concentrations offered either at par or lesser protection to
the worms, the dose-response relationship here can be said
to be nonlinear. Irrespective of the magnitude of protection
offered to worm population in the presence of Enteropan®,
progeny worms were observed (third day onwards) in all
experimental and positive control wells, but not in the wells
pertaining to vehicle control. It might have occurred that the
virulence-attenuated P. aeruginosa were used by the worms
as food, and that allowed them to reproduce.

Enteropan pre-treatment reduced bacterial virulence towards
C. elegans

Enteropan (5-1,000 pg/mL)-pre-treated P. aeruginosa
was found to exert lesser virulence against C. elegans than
its not-exposed counterpart. Enteropan concentrations
<250 pg/mL could not compromise P. aeruginosa’s abil-
ity to kill C. elegans; however, concentrations >500 pg/mL
did compromise bacterial virulence significantly (Fig. 1B;
Supplementary videos: F-1). Enteropan pre-treatment of the
pathogen at these effective concentrations not only attenu-
ated bacterial virulence but also supported worm fertility
as evidenced by the appearance of numerous progenies
in the experimental wells by the fifth day. The most effec-
tive concentration of Enteropan with respect to virulence-
attenuating effect was found to be 600 pg/mL, as the effect
of higher concentrations till 1 mg/mL was statistically not dif-
ferent than that of 600 pg/mL.

After confirming the anti-virulence activity of Enteropan
against P. aeruginosa, we asked whether this pathogen can
develop resistance upon repeatedly getting exposed to the
test formulation. To answer this, we subcultured P. aerugi-
nosa in Pseudomonas broth supplemented with Enteropan
(600 pg/mL) multiple times. Enteropan-pre-exposed P. aeru-
ginosa thus obtained after fifth and tenth such subculturing
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FIGURE 1 - Enteropan attenuates Pseudomo-
nas aeruginosa’s virulence towards the model
host Caenorhabditis elegans. Dimethylsulfo-
xide (DMSO) present in the ‘vehicle control’
at 0.5% v/v did not affect bacterial virulence.
Neither DMSO nor Enteropan showed any to-
xicity towards the worm population at tested
concentrations. To avoid overcrowding in the
figures (A, B), we have not shown lines corre-
sponding to concentrations which had no ef-
fect on bacterial virulence, and also that for
750 pg/mL, as its virulence-attenuating effect
was statistically a part of that of 600 pg/mL.
Supplementary videos pertaining to these ex-
periments are available at: osf.io/fnywk. All
the % values reported in this figure legend are
statistically significant at p<0.001.

A) P. ageruginosa’s virulence towards the host
worm gets attenuated in the presence of En-
teropan. Enteropan conferred a survival be-
nefit on host C. elegans at concentrations of
250, 500, 600, 750, and 1,000 pg/mL with sur-
vival rates of 45% * 5.47, 50% + 7.07, 31.11% +
7.8, 35% + 8.36, and 13.33% + 5, respectively.
Ofloxacin (0.5 pg/mL) was employed as a posi-
tive control and conferred 85.55% + 5.27 sur-
vival benefit on host worm. Progenies (TNTC
— too numerous to count) were observed on
the third day in experimental wells and positi-
ve control. See supplementary videos A-E. B)
Enteropan pre-treatment reduced bacterial
virulence towards C. elegans. Pre-treatment
of bacteria with Enteropan at concentrations
of 500, 600, 750, and 1000 ug/mL reduced its
virulence towards host worm by 50% + 5, 70%
+7.07, 78.88% * 6, and 76.66% + 5, respecti-
vely, as per the fifth day end-point. Ofloxacin
(0.5 pg/mL) pre-treatment reduced bacterial
virulence towards the host worm by 50% *
5.77. Progenies were observed on the third
day in experimental wells corresponding to
>500 pg/mL Enteropan as well as positive con-
trol. See supplementary videos F-1. C) P. ae-
ruginosa did not develop complete resistance
even after repeated exposure to Enteropan.
P. aeruginosa obtained after fifth and tenth
subculturings in Enteropan (600 pg/mL)-
containing media displayed 58.33%+4.04 and
43.33%+10.3 lesser virulence, respectively,
than extract-non-exposed pathogen.
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were allowed to attack C. elegans in M9 buffer (containing
no Enteropan). No resistance seemed to have evolved in
P. aeruginosa ftill fifth subculturing; however, 10 subcultur-
ings in Enteropan-supplemented media seemed to allow
the pathogen to overcome this formulation’s anti-virulence
effect marginally (23.3%; Fig. 1C). This inability of the patho-
gen to develop complete resistance against Enteropan might
be attributable to the polyherbal nature of the formulation.
As the polyherbal formulations can have multiple bioactive
compounds in them, they may exert a multiplicity of targets
against the susceptible pathogen. To develop resistance in
this scenario, the pathogen would be required to develop
multiple simultaneous mutations, and that is a quite less
probable event biologically as well statistically.

Enteropan offered prophylactic protection to C. elegans

To investigate whether Enteropan pre-feeding can offer
any prophylactic benefit to worm population in the face of
subsequent pathogen challenge, we allowed P. aeruginosa
to attack worms pre-fed with Enteropan (5-1,000 pg/mL).
Enteropan at >50 pg/mL did confer prophylactic benefit on
worm population. While concentrations till 500 pug/mL sup-
ported worm survival (13%-26%) till 48 hours post-pathogen
challenge (Fig. 2A), higher concentrations supported worm
survival (20%-23%) till the fifth day (Fig. 2B; Supplementary
videos: J-M). Considering the first-day end-point (i.e. by the
time the pathogen killed 100% worms in control wells), cer-
tain Enteropan concentrations (500-750 ug/mL) performed
at par to the positive control ofloxacin.

Enteropan is effective as a post-infection therapy

To investigate whether Enteropan is effective as a post-
infection therapy, we added Enteropan (50-1,000 pg/mL)
after 3 or 6 hours of mixing bacteria with the worms. While
Enteropan addition post 6 hours of bacterial attack on worms
could not rescue the host (Fig. S1), its addition post 3 hours of
bacterial attack could rescue 10%-27% of the worms (Fig. 2C;
Supplementary videos: N-R). As a post-infection therapy,
Enteropan’s performance did not improve with increase in
concentration.

To have a mechanistic insight into the Enteropan-P. aeru-
ginosa interaction, we checked the effect of Enteropan on
various virulence traits of this pathogen in vitro, and also
compared the gene expression profile of the Enteropan-
treated P. aeruginosa with that of extract-non-exposed con-
trol at the whole transcriptome level.

In vitro experiments

Enteropan forced overproduction of QS-regulated pigments
without affecting the bacterial growth heavily

Enteropan till 100 pg/mL had no effect on P. aeruginosa
growth. Though from 250 pg/mL onwards it had some growth
inhibitory effect, the magnitude of this inhibitory effect did not
increase much with increase in concentration (Fig. 3A). Except
5 ug/mL, Enteropan at all tested concentrations enhanced pro-
duction of QS-regulated pigments (pyoverdine and pyocyanin).

Molecular mechanisms underlying Enteropan

Hence concentrations of 25-100 ug/mL can be said to have pure
quorum-modulatory effect on P. aeruginosa. Though in general
Enteropan’s effect on pigment production seemed to be dose-
dependent, bacterium’s response at 600 pg/mL seemed to
deviate from this pattern in case of both the pigments.

Enteropan had a moderately negative effect on pre-formed
biofilm

Though Enteropan’s presence could not compromise
P. aeruginosa’s ability to form biofilm, when Enteropan was
added onto the pre-formed biofilm, it could eradicate the

biofilm partly and also reduced the metabolic activity within
the biofilm (Fig. 3B).

Enteropan disturbed nitrogen metabolism in P. aeruginosa

Since multiple genes associated with detoxification of
reactive nitrogen species were upregulated (transcriptome
data described later), we hypothesized that Enteropan-
treated P. aeruginosa’s ability to overcome nitrosative stress is
compromised. To check this hypothesis, we quantified nitrite
concentration in extract-treated P. aeruginosa culture super-
natant, wherein it was found to have 47.10% higher nitrite
concentration as compared to control (Fig. 3C). This higher
accumulation of nitrite can be taken as an indication of com-
promised denitrification efficiency, since nitrite is an impor-
tant intermediate in denitrification pathway ahead of the
toxic nitric oxide (43). Nitrosative stress can impact the over-
all bacterial fitness negatively in multiple ways (44). Reactive
nitrogen species can damage biomolecules like DNA, lipids,
and proteins. Resistance to nitrosative stresses is of crucial
importance towards the survival of bacteria in the environ-
ment as well as inside the host. In gram-negative bacteria,
several mechanisms protecting against oxidative and nitrosa-
tive stresses are present in the envelope. Excessive nitrosa-
tive stress can disturb the envelope homeostasis, and this in
fact is reflected in the transcriptome of Enteropan-exposed
P. aeruginosa, wherein 32 cell envelope (cell wall and lipopoly-
saccharide, LPS)-associated genes are expressed differently.

Enteropan-modulated P. aeruginosa’s susceptibility to
imipenem and augmentin

When Enteropan-pre-treated P. aeruginosa cells were
subsequently challenged with different antibiotics in a disc
diffusion assay, these cells exhibited marginal increase in their
susceptibility to imipenem; however, their susceptibility to
augmentin disappeared following Enteropan pre-treatment
(Tab. S5; Fig. 3D, E). This effect of Enteropan pre-treatment
on imipenem susceptibility was also confirmed in liquid cul-
ture, wherein Enteropan-pre-treated cells were observed
to exhibit up to 21.43% higher susceptibility to imipenem
(Fig. 3F). Imipenem belongs to the carbapenem class of beta-
lactams (45), and carbapenem resistance among P. aerugi-
nosa isolates are being viewed as a serious problem (46).
Since this class of antibiotics are looked as a last resort for
treatment of MDR P. aeruginosa (47), resistance modifiers
capable of making this bacterium more susceptible to them
can be of help in extending the lifespan of these antibiotics

An © 2024 The Authors. Drug Target Insights - ISSN 1177-3928 - www.aboutscience.eu/dti
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FIGURE 2 - Prophylactic and post-infection therapeutic potential of
Enteropan. All the % values reported in this figure legend are stati-
stically significant at p<0.001. A-B) Enteropan offered prophylactic
protection to the worm population against subsequent bacterial
challenge. Worms pre-fed with Enteropan concentrations of 50, 75,
100, 250, and 500 ug/mL registered 13.3% +5, 26.6% +5, 20% +8.66,
17% + 6.66, and 20% +8.66 better survival, respectively, till the se-
cond day in the face of subsequent pathogen challenge. Worms
pre-fed with higher concentrations of Enteropan at 600, 750, and
1000 pg/mL registered 51.11% * 7.8, 53.33 + 7.07, and 43.33% *
8.66 survival, respectively, till the end of first day of pathogen chal-
lenge. Magnitude of the prophylactic benefit as per fifth day point
was 20% + 5, 23.33 + 5, and 20% + 7.07, respectively. Pre-feeding
the worms with dimethylsulfoxide (DMSO, 0.5% v/v) did not alter
their susceptibility to subsequent bacterial challenge. Ofloxacin
(0.5 pg/mL) employed as a positive control conferred 44.9% + 5.49
prophylactic benefit on the host worms. See supplementary videos
J-M. C) Enteropan could partially rescue worm population when
used as a post-infection therapy. When pre-infected worms were
exposed to Enteropan at 250, 500, 600, 750, and 1000 ug/mL, they
scored 26.66% + 7.0, 22.22% + 9.71, 11.1% * 3.33, 13.3% + 6, and
16.66% + 7.07 better survival, respectively, than control worms.
Ofloxacin (0.5 pg/mL) employed as positive control, 3 hours post-
infection, rescued 71.11% + 7.81 worms. DMSO (0.5% v/v) did not
confer any survival benefit when added post-infection. See supple-
mentary videos N-R.
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Molecular mechanisms underlying Enteropan

FIGURE 3 - Enteropan’s effect on various phenotypic traits
of Pseudomonas aeruginosa revealed through different in
vitro assays. A) Enteropan enhances production of quo-
rum-regulated pigments in P. aeruginosa, while exhibiting
a mild growth inhibitory effect. Bacterial growth was me-
asured as OD,,. Pyoverdine Unit and Pyocyanin Unit were
calculated as the ratio OD,,/OD,, and OD,, /OD,_, (an in-
dication of pyoverdine and pyocyanin production per unit
of growth), respectively; ‘Control’ shown in this figure is
the vehicle control (0.5% v/v dimethylsulfoxide (DMSO)),
which affected neither growth nor pigment production.
Ofloxacin (0.5 pg/mL) inhibited growth by 65.6% +5.32,
while inhibiting pigment production completely. B) Entero-
pan’s effect on P. aeruginosa’s biofilm formation capability
and on pre-formed biofilm. While P. aeruginosa’s biofilm
formation ability remained unaffected in the presence of
Enteropan, Enteropan-pre-exposed cells subsequently al-
lowed to form biofilm on glass surface accumulated higher
biomass. Enteropan when added onto pre-formed biofilm
could eradicate the biofilm partially, and also reduced the
biofilm metabolic activity notably. DMSO (0.5% v/v) used
as vehicle control did not affect biofilm of the P. aerugi-
nosa in any of these four assays. C) P. aeruginosa culture
accumulated higher extracellular nitrite in the presence of
Enteropan. While nitrite concentration in vehicle control
(P. aeruginosa supplemented with 0.5% v/v DMSO) was at
par to that without DMSO, Enteropan caused nitrite con-
centration in P. aeruginosa culture supernatant to rise. So-
dium nitroprusside used as positive control caused 30.8%
higher nitrite build-up in P. aeruginosa culture. Nitrite Unit
(i.e. Nitrite concentration:cell density ratio was calculated
to nullify any effect of cell density on nitrite production).
D, E) Enteropan-pretreated cells responded to certain an-
tibiotics differently. Enteropan-pre-exposed P. aerugino-
sa experienced an increased or decreased susceptibility
to imipenem and augmentin, respectively, as revealed in
disc diffusion assay. F) Enteropan pre-treatment enhanced
P. aeruginosa’s susceptibility to imipenem, as revealed in
the broth dilution assay. G) Increased extracellular pro-
tein content in P. aeruginosa culture grown in the presen-
ce of Enteropan. Protein Unit was calculated as ratio of
0D,.,/0OD,, (an indication of protein production per unit
of growth). H) Reduced intracellular protein content in
P. aeruginosa grown in the presence of Enteropan. Protein
content reported in mg/mL are cell density neutralized
values, wherein OD, , was adjusted to 1.00 prior to cell
lysis. Kanamycin employed as a positive control at its sub-
minimum inhibitory concentration level also generated
response similar to that of Enteropan from bacterial cul-
ture with respect to extracellular and intracellular protein
content. DMSO (0.5% v/v) used as ‘vehicle control’ affected
neither extracellular nor intracellular protein content.
ap < 0.05, °p < 0.01, p < 0.001.
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by allowing their use at lower doses. However as seen with
augmentin in this study, the effect of herbals on antibiotic
susceptibility of pathogen may not always be favourable.

Enteropan alters protein synthesis and secretion in
P. aeruginosa

Extracellular protein concentration (after nullifying cell
density) in P. aeruginosa culture supernatant in the presence
of Enteropan was found to be 1.89-fold higher than that in
the absence of Enteropan (Fig. 3G). Cell density-neutralized
intracellular protein concentration of P. aeruginosa cells
grown in the presence of Enteropan was found to be 1.40-
fold lower than cells grown in the absence of Enteropan
(Fig. 3H). It seems that Enteropan exerted an inhibitory effect
on protein synthesis in P. geruginosa and promoted protein
export. This might have caused even some of the essential
proteins to leave the cell. The increased export of proteins by
Enteropan-treated cells may be assumed to have originated
from overexpression of efflux pump/transport machinery
(as suggested by the transcriptome data too described later)
and a compromised cell envelope integrity suggested by dif-
ferential expression of 32 genes involved in cell wall or LPS
synthesis. Kanamycin, a known inhibitor of protein synthesis
in bacteria, was employed as a positive control in this assay.
Kanamycin belongs to the aminoglycoside group of antibiot-
ics, which at sub-minimum inhibitory concentration (MIC)
level caused P. aeruginosa culture supernatants to have 1.79-
fold higher extracellular protein. Such increase in extracellu-
lar protein concentration in P. aeruginosa exposed to sub-MIC
level of kanamycin was also reported by Takahashi et al (48).

Enteropan treatment causes large-scale differential gene
expression in P. aeruginosa

A whole transcriptome level comparison of the gene
expression profile of Enteropan (600 pg/mL)-treated
P. aeruginosa with that of control revealed a total of 952

Drug Target Insights 2024; 18: 63

genes getting expressed differentially (log fold change >2
and FDR <£0.001). This amounted to differential expres-
sion of 17% of genome, wherein 616 genes were upregu-
lated (Tab. S6) and 336 were downregulated (Tab. S9).
Corresponding volcano plot (Fig. S3) is given in supple-
mentary file. A function-wise categorization of all the DEG
is presented in Figure 4. While all DEG pertaining to cell
division were downregulated (and majority of DEG pertain-
ing to translation too), the majority of DEG associated with
efflux pump/transport were upregulated. Overexpression
of efflux machinery is known to compromise bacterial fit-
ness by causing physiological dysregulation (49). Owing to
the important physiological roles of efflux pumps in vari-
ous functions such as intercellular communication, bacte-
rial pathogenicity and virulence, and biofilm formation,
expression of majority of them is subject to tight control by
different transcriptional regulators. Any mischief with this
regulation leading to overexpression of the efflux function
may result in leaking of even essential items. An empirical
look at the list of DEG suggested that Enteropan attenu-
ated virulence of P. aeruginosa by causing dysregulation
of metal homeostasis, nitrogen metabolism, transcription,
amino acid and protein synthesis, carbon metabolism,
motility, efflux, etc. Results of various in vitro assays pre-
sented in the preceding section corroborates well with the
transcriptome data.

Network analysis of DEG in Enteropan-exposed
P. aeruginosa

We created PPl network for up- and downregulated genes
separately. PPl network for upregulated genes generated
through STRING is presented in Figure 5A, which shows 610
nodes connected through 2,272 edges with an average node
degree of 7.45. Since the number of edges in this PPl network
is 2.06-fold higher than expected (1,101) with a PPI enrich-
ment p-value <1.0e-16, this network can be said to possess
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FIGURE 5 - A) Protein-Protein
Interaction (PPI) network of
upregulated genes in Entero-
pan-exposed Pseudomonas ae-
ruginosa. Edges represent pro-
tein-protein associations that
are meant to be specific and
meaningful, that is, proteins
jointly contribute to a shared
function. This does not neces-
sarily mean they are physically
binding to each other. Network
nodes represent all the proteins
produced by a single, protein-
coding gene locus. B) PPl net-
work of top-ranked genes reve-
aled through cytoHubba among
upregulated differentially ex-
pressed genes (DEG) in Entero-
pan-exposed P. geruginosa.
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significantly more interactions among the member proteins
that what can be expected for a random set of proteins of
the identical sample size and degree distribution. Such
enrichment can be taken as an indication of the member
proteins being at least partially biologically connected. When
we arranged all the upregulated DEGs in decreasing order
of node degree, 572 nodes were found to have a non-zero
score (Tab. S7), and we selected top 52 genes with a node

degree 219 for further ranking by different cytoHubba meth-
ods. Then we looked for genes which appeared among top-6
ranked candidates by >6 cytoHubba methods (Tab. S8), and
six such genes were further checked for interactions among
themselves by cluster analysis (Fig. 5B), whose overexpres-
sion can be hypothesized to disturb pathogen physiology.
Interaction map of these six potential hubs showed them
to be strongly networked as the average node degree score
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was 5. This network possessed 15 edges as against expected
(zero) for any such random set of proteins. The PPl network
showed five of these six potential hubs to be part of a single
local network cluster (Fig. 5B). Co-occurrence analysis showed
all of these six hubs being absent from humans (Tab. 3) and

Drug Target Insights 2024; 18: 65

hence agonists of these hubs may be expected to target
pathogen selectively without interfering with host system
functioning.

PPl network for downregulated genes is presented in
Figure 6A, which shows 327 nodes connected through 3,206

TABLE 3 - Co-occurrence analysis of genes coding for potential targets in P. aeruginosa
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e FIGURE 6 - A) Protein-Protein
A i Interaction (PPI) network of
downregulated genes in Ente-
ropan-exposed Pseudomonas
aeruginosa. B) PPl network
of top-ranked genes revealed
through cytoHubba among
downregulated differentially
expressed genes (DEG) in
Enteropan-exposed P. aerugi-
nosa.
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edges with an average node degree of 19.6. Since the number
of edges in this PPl network is 1.93-fold higher than expected
(1,658) with a PPl enrichment p-value <1.0e-16, this network
can be said to possess significantly more interactions among
the member proteins that what can be expected for a ran-
dom set of proteins of the identical sample size and degree
distribution. Such enrichment can be taken as an indication
of the member proteins being at least partially biologically
connected. When we arranged all the downregulated DEGs
in decreasing order of node degree, 298 nodes were found
to have a non-zero score, and we selected top 50 genes with
a node degree >53 (Tab. S10) for further ranking by differ-
ent cytoHubba methods. Then we looked for genes which
appear among top-10 ranked candidates by =6 cytoHubba
methods, and 10 such genes (Tab. S11) were identified as
potential hubs, whose downregulation can be hypothesized
to attenuate P. aeruginosa virulence. Interaction map of
these 10 potential hubs (Fig. 6B) showed them to be strongly
networked as the average node degree score was 9. This
network possessed 45 edges as against expected (15) for
any such random set of proteins. The PPI network showed
these 10 genes to be distributed among six different local
network clusters, whose strength score ranged from 1.97
to 2.2 (Fig. 6B). Co-occurrence analysis (Tab. 3) of these 10
hub proteins indicated four (rpsD, rpsJ, rpoA, rplF) of them
to be absent from humans, and hence they can be said to
possess high targetability with respect to discovery of new
antibiotics satisfying the criteria of selective toxicity. Since all
the 10 predicted hubs are indicated by co-occurrence analy-
sis to be present in other important bacterial pathogens too,
antagonists of these proteins are likely to be useful as broad-
spectrum antibiotics.

Target validation through RT-PCR

From the 10 identified hubs among the downregulated
genes, we selected five (rpoA, tig, rpsB, rpsL, rpsJ) for fur-
ther validation through RT-PCR. From the 10 genes shown
in Figure 6B, four (rpoA, rpsB, rpsL, rps)) passing the dual
criteria of node degree >70 (Tab. S10) and been part of
>3 clusters were selected for RT-PCR. Though rpsD (node
degree 70) also passed these dual criteria, since already
three rps genes were selected for PCR, we preferred rpoA
(node degree 75) over it. Additionally, we included one gene
(tig; 3.73-fold,; node degree 70) for PCR validation, though
it was not among the identified hubs, because tig is a trig-
ger factor involved in protein export, and we did observe a
heavy increase in extracellular protein content in Enteropan-
exposed P. aeruginosa. PCR did confirm downregulation of
all the selected five genes in Enteropan-exposed P. aerugi-
nosa (Fig. 7), and thus they can be considered as potential
antibacterial targets worthy of attention by drug discovery
programmes.

Conclusion

The polyherbal formulation Enteropan was found to have
virulence-attenuating effect against an important gram-
negative bacterial pathogen P. aeruginosa, without affecting

Molecular mechanisms underlying Enteropan
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FIGURE 7 - Confirmation of differential expression of selected
genes in Enteropan-treated Pseudomonas aeruginosa throu-
gh real-time polymerase chain reaction (RT-PCR). recJ selected
as an endogenous control was not expressed differently (false
discovery rate 1) between control and experimental bacterial
cultures. ***p < 0.001.

its growth heavily. As can be expected from any multicompo-
nent polyherbal formulation, Enteropan also exerted multi-
plicity of targets against the test pathogen. A large fraction of
the bacterial genome was expressed differently under influ-
ence of this anti-pathogenic formulation, which corroborated
well with the altered phenotypic traits in extract-exposed
bacterial culture. Major mechanisms revealed various in
vitro/in vivo assays and transcriptome analysis through which
Enteropan exerted its anti-virulence activity were found to
be generating nitrosative stress, oxidative stress, quorum
modulation, disturbance of protein homeostasis, and metal
homeostasis. A wholistic summary depicting the mechanis-
tic details associated with the anti-pathogenic potential of
Enteropan against P. aeruginosa is presented in Figure 8, with
particular attention on Enteropan’s effect on QS machinery
and virulence regulators of this notorious pathogen. Our
results validate the anti-pathogenic potential of Enteropan,
and also the concept of polyherbalism and its relevance in
combating antimicrobial resistance.

Acknowledgements

The authors thank Nirma Education and Research
Foundation (NERF), Ahmedabad, for infrastructural support;
Virupakshi Soppina (lIT-Gn) for providing worms. SP and GG
acknowledge fellowship from Gujarat government under
their SHODH scheme. NT acknowledges fellowship from
Nirma University.

Disclosures

Conflict of interest: HSP, is involved in manufacturing and marketing
of the formulation Enteropan®; however, that in no way has affected
the design of experiments or interpretation of results. Other authors
declare no competing interest.

Financial support: This study did not receive any extramural finan-
cial support.

Data availability statement: All the relevant data has been included
in the main manuscript and supplementary files.

A- © 2024 The Authors. Drug Target Insights - ISSN 1177-3928 - www.aboutscience.eu/dti




Parmar et al Drug Target Insights 2024; 18: 67
' { arum Sensing Regulon )
- cgulon |
[ l
! Proverdine} 0 | m
g + L}
s | o 1 pon [t slg?. oKL g L
[rADeat, i nbem | ﬂ,m,q”, Tevmrslis
FAGL, GenBam i T o DO P 11 pesesd, % poaea |
PAsal. palbwar L S k) | .
PasRit, fomal Rmag) | | N\
'ml — ) Ty Ly I L
"""""" e T ey | Disteriance of s
| '\\‘ . R
A Mubiple cffects g Ishamrbamr of Fes
| | ¥ |l - 1= of En 3 - Bumeniaals
i gl l ’ ek, ! PicioL i)
| Yirulence | s b Ehetem AP, Salfur metalalius
\ 7 L] k . : b, RBAT| - | amil their * and trmmpart |
Thp s : - mplicxiton e, 3
s
' ﬁ‘ﬂ 1. o, Fyoryanim]  * | Niirosative stres |
T Pl 1] Ky f . Hr;-_gw_gr;n_ﬂ& e t'-":'_'r*
Fteel o shyons _V - Oisidailie stress 7] pos i I
& [PARBEET, PARSEI], PATIN L FADLISE
- AT, FATHI8). BA# 8] 2
Vir | * Medubating af
T antibistic (e}
T255: Typee I Secration System 33 peni 1] oo, b Dokl S——h—g
T355: Type H Secretion System Wl Rl il el e +
Tho: Type IV pili (e i pergiert e U () epa L (o)
Wir: Virulence factor regulator Dintwrbance ol [iiogmss . g i) | O i il
POS: Prevdarmanas Quinolane Signal prutcin bogirdnk phiybalogy

FIGURE 8 - Large-scale disturbance of transcriptional regulation in Pseudomonas aeruginosa caused by Enteropan compromises its overall
cellular homeostasis and virulence. This figure presents a wholistic summary of multiple effects exerted by Enteropan against P. aeruginosa.
Various cellular, physiological, and virulence-associated traits of P. aeruginosa expressed differently under the influence of Enteropan are
depicted. The genes shown with an up or down arrow are those getting differentially expressed with a log fold change of >1.5 and false
discovery rate (FDR) <0.05. The Gac/Rsm pathway inversely regulates the expression of virulence factors (T3SS, Tfp, exopolysaccharides)
associated with acute and chronic disease (50). T2SS is responsible for secreting many secretory proteins like alkaline phosphatase, lipase,
exotoxin A, phospholipase, and proteases. T3SS is largely involved in secretion of virulence determinants associated with acute infection.
Vfris a global regulator of virulence gene expression, which allows coordinated production of related virulence functions (Tfp, T3SS) neces-
sary for adherence to an intoxication of host cells. LasR is a transcriptional activator of multiple virulence-associated genes in P. aeruginosa.
It represents a central checkpoint, with the highest degree of interconnection in the network. RpoS, the stationary phase sigma factor,
influences the expression of more than one-third of all the quorum-regulated genes. It is a central regulator of many stationary phase-
inducible genes and a master stress-response regulator under a variety of stress conditions (51). Tfp, a major surface adhesin, mechano-
chemically regulates virulence factors in P. aeruginosa (52). The Rhl system is a quorum sensing system acquired by P. aeruginosa through
lateral gene transfer. PQS is an essential mediator of the shaping of the population structure of P. aeruginosa and of its response to and
survival in stress conditions. 2(53); ®(44); <(54); ¢(55); ¢(56); (57); &(58); "(59); /(60), {(61, 62), “(63); '(64).
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ABSTRACT

Objective: Cancer or neoplasm is a cosmopolitan catastrophe that results in more than 20 million new cases
and 10 million deaths every year. Some factors lead to carcinogenesis like infectious diseases. Parasites like Toxo-
plasma gondii, by its components, could modulate the cancer system by inducing apoptosis. The objective of this
investigation is to assess the potential of peptides derived from T. gondii in combating cancer by examining their
effects on Caco-2, Hep-G2, and HT29 cell lines.

Materials and methods: Candidate peptide by its similarity to anticancer compounds was predicted through the
computer-based analysis/platform. The impact of the peptide on cell viability, cell proliferation, and gene expres-
sion was evaluated through the utilization of MTT assay, flow cytometry, and real-time polymerase chain reaction
(PCR) methodologies.

Results: The cell viability rate exhibited a significant decrease (p < 0.001) across all cell lines when exposed
to a concentration of <160 pg. Within the 48-hour timeframe, the half maximal inhibitory concentration (IC, )
for HT29 and Hep-G2 cell lines was determined to be 107.2 and 140.6 ug/mL, respectively. Notably, a marked
decrease in the expression levels of Bc/2 and APAF1 genes was observed in both the Hep-G2 and HT29 cell lines.
Conclusion: These findings indicate that the T. gondii peptide affected cancer cell mortality and led to changes in
the expression of genes associated with apoptosis.

Keywords: Anticancer, Neoplasm, Parasite, Peptides, Real-time PCR, Toxoplasmosis

Introduction

Toxoplasma gondii is the most widespread protozoan
parasite that gained its reputation by seropositive analysis.
It has been found that more than 30%-50% of the world’s
population is positive for T. gondii (1). Felids are known to
be the definitive host in which the sexual stage takes place.
Terrestrial and aquatic mammals as well as birds act as inter-
mediate hosts during the asexual stage (2).

Three developmental stages have been distinguished to
infect the cell: (i) tachyzoite, which rapidly multiplies and
occurs in the acute phase of the infection, (ii) bradyzoite, a
form of slow multiplication that characterizes the chronic
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phase, and (iii) sporozoites, which are distinctive of the sex-
ual stage in felids and found in oocysts in feline feces (3).
Various pathways have been reported for the infection of
intermediate hosts: ingestion of oocysts-contaminated fruits,
vegetables, or water, consumption of raw or uncooked meat
containing tissue cysts, congenital transmission, blood trans-
fusion, and organ transplantation. Although transmission
through the ingestion of non-pasteurized milk or milk prod-
ucts has been documented, it is not common (4). It is obvious
that felines as definitive hosts can become infected through
carnivorous behavior or ingestion of sporulated oocysts (5).
Cancer is referred as a composite of diseases acquired by
the development of neoplastic cells (6). It contributes symp-
toms like eluding growth suppressors, empowering prolifera-
tive signaling, withstanding cell death, promoting the ability
to replicate indefinitely, activating angiogenesis, prompting
invasion and metastasis, genome vulnerability, reconstructing
energy metabolism, and evading destruction by the immune
system as well (7). There are more than 20 million newly diag-
nosed cases of cancer and almost 10 million deaths attrib-
uted to this disease every year (8). Multiple factors play a
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pivotal role in causing carcinogenesis like lifestyle, genes, and
the microenvironment. Moreover, it is widely recognized that
infectious diseases play a significant role in the development
of various types of cancers. These diseases are responsible
for approximately 25%-50% of all cancer cases (9). Notably,
viral infections such as papilloma virus have been linked to
cervical cancer, while bacterial infections like Helicobacter
pylori have been associated with gastric cancer. Additionally,
parasitic infections, including Schistosoma haematobium,
have been found to be connected to urinary bladder cancer.
The strong correlation between infectious diseases and can-
cer underscores the importance of preventive measures and
early detection in reducing the burden of these malignancies.
In this way, some parasites act as the inducers or promoters
of the cancers and others inhibit the factors that could modu-
late tumorigenesis. So far, investigations show that compo-
nents of parasites are able to modulate the cancer system
by inducing apoptosis (10). Studies have shown that T. gondii
is able to break tumor immune tolerance and arouse potent
CD8+ T-cell immunity (11). In the current study, the effect of
T. gondii-synthesized excretory-secretory compound in cell
growth factors and inducing apoptosis was investigated.

Materials and methods

Synthesis of peptide

Out of the acknowledged proteomes of T. gondii
excretory-secretory antigens, the QLEDAVSAVASVVQDE
amino acid sequence belonging to part GRA1 was selected.
It is noteworthy that this sequence has the most similar-
ity to the other anticancer agents (=91%) by the analysis
done in association with the anticancer peptide database:
CancerPPD site (Online). Following analysis of the nomi-
nated sequence and confirmation of its anticancer poten-
tial, ElabScience was proposed for peptide synthesis
(United States, Lot No: YZIGY9RHUD) with a purity of over
97.5% and a molecular weight of 2,425.5. As per the guide-
lines provided by the manufacturer, by applying ultra-pure
water, the synthesized peptide underwent dilution and
was subsequently prepared in various concentrations to
evaluate cell viability and perform molecular assays.

Anticancer assays in vitro

Cell culture and treatments

The Iranian Biological Resource Center (IBRC) provided
the Caco-2, Hep-G2, and HT29 cell lines, which are human
gastric, colon, and liver cancer cell lines, respectively. These
cell lines were cultured in Dulbecco’s modified Eagle’s
medium (DMEM)/F12, supplemented with 10% fetal bovine
serum (FBS; Gibco, Thermo Fisher Scientific) and 2 mmol/L
L-glutamine (Bio Idea Co, Iran). The growth medium for all cell
lines consisted of DMEM/F12 supplemented with GlutaMAX,
NaHCO,, and 15 mM HEPES. To ensure optimal conditions
for cell growth, the cells were incubated at a temperature
of 37°C in a humidified atmosphere consisting of 5% carbon
dioxide (12).
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MTT assay for cell viability detection

After achieving a confluence of 90%, the cells were
seeded into the wells using microscopic counting after being
stained with trypan blue. MTT assay was administered in
96-well culture plates for cell viability. Each well was seeded
with approximately 2 x 10* cells in 200 pL of DMEM medium.
The plates were then incubated at 37°C and 5% CO, for
24 hours to ensure proper adherence of the cells to the wells
of the plate. Subsequently, Hep-G2, HT29, and Caco-2 cells
were exposed to elevating concentrations of T. gondii peptide
(40, 80, and 160 pg/mL) and incubated for 24 and 48 hours
in the 96-well culture plates. The growth of the cells was
assessed based on the activity of mitochondrial enzymes
determined in the MTT assay.

Following 24- and 48-hour exposure of cell lines to the pep-
tides, 20 puL volume of 5 pg/mL MTT solutions were added to
the wells, and the plates were then incubated at 37°C for an
additional 4 hours. Subsequently, the wells were emptied and
200 pL of dimethyl sulfoxide (DMSO) was added to all wells; in
this specific approach, living cells contain NAD(P)H-dependent
oxidoreductase enzymes that facilitate the conversion of the
MTT reagent into formazan crystalline product, leading to
purple color. The more viable cells and metabolic activity, the
more intensity of purple color (13). To measure the optical den-
sity (OD) of the wells, a microplate spectrophotometer (BioTek-
ELX800, United States) was employed at 570 nm, both 24 and
48 hours after exposure. Each concentration and cell lines were
subjected to triplicate experiments to ensure the accuracy and
reliability of the results.

Bcl2, APAF1 gene expression analysis

The evaluation of gene expression was conducted using
the SYBR green-based quantitative real-time polymerase
chain reaction (PCR) technique. In order to measure the
messenger ribonucleic acid (MRNA) expression of the Bcl2
and APAF1 genes, the genomic content (total RNA) was
extracted from all cultured cell lines. QlAzol RNA (Qiagen,
United States) was utilized for this purpose, following the
manufacturer’s protocol. The nanodrop spectrophotometer
(Thermo Scientific™ NanoDrop 2000c spectrophotometer)
was used to evaluate the quantity, quality, and optimal
concentration of the collected RNAs at a 260/280 nm ratio.
Following this, the RNAs were transformed into comple-
mentary deoxyribonucleic acid (cDNA) by reverse tran-
scription, utilizing RT-specific primers and glyceraldehyde
3-phosphate dehydrogenase (GAPDH) as a reference gene
for data normalization (Tab. 1). A LightCycler® 96 thermal
cycler (Roche, Germany) was used to conduct real-time
reverse transcription (RT)-PCR. Within each reaction, a
20 plL mixture was prepared, containing 8 uL of SYBR Green
| Master mix, 1 uL of cDNA serving as the template, 8 uL of
nuclease-free distilled water, and 10 pmol of each primer.
In the amplification program, the initial denaturation step
was performed at a temperature of 95°C for a duration of
8 minutes. This was followed by 40-45 cycles of denatur-
ation at 95°C for 10 seconds, annealing at 57-62°C for 5 sec-
onds, and extension at 72°C for 20 seconds (14,15).

A


http://crdd.osdd.net/raghava/cancerppd/index.php

72

TABLE 1 - The sequence of primer runs in real-time PCR

Gene Seq (5'-3') Annealing Ref

Bcl2 F: TCGCCCTGTGGATGACTGA 60 (14)
R: CAGAGACAGCCAGGAGAAATCA

APAF1 F: TTAGGAGCCAGGTGCGGT 58 (29)
R: GCTTGTCTTTCTTCCCATTTTTC

GAPDH F: ACGGATTTGGTCGTATTGGG 57 (30)

R: TGATTTTGGAGGGATCTCGC

Apoptosis analysis

Apoptosis evaluation was conducted using the Annexin
V/Pl Apoptosis detection kit (cat. no. AnxF100PI, MabTag
GmbH) following peptide treatments. A 6-well plate was uti-
lized, with each well containing a volume of 2.5 mL cell sus-
pension at a density of 3 x 10° cells/mL. Following 24-hour
cultures of all three kinds of cells in 200 uM of the peptide,
in accordance with the procedures outlined in the preced-
ing section, the cells underwent the specified treatment. The
negative control group received an equivalent amount of
phosphate-buffered saline (PBS). After the incubation period,
the cells were collected and underwent two rounds of wash-
ing with cold PBS at a pH of 7.4. Subsequently, the cells were
suspended in annexin-binding buffer and exposed to 5 pL of
fluorescein isothiocyanate (FITC)-Annexin V and 5 uL of prop-
idium iodide (PI). The samples were thoroughly mixed and
incubated in darkness at a temperature of 25°C for a duration
of 15 minutes. The stained cells were then analyzed using a
Sysmex CyFlow Space flow cytometer. The fluorescence emit-
ted by the cells was measured at wavelengths of 495 and 519
nm following excitation at 488 nm (16).

Statistical analysis

In the current investigation, all experiments were
repeated in triplicate. Statistical analysis was conducted
to compare and evaluate the treated groups in relation to
both each other and the control group. The comparative
Ct (AACt) method was employed to statistically analyze the
data. Prior to analysis, the real-time PCR findings under-
went preprocessing. Subsequently, the expression levels of
selected genes (Bcl2, APAF1) among the study groups were
evaluated using Kruskal-Wallis and Mann-Whitney U-tests.
A p-value <0.05 was deemed to be statistically significant.
All statistical analyses were assessed using GraphPad Prism
v 6.1 software.

Results

Mortality and proliferation alter under T. gondii
peptide impact in all cell lines

In each cell line, the effect of peptides on cell viability,
mortality, and proliferation was examined at 24 and 48 hours
at escalating concentrations (Fig. 1). A direct correlation
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FIGURE 1 - The cell viability of cancer cells. A) Caco-2, B) Hep-
G2, and C) HT29 were assessed after 24 (left) and 48 hours (right)
exposure to specific concentrations of Toxoplasma gondii-deri-
ved peptide (*p <0.05; **p <0.01; ***p <0.001). SD = standard
deviation.

was discovered between the rise in concentration and the
rise in mortality and interpreted as dose-dependent man-
ner but wasn’t time dependent. At concentrations of 40,
80, and 160 pg, the cell viability rate exhibited a significant
decrease across all cell lines. After 24 hours, the cell lines
demonstrated the most significant impact when exposed to
concentrations of 160 pg (p < 0.001). Like the earlier pattern,
after 48 hours of peptide exposure, cell viability declined at
40, 80, and 160 pg concentrations in contrast to accumula-
tive doses. In Caco-2 cells, in comparison with the control
group, a significant mortality induction was experienced
in the concentration of 160 pug (p < 0.001). The same sig-
nificant mortality induction was found in Hep-G2 cell line
at the concentration of 160 pg at 48 hours exposure. But
in HT29 cell line this significant mortality induction started
at 40 ug concentration. Cell viability rates were assessed at
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various concentrations based on the duration of each cell line.
As depicted in Figure 1, it was observed that the impact of
the peptide on cancer cells differed depending on the dosage
administered.

The cell viability rate in each cell line was compared at the
aforementioned concentrations, which have been provided
in Figure 1. Briefly, a significant mortality induction in Caco-2
was started in 160 and 80 pg at 24 and 48 hours, respectively.
For Hep-G2, the significant mortality induction was in 160 pg
at 24 and 48 hours. This situation was observed in 160 and
40 pg at 24 and 48 hours, respectively.

The IC,  of the excretory-secretory peptide of T. gondii

Based on the results obtained from the MTT assay, the
IC,, values for each cell line were determined after exposure
to the peptide at both 24 and 48 hours. At the conclusion
of the 24-hour period, the Caco-2 cell line exhibited the

: Iw*---—-l.

-
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highest IC_, concentration (149.6 pg/mL), while the Hep-G2
cellline displayed the lowest IC_ concentration (126.8 ug/mL).
Furthermore, during the 48-hour timeframe, the HT29 cell line
demonstrated the lowest IC, concentration (107.2 pg/mL),
whereas the Hep-G2 cell line exhibited the highest IC_  con-
centration (140.6 ug/mL) (Fig. 2).

Apoptosis-related gene expression levels

The mRNA levels of Bcl2 and APAF1 were evaluated in
three types of cancer cells at exposed concentrations close
to IC,, by using real-time PCR and results were reported as a
fold change. Evaluated expression levels of Bc/2 and APAF1
genes are shown in Figure 3. In fact, the Caco-2 cell line
showed an increase in gene expression level of Bc/2 and non-
elevated expression level in APAF1 gene. A notable decline in
the expression levels of Bc/2 and APAF1 genes was detected
in Hep-G2 and HT29 cell lines (Fig. 3).

FIGURE 2 - IC_ values of Toxo-
plasma gondii peptide in cell
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FIGURE 3 - Expression levels of Bc/2 and APAF1 in three cancer cell
lines exposed to Toxoplasma gondii peptide in terms of fold chan-
ge: A) Caco-2, B) Hep-G2, C) HT29 (ns, not significant; *p <0.05;
**p <0.01; ***p <0.001; ****p <0.0001). SD = standard deviation.

Flow cytometry

The apoptotic effect was examined on Caco-2, Hep-G2,
and HT29 cell lines following treatment with the peptide and
subsequent staining with annexin V and PI (Fig. 4). After a
24-hour exposure to the peptide, a noteworthy rise in apop-
tosis was detected across all cell lines (p = 0.005). Notably,
the highest level of apoptosis was observed in HT29 cells,
reaching a rate of 32% (Fig. 5).

Discussion

In the current investigation, we demonstrated the anti-
cancer effect of candidate Toxoplasma excretory-secretory
antigen on three cancerous cell lines: Caco-2, Hep-G2, and
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FIGURE 4 - The distribution of apoptotic cells stained with annexin
V-FITC/PI in dual parametric dot plots of Pl fluorescence (Y-axis) vs.
annexin V-FITC fluorescence (X-axis). Dot plots represent cancerous
cell lines (A) Caco-2, B) Hep-G2, and C) HT29). The highest rate of
apoptosis belongs to HT29 with 32%. FITC = fluorescein isothiocya-
nate; Pl = propidium iodide.

HT29. Currently, researchers are still exploring different ways
to treat cancer using natural substances instead of chemi-
cals. Besides studying plant compounds, researchers are
also assessing the effectiveness of different other sources in
inhibiting the growth of cancer cells. Sometimes, it is trouble-
some to anticipate events of antagonistic impacts from che-
motherapeutic drugs amid treatment (17). Cancer cells can
become resistant to drugs while receiving chemotherapy.
So, to get the same effect in killing tumors, more medicine is
needed than what was given initially. Frequently, higher dos-
age administration creates a higher possibility of side effects
in patients (18). Therefore, taking a blend of drugs with vari-
ous mechanisms could synergistically facilitate therapeutic
efficiency (19).

One of these mechanisms could be addressing live
organism compounds that have a long relationship with
humans and successfully adapted to the human body: par-
asites. Some studies were conducted by applying protozoa
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FIGURE 5 - The effects of Toxoplasma gondii peptide on the viability
of three cancer cell lines (A) Caco-2, B) Hep-G2, and C) HT29) show
a significant increase in induction in comparison to the control. The
error bars represent mean + SD of the triplicate measurements
(*p <0.05; **p <0.01; ***p <0.001; ****p <0.0001). SD = standard
deviation.

and helminths to improve immunotherapies concentrating
against tumors aiming to empower the antitumor immune
response and therefore eliminate the progressing neoplasm
(7). The pioneer protozoan in uncovering antitumor effects
was Trypanosoma cruzi, as affected patients showed no
symptoms of colon cancer despite having a tumorigenic pro-
cess (20). Investigations have revealed that some molecules
on the surface of the parasite can induce the production of
antibodies that diagnose neoplastic cells due to the antigenic
similarity between them, or they could be activators of cells
involved in the process of cancer cell recognition. T. gondii
itself can trigger a cascade that starts with the induction of
interleukin (IL)-12 production and continues with stimulating

© 2024 The Authors. Published by AboutScience - www.aboutscience.eu
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natural killer (NK) cells and T cells for producing interferon
gamma (IFN-y) and modifying the spread of CD8 T lympho-
cytes and their cytotoxic capability and finally elevating anti-
tumor immune response (21). The ability of Toxoplasma to
modify its host immune response in several studies makes
addressing this parasite as a potent inducer of antitumor
responses (11).

Our investigation shows that parasite-derived peptide
could induce apoptosis in cancer cell lines, which was in line
with the lately done study by Bahadory et al (10). According
to this study, Toxocara canis excretory-secretory Troponin
protein peptide (ES TPP) could successfully alter the expres-
sion of apoptotic involved factors. Peptides have character-
istically gained more attention in researches due to their
advantages; first of all, peptides are the functional piece of
natural proteins that can exhibit innumerable biological func-
tions and offer higher selectivity and potency in comparison
to ordinary small molecule drugs. Secondly, they could be
simply manufactured by chemically solid-phase synthesis.
Lastly, possessing amide backbone makes the peptides to be
fundamentally biodegradable, which may minimize the side
effects (22).

Given that the peptide was synthesized applying com-
puter database, high concentration of peptides, regardless
of online prediction, is needed to kill the cells or induce cell
death. Scientists suggest that use of nanoparticles, adju-
vants, and improving target cell delivery system are means
for optimizing compounds with anticancer potential (23). On
the basis of attained results, the applied peptide causes a
significant reduction in mortality rate in cell lines, which are
referred as dose dependent. Hence, in comparison to Caco-2
and Hep-G2, the least concentration to alert the mortality
and viability rate was for HT29, 40 pg/mL. It is noteworthy
that the cytotoxic effect was remarkably higher on HT29 than
Caco-2 and Hep-G2 with lower IC_; (107 ug/mL).

Apoptosis, a physiological mechanism of cellular demise,
is prompted by intra- and extracellular signals. This process
serves a crucial role in maintaining the balance and proper
functioning of normal tissues during development and
homeostasis. In the context of cancer progression, apoptosis
acts as a barricade against the uncontrolled growth of trans-
formed cells. Nevertheless, in tumors that have undergone
significant transformation and exhibit resistance to thera-
peutic interventions, the occurrence of apoptosis may be
reduced (6). Bc/l2 and APAF1 are key factors in the process
of cell death, which were evaluated by both MTT assay and
real-time PCR; the latter is more sensitive and specific. In
fact, releasing cytochrome c from mitochondria is the pivotal
triggering episode associating a cell to apoptosis, resulting
in the formation of apoptosome-containing caspases. Bcl2
as an antiapoptotic protein interferes in the permeabiliza-
tion of the mitochondrial outer membrane, thus barricading
apoptosis (24,25). Controversy, oligomerization of APAF1 in
response to discharge of cytochrome c facilitates the forma-
tion of apoptosome, leading to downregulation of caspases
and triggering apoptosis (26). In our study, there is an increase
in gene expression level of Bc/2 gene but it wasn’t significant
in Caco-2 cell line. A significant decrease in expression lev-
els of Bcl2 and APAF1 genes was seen in both Hep-G2 and
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HT29 cell lines. On the basis of update by the Nomenclature
Committee on Cell Death (NCCD), regulated cell death could
be classified, based on its molecular characteristics, into
multiple categories in which some of them were well studied
like: apoptosis, necrosis, necroptosis, and pyroptosis, while
others like ferroptosis, entotic, autophagy, etc., are under-
estimated and less well-studied (27). For this case, we could
conclude that downregulation in any of the aforementioned
gene expression levels may result in consequences of any of
the aforesaid cell death types. D’Arcy states that the cell in
media could react in different ways when it fails to maintain
homeostasis with its environment. Hence, the remains of
late apoptotic cells that have lost their integrity are simply
described as necrosis (28).

For future prospect, conducting experiments on animal
models and assessing cell death molecular hallmarks using
blotting techniques would give a better point of view for
conducting upcoming researches. Challenges include being
unable to synthesize the peptide in our country and the need
for implementing more accurate and specific tests for apply-
ing blotting tests and to evaluate whether the peptide could
enter the cells.

Conclusion

The results demonstrated that T. gondii peptide exerted
an influence on the mortality of cancer cells and altered the
expression of apoptosis-related genes. However, further
optimization and redesign of the peptide could enhance its
potential as a cancer therapy. Given the potential of peptides
as selective and potent therapeutic agents, enhancing them
with nanoparticles and improving delivery systems could
optimize their anticancer efficacy. Future research could
focus on animal models and molecular analyses with blotting
techniques to further evaluate and improve this promising
therapeutic approach.
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ABSTRACT

Background: Levofloxacin, a fluoroquinolone, is an extensively used antibiotic effective against both positively
and negatively staining bacteria. It works by inhibiting bacterial topoisomerase type Il and topoisomerase type 1V,
resulting in impaired DNA synthesis and bacterial cell death. Eryptosis is another term for apoptotic cell death of
erythrocyte marked by cell shrinkage, phosphatidylserine (PS) flipping, and membrane blebbing.

Methods: The intent of the present research was to look at the eryptotic effect of levofloxacin by exposing
erythrocytes to therapeutical doses (7, 14 uM) of levofloxacin for 48 hours. Cell size evaluation, PS subjection
to outside, and calcium channel inhibition were carried out to investigate eryptosis. Oxidative stress generated
by levofloxacin was measured as a putative mechanism of eryptosis using glutathione peroxidase (GPx), super-
oxide dismutase (SOD), and catalase activities. Similarly, hemolysis measurements demonstrated levofloxacin’s
cytotoxic effect.

Results: Our findings showed that therapeutic doses of levofloxacin can cause a considerable decline in antioxi-
dant enzymes activities, as well as induce cell shrinkage, PS externalization, and hemolysis in erythrocytes. The
role of calcium in triggering erythrocyte shrinkage was also confirmed.

Conclusion: In conclusion, our findings showed that the indicated levofloxacin doses caused oxidative stress,
which leads to erythrocyte death via eryptosis and hemolysis. These findings emphasize the importance of using
levofloxacin with caution and the need for additional research to mitigate these side effects.

Keywords: Eryptosis, Erythrocyte, Hemolysis, Levofloxacin, Oxidative stress

Introduction

Levofloxacin is a third-generation antibiotic that belongs
to the class of fluoroquinolones. It has more efficacy against
positively staining bacteria and uncommon intracellular
pathogens than prior generations of fluoroquinolones.
Levofloxacin works by inhibiting bacterial type Il topoisom-
erases, particularly the enzymes topoisomerase 1V (Topo V)
and bacterial DNA gyrase. In human medicine, levofloxa-
cin is used to treat acute rhinosinusitis, chronic bronchitis,
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post-exposure inhalational anthrax, hospital-acquired infec-
tions and pneumonitis, urinary tract infections, inflammation
of the prostate gland, and soft tissue or skin infection. The
medicine levofloxacin is on the World Health Organization
(WHOQ)’s list of essential medicines (1,2). In in vivo and in
vitro conditions levofloxacin has been demonstrated to have
immunomodulatory properties by decreasing the synthesis
and secretion of inflammatory cytokines (3). Nausea, vomit-
ing, and diarrhea are among the most common side effects
associated with levofloxacin. Central nervous system com-
plications have also been reported from mild dizziness and
headache to severe depression, hallucination, and seizures
(4). Its widespread usage has been linked to several cases
of clinically apparent liver injury. It has been proposed that
reactive oxygen species (ROS) produced by the breakdown
of vital mitochondrial enzymes, along with those released
during RNA processing, gene transcription, and inflammatory
processes, causes liver and kidneys to suffer from oxidative
stress and cellular damage (5).
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The prior work using animal models demonstrated that
fluoroquinolones were involved in the formation of reactive
oxygen molecules, which is what causes oxidative stress (4).
Oxidative stress is a shift in pro-oxidant and antioxidant bal-
ance in favor of oxidants, resulting in redox signaling/control
disruption and molecular damage (6). ROS can be produced
either exogenously by ultraviolet (UV) light, ionizing radiation,
pollutants, and nitroaromatics or intracellularly by cytosolic
enzyme systems during the course of a variety of physiologi-
cal and biochemical processes (7). Moreover, levofloxacin
was shown to increase lipid peroxidation, NO production, and
superoxide dismutase (SOD) activity in cortex, corpus stria-
tum, and hippocampus (8).

The normal lifespan of circulating erythrocytes is 100—
120 days owing to erythrocyte aging. Prior to that, erythro-
cytes are rapidly removed from circulation (9). Eryptosis is
the self-destruction of erythrocytes that eliminates old or
superfluous erythrocytes from circulation, characterized by
erythrocyte membrane perturbation, which results in the
dismantling of plasma membrane symmetry and the expo-
sure of phosphatidylserine flipping from the interior to the
plasma membrane surface (10,11). Oxidative stress activates
several factors that cause erythrocyte suicide, including
opening of Ca*? channels, caspase activation, and the forma-
tion of phospholipase A2 (PLA-2)-induced platelet-activating
factor (PAF), which stimulate cellular ceramide generation
through stimulating sphingomyelinase. Increased cytosolic
Ca** ions and ceramide levels cause phosphatidylserine
exposure via membrane scrambling. Phosphatidylserine
(PS)-exposed erythrocytes apparently attached to thrombo-
spondin (TSP) are recognized by PS receptors such as PSR-1,
and are removed from circulating blood. Furthermore, cal-
cium stimulates Ca-sensitive K* channel, which results in KCl
loss with water that leads to cell shrinkage, and activates cal-
pain, a protease, resulting in cytoskeleton destruction (9,12).
A number of xenobiotics have been reported to induce eryp-
tosis associated with the conditions such as anemia, diabe-
tes, cancer, cardiovascular and liver complications, uremia,
and chronic kidney disease (13,14). Levofloxacin-induced oxi-
dative stress and anemia are rarely reported in the literature.
This research was designed with the intention to look into
the involvement of levofloxacin in the induction of eryptosis
by oxidative stress. Isolated human red cells were given with
therapeutic dosages of levofloxacin in order to evaluate its
eryptotic, oxidizing, and hemolyzing or cytotoxic effects on
red cells.

Materials and methods

Noninfectious screened blood samples in heparin tubes
were generously supplied by the blood bank at the Allied
Hospital, Faisalabad. Leukocyte-free erythrocytes were
isolated by depleting the white cells and plasma from the
whole blood samples following the protocol of Fink et al.
The whole blood samples were spun up at 1500 rpm for
15-20 minutes at 21°C and the leukocyte and platelet-rich
afloat supernatant was discarded (15). The sorted red
blood cells were put into microcentrifuge tubes, and they
were incubated for 48 hours at 37°Celsius and pH 7.4 with
a 0.4% hematocrit volume in Ringer solution that included
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sodium chloride 125 mM, potassium chloride 5 mM, mag-
nesium silicate 1 mM, HEPES sodium salt 32 mM, glucose
5 mM, and calcium chloride 1 mM (16). Erythrocytes
were exposed to levofloxacin (Getz Pharma Pakistan) at
the physiological concentrations (7, 14 uM). Levofloxacin
was added from stock solution of 14 mM prepared by
dissolving levofloxacin salt in dimethylsulfoxide (DMSO)
and later diluted to get the required concentrations for
the experiments.

Oxidative stress measurement

Antioxidant enzyme assays (for glutathione peroxidase
[GPx], catalase, and SOD) were conducted to assess the
stress levels of erythrocytes exposed to levofloxacin.

Superoxide dismutase

SOD activity was determined by using Naveed et al’s pro-
tocol (17). The reaction mixture contained nitroblue tetra-
zolium (0.015 g in 17.5 mL d-H,0), L-methionine (0.222 g in
15 mL d-H,0), Triton-X-100 (0.0375 mL in 17.5 mL H,0), vita-
min B2 rib (0.0132 gin 17.5 mL d-H,0), and phosphate buffer
of pH 7.4, 0.2 M. The spectrophotometer value of chromo-
phore was taken at 525 nm.

Glutathione peroxidase

Using the methodology described by Sattar et al (18), GPx
enzyme activity was evaluated every 20 seconds at 470 nm
using spectrophotometer in the reaction mixture containing
guaiacol (Sigma-Aldrich; 20 mM), phosphate buffer of pH 5
(50 mM), hydrogen peroxide (40 mM), and 200 pL enzyme
extract.

Catalase

The assessment of erythrocyte catalase activity followed
the methodology outlined by Mukhtar et al (19). The reaction
cocktail composed of phosphate buffer of pH 7.4 (50 mM)
and 54 pL of 5.9 nM hydrogen peroxide in 10 mL water. Equal
proportions of sample and reaction solution were placed into
a multiwell plate (96 wells), and the optical density measured
at 240 nm using BioTeK Quant.

Cell size measurements

Variations in cell dimensions were ascertained by cal-
culating the mean cellular volume (MCV) for both the con-
trolled and levofloxacin-treated erythrocytes. The MCV
was calculated using an HumaCount 5D hematology ana-
lyzer (Human GmbH, Wiesbaden, Germany), which pro-
vided estimated information on red blood cell volume and
shape and size (20).

Phosphatidylserine content

Concentration of externalized PS in levofloxacin-treated
erythrocytes was measured using a human PS enzyme-
linked immunosorbent assay (ELISA) kit (Elabscience, Beijing,
People’s Republic of China) according to the manufacturer’s
instructions. Absorbance was read at wavelength of 450 nm
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on the BioTeK . Quant microplate reader and expressed as
PS equivalents (mg/mL) (21).

Confirmation of the role of Ca** ions

To validate the functional role of Ca** in the initiation
of eryptosis, the MCV of erythrocytes was evaluated using
a hematology analyzer. Erythrocytes were treated with
levofloxacin doses and 10 uM of a calcium entry blocker
(amlodipine) to ensure the involvement of calcium ions in
levofloxacin-induced eryptosis (22).

Measurement of hemolysis percentage

To validate levofloxacin’s hemolytic effect on erythro-
cytes, controlled and levofloxacin-treated red cell samples
were centrifuged at 400g for 3 minutes at 25°C to get the
supernatant. The concentration of hemoglobin in super-
natants was measured at 405 nm using LMSP-V310 visible
spectrophotometer; 100% hemolysis was defined as the
optical density of erythrocyte supernatant lysed in distilled
water (23).

Statistical analysis

The findings were presented with a mean standard error
of mean (+ SEM). Analysis of variance (ANOVA) with Tukey’s
test as a follow-up test was used for the statistical study
where necessary (24). Statistical significance was considered
as p-value <0.05.

Results

The purpose of this study was to analyze levofloxacin’s
eryptotic effects by implementing the oxidative stress induc-
tion that is one of the eryptosis-stimulating mechanisms. To
validate this, the antioxidant enzymatic activities, erythrocyte
size, exposing of PS at the cell exterior, hemolytic activity, and
substantiating the involvement of calcium in triggering the
programmed cell death of erythrocytes were all evaluated.
The findings of the research are showcased in graphs, fea-
turing mean values +SEM with clear indications of statistical
significance. The antioxidant enzyme activities in levofloxa-
cin-treated and -nontreated cells (control group) were mea-
sured to see if levofloxacin induces oxidative stress. Figure 1
shows a notable decrease in SOD activity at 7 and 14 uM
levofloxacin compared to control cells. Figure 2 shows that
48 hours treatment with the mentioned drug concentrations
resulted in a statistically substantial drop in GPx activity at 7
and 14 pM doses compared with control groups. Similarly,
Figure 3 shows that 48 hours of treatment with levofloxacin
results in a relatively moderate decline at 7 uM and highly
significant decline at 14 uM in catalase activity.

A substantial and statistically significant decrease in the
MCV of red blood cells was observed after treatment with
7 and 14 uM concentrations of levofloxacin for 48 hours
(Fig. 4). Increased mean cell volume could be attributed to
membrane bleb formation caused by levofloxacin-induced
oxidative damage.

Results of PS exposure assay showed least absorbance in
the control group, which indicates minor PS externalization,
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FIGURE 1 - The effect of levofloxacin on superoxide dismutase acti-
vity in erythrocytes exposed to levofloxacin (measured in U/g Hb).
Variations in erythrocyte responses (n = 15) are visible after
48 hours of incubation in Ringers’ solution with varying concen-
trations of levofloxacin in black bars, with asterisks *(p < 0.05) and
***(p < 0.0001) on the error bars indicating significant differences
from the absence of levofloxacin in white bar (ANOVA). ANOVA =
analysis of variance.
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FIGURE 2 - The effect of levofloxacin on glutathione peroxidase
activity in erythrocytes exposed to levofloxacin (measured in
U/g Hb). Variations in erythrocyte responses (n = 15) are visible
after 48 hours of incubation in Ringer’s solution with varying con-
centrations of levofloxacin in black bars, with asterisks *(p < 0.05)
and ***(p < 0.0001) on the error bars indicating significant distin-
ctness from the absence of levofloxacin in white bar (ANOVA).
ANOVA = analysis of variance.

while levofloxacin-exposed treatment groups showed
increasing absorbance (p < 0.001) in both 7 and 14 uM con-
centrations, reflecting increased PS exposure and suggesting
higher levels of eryptosis. The standard curve was generated
using the absorbance values of the known PS standards,
which showed a linear relationship between absorbance and
PS concentration (Fig. 5).

The calcium channel blocker amlodipine was employed
to verify the effect of Ca** in the elicitation of oxidative
stress initiated by eryptosis in triggering the formation of
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FIGURE 3 - The effect of levofloxacin on catalase activity in
erythrocytes exposed to levofloxacin (measured in U/g Hb).
Variations in erythrocyte responses (n = 15) are visible after
48 hours of incubation in Ringer’s solution with varying concentra-
tions of levofloxacin in black bars, with asterisks **(p < 0.01) and
***(p < 0.0001) on the error bars indicating significant differences
from the absence of levofloxacin in white bar (ANOVA). ANOVA =
analysis of variance.
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FIGURE 4 - The effect of levofloxacin on erythrocyte mean cellu-
lar volume (fL). Mean + SEM (n = 10) of erythrocytes incubated in
Ringer’s solution for 48 hours without levofloxacin in white bar and
with levofloxacin concentrations (7, 14 uM) in black bars. The Y-axis
represents +SEM. **(p < 0.01) and ***(p < 0.001) indicate a sta-
tistically significant distinction in groups treated with levofloxacin
in comparison to the absence of levofloxacin (ANOVA). ANOVA =
analysis of variance; SEM = standard error of the mean.

membrane blebs. Figure 6 showed noticeable rise in eryth-
rocyte cell size dimensions when compared to cells that
were free of amlodipine, which is most likely due to calcium
entrance inhibition in the cells. This experiment revealed no
shrinkage in the size of erythrocytes, due to the blockade of
Ca** channels confirming the significance of calcium in caus-
ing erythrocyte cell death. Figure 7 shows the findings of %
hemolysis in levofloxacin-treated cells to confirm the hemo-
lytic activity of levofloxacin. Figure 6 shows an increase in %
hemolysis after 2 days of levofloxacin (14 uM) exposure of
erythrocytes.

© 2024 The Authors. Published by AboutScience - www.aboutscience.eu

FIGURE 5 - Effect of levofloxacin on phosphatidylserine content fol-
lowing incubation in Ringer’s solution for 48 hours in the absence
(control group) and presence of levofloxacin (7, 14 uM).
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FIGURE 6 - Measurement of erythrocyte mean cellular volume in
the presence and absence of amlodipine following exposure to
levofloxacin, represented by arithmetic mean + SEM (n = 10) for
erythrocyte incubated in Ringer’s solution, with 14 uM levofloxa-
cin (in black bar) or without (in white bars) demonstrating a decre-
ase in cell dimensions subsequent to amlodipine 10 uM treatment
(ANOVA) as indicated by ***(p < 0.001), ###(p < 0.001). ANOVA =
analysis of variance; SEM = standard error of the mean.

In accordance with our research it was concluded that
therapeutic dosages (7, 14 uM) of levofloxacin may elevate
the rate of erythrocyte elimination from the blood stream
due to oxidative stress and calcium influx, leading to erypto-
sis and hemolyzing the red cells.

Discussion

The intent of this study was to find the impact caused
by levofloxacin on oxidative stress status and cell death of
red blood cells. This objective of the study was achieved by
investigating the antioxidant enzymes’ status, cell dimen-
sions, and the role of calcium in causing the programmed cell
death of red cells. The levofloxacin concentrations (7, 14 uM)
employed in this investigation were the plasma concentration
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FIGURE 7 - The % hemolysis effect of levofloxacin in red cells
is shown. The arithmetic mean + SEM (n = 12) for erythrocytes
incubated in Ringer’s solution with 7 and 14 uM levofloxacin (in
black bars) and without levofloxacin (in white bar) for 48 hours
is presented, with the Y-axis indicating SEM. **(p < 0.01) and
***(p < 0.001) served to emphasize notable differences in compa-
rison to the absence of levofloxacin at 7 and 14 uM, respectively
(ANOVA), while ## reflects distinctions between the % hemolysis
at 7 and 14 uM levofloxacin concentration. ANOVA = analysis of
variance; SEM = standard error of the mean.

reported by Fish and Chow (25). One of the primary drivers
of eryptosis is oxidative stress (14), and increasing oxidative
damage leads to a drop in the activities of free radical scav-
enger enzymes (26). The impairment in enzymatic activity of
SOD could be predictive of the heightened superoxide radi-
cal concentrations, as SOD efficiently catalyzes the conver-
sion of oxygen into H,O,. A decrease in SOD activity was also
evaluated by repeated oral administration of levofloxacin and
other fluoroquinolones in rabbits (27). Similar effect was also
reported on hepatic and renal tissues of rat due to exposure
of levofloxacin (28).

The experiment revealed a moderate (at 7 uM) and
notable reduction (at 14 uM) in GPx activity, which might be
blamed on the formation of ROS. In a related research under
stress red cells, a substantial endogenous rate of H,0, syn-
thesis from hemoglobin autoxidation was observed. GPx cat-
alyzed a reaction by which glutathione is oxidized to detoxify
hydrogen peroxide. Increasing oxidative stress ultimately
leads to demise in GPx activity. The reduced enzyme activ-
ity is due to a decrease in glutathione concentration (29).
Calderdn-Salinas et al (30) reported that oxidative stress
made the red cell to expose PS outside, which also decreases
erythrocyte count.

Catalase activity was also seen to be declined in the pres-
ent study in levofloxacin-treated erythrocytes compared with
controlled groups. The decreased catalase activity might be
due to peroxidative damage to lipids and injury to cellular
components by levofloxacin-induced oxidative insult. Parallel
results were also reported by Khan et al (27) and Farid and
Hegazy (31).

Erythrocyte shrinkage and PS externalization on the
erythrocyte membrane are two eryptotic markers. The high
PS exposure on the outer leaflet of erythrocyte’s plasma

Levofloxacin Triggers Eryptosis via Oxidative Stress Pathways

membrane in levofloxacin-treated erythrocytes indicates
that levofloxacin exposure leads to increased eryptosis.
Obtained data showed significant increase in PS externaliza-
tion in levofloxacin-treated erythrocytes while control group
showed negligible PS exposure. Thus, increasing concentra-
tions of levofloxacin lead to higher PS exposure, which is
the main indicator of eryptosis (16). A decrease in mean cell
volume confirms stimulated eryptosis (24). The activation
of a calcium influx channel in red blood cells by oxidative
stress results in considerable erythrocyte shrinkage (13). This
action is believed to be triggered by Ca**-dependent K* chan-
nel activation in the erythrocyte’s membrane, which results
in increased polarization of membrane and eventual K* loss
followed by ClI~ in the erythrocyte (32). Our results showed
apparent difference in cell shrinkage in amlodipine-treated
and -nontreated erythrocytes, which confirms the role of cal-
cium ions in triggering characteristic cell shrinking of eryp-
totic erythrocytes.

Eryptosis has an important physiological influence on
the disposal of faulty erythrocytes prior to hemolysis (33).
Hemoglobin flows out from hemolyzed cells that may be con-
trarily filtered in the glomerulus and clog the renal tubules
(34). Our results showed a high increase in % hemolysis
(Fig. 6) after 48 hours of levofloxacin exposure to erythro-
cytes at 7 and 14 uM. The release of erythrocyte contents,
particularly hemoglobin, during hemolysis reduces NO bio-
availability. This may lead to vasomotor instabilities, systemic
vasoconstriction, and endothelial dysfunction, as well as cru-
cial clinical problems such as hypertension, respiratory issues,
cardiovascular disorders, impaired renal function, inflamma-
tion, coagulation, and vulnerability to infections (35).
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ABSTRACT

Background: Edible fruits and resins provide various benefits to mankind including potential medicinal applica-
tions. This study aimed to determine the cytotoxicity, selectivity, and clonogenicity of fruits and exudates of certain
Saudi medicinal plants (Anethum graveolens (BEP-09), Opuntia ficus-indica (L.) Miller (BEP-10), Boswellia serrata
Roxb. ex Colebr. (BEP-11), and Commiphora myrrha (BEP-12)) against human liver adenocarcinoma (HepG2).
Methods: Initial cytotoxicity and cell line selectivity against different cell lines were screened using MTT assay.
The most promising extract was subjected to gas chromatography-mass spectrometry (GC-MS) analysis to deter-
mine the main phytoconstituents. Clonogenicity was checked for the most active extract.

Results: The selected plants’ fruits and resins possess a significant cytotoxic activity estimated as IC, . The fruit of
BEP-10 was found to be the most active extract against liver cancer cells (IC_, = 2.82) comparable to both doxo-
rubicin (IC,, = 1.40) and camptothecin (IC, = 1.11). It showed a selectivity index of 4.47 compared to the normal
human foetal lung fibroblast (MRC5) cells. BEP-10 showed a dose-dependent clonogenic effect against HepG2
cells comparable to the effect of doxorubicin. The GC-MS chromatogram of BEP-10 extract revealed the presence
of eight small polar molecules, representing 73% of the total identified compounds and the rest three molecules
(27%) were non-polar constituents. The furan derivatives represent the chief components in BEP-10 (16.3%),
while the aldehyde 5-(hydroxymethyl)-2-furancarboxaldehyde was found to be the main molecule (13.2%).
Conclusion: The fruits of BEP-10 have a potential cytotoxic effect particularly against HepG2. The identified phy-
toconstituents in the tested plant extract might contribute to the investigated cytotoxic activity.

Keywords: Clonogenicity, Cytotoxicity, MTT assay, Opuntia ficus-indica, Saudi plants, Selectivity index

Introduction

Anethum graveolens L. is a member of the Apiaceae fam-
ily locally known as Shabat-sanout. This plant has a long his-
tory of use as a spice in our food, where its seeds and leaves
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are used as flavouring agents. It is an erect, robust, and
rather glabrous annual aromatic herb. The leaves are three
to four pinnate, with the ultimate segments narrowly linear
to filiform. The flowers are yellow, and appear in umbels,
with an elliptic cremocarp. It has been recognized in differ-
ent systems of traditional medicine for the treatment of dif-
ferent diseases and ailments of humans. The plant is used
as an antispasmodic, carminative, and anti-inflammatory. It
is also used as medicine for loss of appetite, cough and cold,
menstrual cramps, liver problems, oral care, strengthening
the immune system, protection against bone degradation,
and urinary tract disorders (1). The antioxidant and antican-
cer activities of A. graveolens were investigated in human,
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lung, breast, and cervical carcinoma cell lines (2-4). Nam et al
(5) studied the anti-inflammatory and protective properties
of A. graveolens (dill seeds) on oesophageal mucosal dam-
age in rats induced by reflux esophagitis and revealed good
physiological activity and the possibility of being used as a
medicinal, food, and functional resource for the prevention
and therapy of gastro-oesophageal disorders. A systematic
review and meta-analysis of randomized controlled trials
investigated the effects of A. graveolens (dill) supplementa-
tion on lipid profile and glycaemic control, showing that A.
graveolens could provide favourable effects on insulin resis-
tance and serum low-density lipoprotein (6). The anthelmin-
tic action of A. graveolens essential oil was found to be a
promising alternative in the control of sheep gastrointestinal
nematodes (7). Khare (8) reported that it was used for eye
problems.

Opuntia ficus-indica (L.) Miller is a member of the family of
Cactaceae locally known as EIBarshoumy—El TeenEIShawki. It
is a shrub or arborescent. Leaves are subulate and deciduous.
Fruits are ellipsoidal or obovoid, red, yellow to orange, fleshy,
edible. The plant is widely distributed in the south and the
southwest of Saudi Arabia. It is widely known for its benefi-
cial properties (9). Historically it was used as food for humans
and farm animals and in folk medicine due to its nutritional
properties and beneficial activities (10). Traditional medicine
has used many plant extracts for human and animal wellness,
due to their beneficial properties in wound healing and skin.
In this regard, the study of Trombetta et al (11) is most helpful.
Traditionally it was used as a treatment for gastritis, hyper-
glycaemia, hypercholesterolaemia, arteriosclerosis, diabetes,
and prostatic hypertrophy, and it also has hypolipidaemic
action and immune regulation function in the gastrointestinal
tract (12). The protective properties of various plant extracts
on airway inflammation related to exposure to PM10 and die-
sel exhaust particles were evaluated in mice (13). The antioxi-
dants of O. ficus-indica as important inhibitors of free radical
formation were reported by Castafieda-Arriaga et al (14),
as well as antioxidants and inhibition of the sugar digestive
enzyme activities of polyphenols by in vitro experiments (15).
The powder of peel and seed of the plant efficiently removes
the aqueous manganese cations (16). The gums were used to
improve the quality of breads and cakes (17). The phenolic
phytoconstituents, antioxidant and antiacetylcholinesterase
activities of O. ficus-indica peel and flower teas were evalu-
ated after in vitro gastrointestinal digestion (18). It modulates
the intestinal microbiome in obese women and improves host
metabolism (19). Polysaccharides from O. ficus-indica showed
a regulating effect on intestinal flora of cyclophosphamide-
induced immunosuppressed mice by effectively increasing
the white blood cell count index and improving their thymus
and spleen, while effectively promoting the secretion of inter-
leukin (IL)-4, IL-1beta, tumour necrosis factor (TNF)-alpha
and interferon (IFN)-gamma (20). Indicaxanthin isolated from
fruits enhances glucose dysmetabolism and reduces insulin
resistance in mice fed the high-fat diet (21).

Boswellia serrata Roxb. ex Colebr. belongs to the
Burseraceae family locally known as luban-Kundur. These
are moderate to large deciduous trees. They have papery
flakes of bark and “yellowish green resin” inside. Leaves are

© 2024 The Authors. Published by AboutScience - www.aboutscience.eu
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compound and alternate. Flowers are white and are distrib-
uted in southern Saudi Arabia.

The extract of B. serrata exhibited a potential effect in
protecting the intestinal epithelium compared to lipopoly-
saccharide (LPS)-stimulated cells (22,23). The diuretic activ-
ity of gum extract in albino rats was investigated (24,25) and
significant diuretic, kaliuretic, and natriuretic effects were
observed. Synergistic antimicrobial activity of essential oil
from B. serrata was studied with various azoles against azole-
resistant strains of Candida albicans pathogens (26). The
plant was used as a culture medium for micropropagation
and as a natural source of nonsteroidal anti-inflammatory
and antiarthritic agents (27). The antianaphylactic and mast
cell stabilizing effects of boswellic acid have been assessed
on passive paw anaphylaxis and revealed potential immuno-
modulatory activity (28). Recently, Boswellia spp. and its iso-
lated bioactive phytoconstituents were traditionally used to
treat chronic disease, inflammation, oral health, and micro-
bial infection (29). Gum is traditionally used for the treatment
of various inflammations that affect the skin, gums, eye, gas-
trointestinal tract (GIT) in addition to respiratory inflamma-
tion disorders such as bronchitis, asthma, laryngitis, etc. (30).

Commiphora myrrha (Nees) Engl. belongs to the
Burseraceae family, locally known as El Murr Elihejazi. These
are spiny, deciduous, almost shrub or small tree, with short
thorns, producing a hard translucent yellowish gum resin.
Leaves are green to greyish or glaucous, variable in shape,
and minute in size. Native to Saudi Arabia, the plant is tradi-
tionally used as an anti-inflammatory and in the treatment
of infectious diseases, making it a very popular and valuable
alternative and traditional medicine (31,32). It was found to
heal wounds, ulcers, and various diseases of the pulmonary,
GIT, and urinary system (33).

Furanodienone and curzerene are bioactive compo-
nents detected in the oil of the resinous exudate of C. myr-
rha that were tested and found to influence the spread of
viruses by intervening at different stages of the virus life
cycle (34). The antiosteoporotic effects of C. myrrha and its
polysaccharide were inhibited through osteoclastogenesis
(35). Sesquiterpenoids and its phytoconstituents isolated
from the resinous exudate of C. myrrha were found to inhibit
the migration of human hepatocellular liver carcinoma cells
(HepG2) according to a dose-dependent pattern (36). A pilot
study revealed that C. myrrha has significant analgesic prop-
erties (37). A combination of herbs (Commiphora mukul, C.
myrrha, and Terminalia chebula) functions as an antioxidant,
hypolipidemic, and antidiabetic substance; it could be recom-
mended as a helpful herbal remedy for those with diabetes
(38). The ethanolic extract of the resin of C. myrrha showed
anti-obesity potential (39). It showed a hepatoprotective
effect against D-GalN/LPS-induced liver injury in a rat model
through multiple pathways (40). Murr (C. myrrha) is benefi-
cial in treating eye diseases, as kahl forms in ulcers of the
eye with other drugs. In Unani medicine, Murr is applied as a
mixture with aabe mooli (radish juice) to eyes for cataracts,
where the eyes are cleaned after dissolving murr in milk and
in infraorbital haemorrhage (41-44).

Tumour-related destructive autoimmune responses can
affect the eye, where autoantibody-mediated destruction

A



86

of retinal cells is induced by ectopic expression of periph-
eral tumour-related ocular antigens (45). Neuroendocrine
tumours can metastasize to the orbits of the eyes of the
midgut carcinoid (46). In the Philippines, the majority of con-
junctival, eyelid, and orbit tumours were benign, and retino-
blastoma was the most prevalent type of intraocular tumour,
while the majority of them were malignant (47). An update is
needed to reorient the way to predict the prognosis of pae-
diatric cancers, such as rhabdomyosarcoma and retinoblas-
toma, and also adult cancers, such as uveal melanoma and
lymphomas, and the benefit of targeted therapies, immuno-
therapy, or even chemotherapy (48).

Fruits and resins are usually used as nutritional supple-
ments and are rarely used for medical purposes. Attempts
are being made to look for the constituents of the plant that
can prevent and reverse cancer. In this study, in vitro anti-
cancer activity and cell line selectivity of two fruits and two
resins were studied in three different cell lines, while clono-
genicity was investigated against HepG2. Furthermore, the
most promising extract was subjected to gas chromatogra-
phy-mass spectrometry (GC-MS) analysis to determine the
main active phytoconstituent(s).

Materials and methods
Phytochemical studies
Identification of plant materials

Four plants — A. graveolens (fruit, coded as BEP-09), O.
ficus-indica (fruit, BEP-10), B. serrata (resin, BEP-11), and C.
myrrha (resin, BEP-12) (Fig. 1) — were identified and taxo-
nomically classified by an expert taxonomist (Dr. Mohamed,
HAA, Department of Biology, Faculty of Sciences, Al-Baha
University) and were compared to herbarium materials
and different volumes of the flora of Saudi Arabia (49-51).
Voucher herbarium specimen numbers (BUH-76,77,78, and
79) were deposited at the Department of Biology of the
Faculty of Science of Al-Baha University.

FIGURE 1 - Opuntia ficus-indica (L.) Miller (BEP-10) grows in the
Al-Baha area, KSA.

In vitro cytotoxicity of Saudi medicinal plants

Collection and extraction of plant materials

Plant specimens were collected from different sites in
Baljurashi province (Wadi El khaitan), Al-Baha area, in April
2021. Fruits (1 kg) and resins (1 kg) were shade-dried and
then powdered using a mechanical grinder. The dried materi-
als were macerated in 80% ethanol v/v) for 1 week at room
temperature. The resulting residues were filtered, pooled,
and evaporated to dryness to provide viscous green to brown-
ish syrups. The crude extracts, so obtained, were transferred
to a Petri plate, allowed to dry, and finally weighed.

The percentage of yield was calculated using the formula:
yield% = (Afforded extract weight)/(Air-dried weight) x 100.

The plants yielded extracts weighing 1.53, 1.73, 1.62, and
2.17 g, respectively.

GC-MS analysis

The dried fruits of O. ficus-indica (L.) Miller (BEP-10) were
dissolved in methanol to reach a concentration of 1 mg/mL
and diluted 1:10 v/v in methanol (100 pg/mL). The diluted
sample was analysed using a GC-MS instrument (Thermo
Scientific, USA) attached to a trace ultra-GC and ISQ detector
and an AS 3000 autosampler. The separation of components
was carried out using a TR-5MS column (Thermo Scientific,
USA) with a length of 30 cm, a diameter of 0.25 mm, and a
film thickness of 0.25 mm. Helium was used as a carrier gas
at 1.2 mL/min with constant flow. The injection port was set
at 32°C for 5 minutes, followed by a ramp to 205°C at a rate
of 5°C/min and a hold time of 5 minutes. This was followed
by a ramp to 280°C at a rate of 5°C/min and hold time of
5 minutes and at the end to 300°C at a rate of 5°C/min and a
hold time of 5 minutes. The maximum oven temperature was
set at 320°C. A volume of 2 pL diluted extract was injected
into the system in split mode with the mass spectrometer run
in electron ionization mode with 0.6 scan periods throughout
the mass range of 60-900 amu (minutes). Both the tempera-
ture of the MS ion source and the transfer line were adjusted
to 320°C and 350°C, respectively, using a 1 kV electron mul-
tiplier voltage.

Identification of phytoconstituents

Xcalibur software was used for mass spectral data analy-
sis and the fragmentation patterns of each constituent were
matched with MS datain the instrument database and built-in
libraries including MAINLIB, NIST, and REPLIB. The phytocom-
pounds present in the extract were identified by comparing
them with the structures available in the computer library,
and the percent abundance of each component was deter-
mined using the peak area as reference. The reported bio-
logical properties of the detected compounds are based
on data from Duke’s Phytochemical and Ethnobotanical
Database (52).

Cancer cell studies

Cancer cell culture

In this study, three cancer cell lines, MCF7 (human breast
adenocarcinoma), HT29 (human colorectal adenocarcinoma),
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and HepG2 (human liver adenocarcinoma), were used, in
addition to MRC5 (normal human foetal lung fibroblast), all
were from American Type Culture Collection (ATCC), USA.
Three cancer cells were subcultured in RPMI-1640 medium
(10% foetal bovine serum (FBS)), while MRC5 was preserved
in Eagle’s Minimum Essential Medium (EMEM, 10% FBS) — all
at 37°C, 5% CO,, and 100% relative humidity, for a maximum
of 5-10 passages.

Cytotoxicity and selectivity studies

The cytotoxic effect of four extracts, in addition to doxo-
rubicin and camptothecin, was evaluated by the MTT assay,
as reported by Alsanosy et al (53) and Abdalla et al (54). Each
cell line was cultured separately in 96 wells (3 x103/well) and
incubated with each of the extracts or doxorubicin at a final
concentration of 0-100 pg/mL, for 3 days at 37°C overnight
(dimethyl sulfoxide (DMSO) 0.1%; n = 3 of three indepen-
dent experiments). After 3 days of incubation, the cytotoxic-
ity of each extract was evaluated using an MTT assay. MTT
was added to each well in culture medium at a concentra-
tion of 0.5 mg/mL and incubated for 3 hours at 37°C. The
MTT solution was removed and the formazan granules were
dissolved by DMSO. The absorbance was read on a mul-
tiplate reader (BIORAD, PR 4100, Hercules, CA, USA). The
optical density of the purple formazan A_, is proportional to
the number of viable cells. The extract concentration caus-
ing 50% inhibition (IC_ ), compared to the control group,
100% cell growth, was estimated using GraphPad Prism. The
selectivity index (SlI) for the five extracts was calculated by
dividing its IC, for MRC5 cells by the IC, for MCF7, HT29, or
HepG2 cells.

Clonogenic assay

The clonogenic assay measures tumour cell survival and
subsequent proliferative ability after drug exposure (55). The
extract (BEP-10) was selected for a further clonogenic test, as
it showed the highest selectivity to the normal cell line MRC5.
Exponentially growing HepG2 cells in DMEM (supplemented
with 10% FBS and 1% penicillin/streptomycin) were seeded in
duplicates at a density of 200 cells/well in a 6-well plate and
allowed to attach overnight and then exposed to an increasing
concentration of BEP-10 (0, 0.75, 1.5, 2.25 pg/mL) for 72 hours.
The wells containing the extract were then replaced with fresh
media without the extract. The cells were left to grow at 37°C,
5% CO,, and 100% humidity. Daily wells were checked and the
cells that form colonies were roughly counted. After 14 days,
plates were rinsed in phosphate-buffered saline and fixed with
pre-chilled methanol at room temperature for 20 minutes,
then stained with 0.5 methylene blue in 1:1 methanoI/HZO
(v/v) for 10 minutes, washed thoroughly in dH,O, and air dried.
Cell colonies were counted and recorded macroscopically.

Ethics approval of the study

According to the standards of Al-Baha University, all
funded project proposals have undergone a critical review
followed by approval by relevant scientific research commit-
tees before acceptance.
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Results
Phytochemical studies

The four plant extracts produced the following vyields:
BEP-09 (15.3%), BEP-10 (17.3%), BEP-11 (16.2%), and BEP-13
(21.7) from fruits and resins (Fig. 2).
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FIGURE 2 - Yield % of dry extracts obtained after ethanolic extrac-
tion and evaporation of four different selected plants. C; control,
*%%: 5 < 0.001.

Identification of phytoconstituents using GC-MS

Investigation of the GC-MS chromatogram (see the
supplementary file) of the fruits of the Miller plant O. ficus-
indica (L.) (BEP-10 extract) indicated the presence, mainly,
of eight small polar molecules (18) (Tab. 1 and Fig. 3).
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FIGURE 3 - Structures of chemical constituents identified by gas
chromatography-mass spectrometry for the fruits of Opuntia ficus-
indica (L.) Miller (BEP-10 extract).
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TABLE 1 - Phytoconstituents identified by GC-MS analysis of the extract of Opuntia ficus-indica (L.) Miller (BEP-10)

Compound Formula Molecular Peak Retention Biological activity
weight area time
(%) (minutes)
(1) 5-(hydroxymethyl)-2- C.H,0, 126.11 13.2 5.875 Known to be associated with antimicrobial
furancarboxaldehyde properties (56) used as an antifungal (57)
(2) 1-(4'-Hydroxyphenyl)-2-propanone C,H,,0, 150.17 2.52 7.752 Exhibits a myriad of pharmacological actions, such
as antimicrobial, antitussive, antispasmodic, and
anticancer properties (58)
(3) 4-Butyl-phenol C,H,.0 150.22 2.93 8.011 No significant report
(4) 1,6-Anhydro-beta-D-glucopyranose  C.H, O, 162.14 5.31 8.328 No significant report
(5) Ethylalpha-d-glucopyranoside CH,.0, 208.09 4.60 9.245 Maintenance and improvement of skin
homeostasis and moisturizing functions (59)
(6) Benzeneacetic acid, 4-hydroxy-, C,H, O, 166.06 4.66 9.438 -
methyl ester
(7) 3-Deoxy-d-mannonic acid C.H,0, 180.16 6.43 9.651 -
(8) 5-(2-Furyl)-3-methyl-penta-2,4- CoH,0, 17818 31 9843 -
dienoic acid
(9) n-Hydroxydecanoic acid C,H.,0, 256.42 1.89 11.347 As anti-inflammatory (60), cytotoxic activity (61)
(10) Hexadecanoic acid, 2-hydroxy-1- C _H..O, 330.50 3.01 14.656 -
(hydroxymethyl)ethyl ester
(11) Stigmast-5-en-3-ol C,,H.,0 414.71 1.54 23.313 Apoptotic and antiproliferative effects (62)

GC-MS = gas chromatography-mass spectrometry.

These molecules represent 73% of the total identified com-
pounds. The rest (27%) were the non-polar constituents
represented by compounds 9-11. Therefore, polar mol-
ecules constitute >40% of the peak area % relative to the
total peak area % of the components that existed in BEP-10
extract. In contrast, non-polar residues represented only 8%
of the total peak area % of the components that existed in
BEP-10 extract. 5-(Hydroxymethyl)-2-furancarboxaldehyde
(1) was found to be the main molecule in BEP-10 extract
(13.2%). The other furan derivative (8) was found to have
a peak area % of 3.1. Thus, furan derivatives represent the
main component of BEP-10 extract (Fig. 4) while phenolic

Peak area % of the Major Componentsin BEP-10

18,00%
16,00%
14,00%
12,00%
10,00%
8,00%
6,00%
4,00%
2,00%
0,00%

16,30%

9,91% 10,05%

Peak area %

4,90%

Peak area %

1,54%

Chemical Class

derivatives represented by compounds 2, 3, and 6 came at
the second level (peak area % = 10.05) with carbohydrates 4
and 5 (peak area % = 9.91).

Cytotoxicity and cell line selectivity studies

The four extracts showed a variable IC_ ranging from 0.75
to 19.32 pg/mL. The most active extract was BEP-10 against
HepG2 cells, and showed ~4.5-fold selectivity compared to
normal MRC5 cells. The selectivity of the extract BEP-10 was
greater than that of doxorubicin and camptothecin (Tabs. 2
and 3).

FIGURE 4 - Peak areas (%)
for the major components of
Opuntia ficus-indica (L.) Miller
(BEP-10 extract).

B Carbohydrates
m Fatty acids and their derivatives
B Phenolic derivatives

Steroids

W Furan derivatives
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TABLE 2 - Cytotoxic activity of the four extracts, doxorubicin and camptothecin, against three cell lines, and normal fibroblast (MTT 72

hours, IC, , ug/mL £SD, n = 3)

Extract MCF7 HT29 HepG2 Average™ IC MRC5

BEP-09 6.00£1.61 8.20+0.57 5.20+0.58 6.47 2.94+0.71
BEP-10 1.85+0.73 5.85+0.23 0.7520.11** 2.82%* 3.34+0.41
BEP-11 16.93+0.66 16.07+0.11 14.07£1.04 15.69 10.77£0.54
BEP-12 16.53+£0.43 19.32+0.64 9.60+0.82 15.15 8.72+1.56
Doxorubicin 0.07£0.01 1.98+0.10 2.15£0.15 1.40 5.86+0.35
Camptothecin 0.08+0.01 2.50+0.26 0.76x0.07 1.11 1.18+0.10

*Average cytotoxicity (IC, ) of each extract against the three cancer cells. **p < 0.01.

TABLE 3 - Selectivity index of the five extracts, doxorubicin, and
camptothecin, against normal MRCS5 cells

Extract MRC5 HT29 HepG2
BEP-09 0.49 0.36 0.57
BEP-10 1.80 0.57 4.47
BEP-11 0.64 0.67 0.77
BEP-12 0.53 0.45 0.91
Doxorubicin 78.57 2.96 2.73
Camptothecin 13.80 0.47 1.55

Clonogenic effect of the extract BEP-10 against HepG2 cells

The extract BEP-10 was tested for its possible clonogenic
effect against HepG2 liver cancer cells. The extract revealed
a dose-dependent clonogenic activity against a dose-depen-
dent effect against HepG2 cells that was comparable to the
effect of doxorubicin on the same cancer cells (Fig. 5).

Discussion

Fruits and resins have interesting medicinal uses. In vitro
anticancer activity, cell line selectivity, and clonogenicity were
considered as a useful trend to scavenge for a useful natural
therapeutic agent(s) with putative anticancer property.

The extract of O. ficus-indica (fruits; BEP-10) yielded
17.3%. This indicates the high amounts of constituents that
are expected to be available in these fruits.

The MTT assay of the four extracts showed a vari-
able IC,, ranging from 0.75 to 19.32 ug/mL comparable to
both standards: doxorubicin (IC,, = 1.40) and camptothecin
(IC,, = 1.11), respectively. Fruits appear to be more effec-
tive than resins, because they showed lower IC,, values than
those produced by standard drugs. These results were consis-
tent with those of Castafieda-Arriaga et al (14) who studied
the antioxidant effect of this plant and found that its chelat-
ing compounds can reduce the harmful effects caused by the
most reactive free radical existing immediately.

The resulting selectivity (~4.5 fold) of the most active
extract BEP-10 against HepG2 cells compared to normal
MRCS5 cells was found to be higher than that of doxorubicin
and camptothecin. The extract BEP-10 was considered for

© 2024 The Authors. Published by AboutScience - www.aboutscience.eu

more cytotoxic and mechanistic studies. Selectivity indicates
the ability of the extract to have a maximum effect on can-
cerous cells and a lesser effect on normal cells. This indicates
both its safety and efficacy, and thus it can serve as a promis-
ing and useful drug candidate (63).

Due to its high selectivity for HepG2 liver cancer cells,
the extract BEP-10 was chosen to test its possible clonogenic
effect and showed a dose-dependent clonogenic effect com-
parable to the effect of doxorubicin in the same cells. The
macroscopically counted cell colonies indicate the suppres-
sion ability of the active extract, which can be taken as evi-
dence to support the preliminary cytotoxicity and selectivity
effects. A study by Terzo et al (21) revealed that the O. ficus-
indica fruit extract exerted significant antioxidant and anti-
inflammatory effects.

Correlating the cytotoxic activity of the most promising
BEP-10 extract with its phytochemical constituents, GC-MS
was performed and different classes of phytoconstituents
were detected, including polar molecules (73%) and lipo-
philic constituents (27%). These have been reviewed as anti-
inflammatory (64), antioxidant (65), and anticancer agents (66).

Our results showed that in compound 1, aldehyde
5-(hydroxymethyl)-2-furancarboxaldehyde, the furan deriva-
tive was the main compound of the BEP-10 extract. The
literature revealed that the medicinal properties of furan
include anticancer, antidepressant, antianxiolytic, analgesic,
anti-inflammatory, muscle relaxant, antihypertensive, anti-
arrhythmic, antimicrobial like antibacterial, antifungal, or
antiviral (67), anti-ageing agents, anti-ulcer, antihistaminic,
anticholinergic, antiparkinsonian, antidiuretic, and inhibition
of sickle cell formation (68).

However, the GC-MS chromatogram showed three phe-
nolic derivatives (compounds 2, 3, and 6) that were classi-
fied as second contents in the BEP-10 extract. These findings
were consistent with various studies such as the anticancer
(69), anti-trypanosomal activity (70), antileishmanial, anti-
inflammatory and antimicrobial activities (71), and anti-neu-
roinflammatory and neuroprotective activities (72).

Conclusion

The study concludes that the O. ficus-indica fruit (BEP-10)
is widely distributed in the Al-Baha area and is locally consid-
ered a popular fruit. Its extract showed a significant cytotoxic
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effect, particularly against HepG2 liver cancer cells with high
cell selectivity.

Polar and lipophilic phytoconstituents were identified in
the plant extract and could contribute to the investigated
cytotoxic activity. The furan derivatives that are present as
the main compound may play a vital role in the activity stud-
ied. Further research is required to obtain the profile of the
drug candidate.
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ABSTRACT

Introduction: Colorectal cancer incidences continue to increase annually, worldwide. Herbal plants with antipro-
liferative properties received research interest as agents that can be adjuvant therapies with chemotherapy drugs
to enhance their efficacy and reverse drug resistance.

Methods: Sclerocarya birrea ethanolic (SBE) and aqueous (SBW) extracts combined with doxorubicin (DOX)
against drug-sensitive and drug-resistant colorectal cancer cells were investigated for their potential adjuvant and
drug resistance reversal. The extracts were assessed for their potential anticancer activities on HCT15 and HT29
cell lines as well as their doxorubicin potentiating and drug resistance reversal effects respectively. The extracts
were assessed for their cytotoxicity on normal 3T3-L1 fibroblast cells.

Results: Both SBE and SBW extracts exhibited no toxicity against normal 3T3 cells and showed low activity on the
HT29 cell line. Contrarily, resistant HCT15 cells showed moderate to low activity with significantly higher inhibi-
tory concentration (IC), values. The combination of SBE with DOX and SBW with DOX resulted in antagonistic
interactions, causing an increase in IC_ values for HT29 and HCT15 cells. In contrast, the combination of DOX and
verapamil (VER) produced an additive effect, with no change in their IC,  values.

Conclusion: Based on the findings from the combination treatment, the SBE and SBW extracts demonstrated
higher efficacy and synergistic effects combined with DOX at IC,. compared to the combination of DOX and VER,
suggesting their potential as anticancer agents. However, further research on both the SBE and SBW extracts’
mechanisms of action and in vivo effects is warranted.

Keywords: Colorectal cancer, Doxorubicin drug resistance, Sclerocarya birrea, Synergy, Verapamil

P-glycoprotein (P-gp) inhibitors, such as verapamil (VER),
have been shown to increase intracellular DOX accumulation;
however, their usage also at higher doses produces unfa-
vourable side effects, limiting their ability to treat patients
with cancer (4). As a result, medicinal plants acquired atten-
tion as agents that can be used to potentiate the effect of
conventional drugs at lower doses, thus minimizing the
occurrence of drug resistance (5). The use of natural prod-
ucts in managing and treating colon cancer is extensively
reported across various scientific studies that looked into in
vitro and in vivo models (6-8). However, there is insufficient
data on the effects of natural products to reverse or mitigate
drug resistance, particularly doxorubicin resistance in colon
cancer (9).

Introduction

Colorectal cancer (CRC) is ranked third in cancer inci-
dences and second in terms of cancer fatalities, worldwide
(1). According to the South African statistics, CRC is mostly
ranked second in men and fourth in women. It tends to occur
most frequently in White people (52%-54%), subsequently
followed by African people (26%-28%), coloured people
(14%-15%), and Indian people (4%-7%) (2). Conventional
chemotherapy drugs, like doxorubicin (DOX) used for treat-
ing CRC, require higher doses for increased efficacy, which
often leads to severe side effects in patients, drug resistance,
and decreased treatment effectiveness (3). First-generation
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Sclerocarya birrea, also known as the Marula tree, is
an African indigenous, dioecious tree belonging to the
Anacardiaceae family (10). The fruits of the tree are com-
monly used for making food and alcoholic beverages, the
leaves are traditionally used to treat heartburns, and the bark
decoction of the tree is used to treat diarrhoea and abdomi-
nal pains (11). A study by Masoko et al showed that the etha-
nol extracts of the plant possess antifungal properties when
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used together with standard antifungals (12). Other stud-
ies revealed that the bark extracts of this plant had other
pharmacological activities such as anticancer, antidiabetic,
anti-inflammatory, anti-atherogenic as well as antioxidant
activities (11,13). However, research on the combinatory
effect of this plant with DOX is still lacking in CRC.

Therefore, the present study examined the possible anti-
tumour effects of ethanolic (SBE) and water (SBW) extracts
of S. birrea bark. The synergistic, additive, or antagonistic
effects of DOX when combined with ethanolic and water
extracts from S. birrea bark have been evaluated in relation
to selected human CRC cell lines. The effects have also been
evaluated for reversing drug resistance against chemoresis-
tant CRC cell lines.

Methods
Plant material collection and identification

The plant was collected by Rangers of Zuka in the Northern
KwaZulu-Natal Private Conservancy, KwaZulu-Natal, South
Africa. The South African National Biodiversity Institute docu-
mented the plant’s identification, which was indicated by its
national tree number of 360. Following the harvest, the plant
was washed to remove debris, dried at room temperature,
and grounded into fine powder using an electric hammermill
(Roff, Kroonstad, South Africa).

Preparation of S. birrea extract

The extraction process was performed according to
Mohammed et al (14) and Nyoni et al (15) with slight modifi-
cations. Accurately weighed 40 g of the dried plant material
was extracted (24 hours x 3) in ethanol and distilled water,
respectively, at a ratio of 1:5 w/v, at room temperature using
a horizontal shaker (ABC Hansen Africa, South Africa). The
extract was filtered using a Whatman filter paper and the
filtrate was stored at 4°C. Thereafter, SBE extract was con-
centrated using a rotary evaporator (Buchi, South Africa)
and SBW extract was dried using freeze-dryer (Buchi, South
Africa). Both dried extracts were stored away from direct
sunlight and moisture for further use.

The percentage yield of both plant extracts was calcu-
lated using the below equation:

mass of the dry extract

Percentage yield = x 100

mass of the sample

Analysis of S. birrea extracts using thin layer chromatography

To determine the chemical fingerprint of the extracts,
thin layer chromatography (TLC) analysis was conducted
according to methods adopted from Masoko et al (12) and
Abdulhamid et al (16). For each crude extract, 1 mg/mL stock
solution was prepared by reconstituting each extract with
the solvent of extraction. The following mobile phases were
used for the analysis:

A. Benzene:methanol:ammonium hydroxide (90:10:1, v/v/v)
B. Dichloromethane:ethyl acetate:hexane (5:2:1 v/v/v)

© 2024 The Authors. Published by AboutScience - www.aboutscience.eu
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TLC analysis

TLC was performed on aluminium TLC plates precoated
with silica gel 60 PF__, (Thermo Fisher Scientific, South Africa).
The plates were spotted with 20 uL of S. birrea extracts
approximately 1 cm from the bottom edge of the plates. Both
plates were kept into presaturated Shandon chromatographic
tanks containing mobile phases at room temperature. All the
samples were left to run for 30 minutes. Ultraviolet light was
used to visualize the spots on TLC plates at 254 and 366 nm.
The sample and solvent fronts of the separated spots were
marked and measured, and a retention factor (Rf) was calcu-
lated using the equation below:

Rf— Distance travelled by spot
Distance travelled by solvent front

High-performance liquid chromatography analysis

The analysis was performed on an Agilent 1100 high-
performance liquid chromatography (HPLC) system equipped
with a diode array detector. In brief, 1 mg/mL stock solu-
tion was prepared by reconstituting each extract with the
solvent of extraction. The stock solution was then filtered
through a 0.45 um filter. The liquid chromatography (Agilent
1100 HPLC with a diode detector) analysis was performed
on a Phenomenex Luna 5u C, (2) column of 100 A (150 x
4.6 mm, 5 um) with gradient elution and peaks measured at
wavelength of 280 nm. The column oven temperature was
set to 30°C, and the flow rate was 1.0 mL/min. The injection
volume was 10 pL, and the dwell volume of the HPLC sys-
tem was 1.8 mL. Distilled water served as the mobile phase
A and acetonitrile served as mobile phase B. The absolute
run time was 40 minutes using the following multistep linear
gradient: 0 minute, 95% A and 5% B; 7 minutes, 65% A and
35% B; 12 minutes, 55% A and 45% B; 17 minutes, 50% A
and 50% B; 27 minutes, final conditioning cycle of 95% A and
5% B for 5 minutes was included before the next analysis. An
Openlab CDS ChemStation Edition Software was used for the
result analysis.

Bioanalysis of S. birrea bark extracts, DOX, and VER

S. birrea extracts, DOX, and VER were evaluated against a
normal human embryonic fibroblast cell line, drug-sensitive
human colorectal adenocarcinoma cell line (HT29) and drug-
resistant human colorectal adenocarcinoma cell line (HCT15),
to determine their cytotoxicity, anticancer, and resistant
reversal effects.

Cell culture

The cell lines 3T3-L1, HT-29, and HCT-15 were purchased
from the American Type Cell Culture (ATCC, Manassas,
Virginia). All the cells were cultured in Dulbecco’s Modified
Eagle Medium (DMEM) supplemented with 10% foetal
bovine serum (FBS) and incubated in a humidified incuba-
tor at 37°C with 5% CO, and 95% atmosphere until 70%-80%
confluency was reached. Details of cell lines used during the
study are tabulated in Supplementary Table 1.
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Sample preparation

DOX and VER (positive controls) were prepared as stock
solutions in dimethyl sulfoxide (DMSO) at concentrations of
5 and 2 mg/mL, respectively. DOX working stock solutions
were prepared at 5.0, 4.0, 3.0, 2.0, 1.0, 0.5, 0.25, 0.13, 0.06,
and 0.03 pg/mL while VER working concentration range was
200, 150, 100, 50, 25, 12.5, 6.25, 3.13, 1.56, and 0.78 pg/mL.

Ethanol (60 mg/ml) and water (50 mg/ml) extracts stock
solutions were prepared in DMSO and DMSO:H,0 at a ratio
of 1:1 (v/v), respectively. A range of working concentrations
were prepared for ethanol extract at 400, 300, 200, 100, 50,
25,12.5,6.25, 3.13, and 1.56 pg/mL while 500, 450, 400, 300,
200, 100, 50, 25, 12.5, and 6.25 pg/mL were prepared for the
H,O extract. All samples and positive controls were prepared
in culture medium.

Cytotoxicity assay and anticancer activity of the extracts

The cytotoxicity of S. birrea extracts, DOX, and VER was stud-
ied to determine their inhibitory and anticancer activity on HT29
and HCT15 cells, as well as their influence on embryonic 3T3 cell
growth (normal cells) by MTT assay. The cells were treated with
single treatment of SBE and SBW extracts and/or DOX and VER
at various concentrations and incubated for a period of 72 hours.

MTT assay

MTT assay was performed to examine the cell viability.
After 72 hours incubation period, 100 uL of MTT solution
contained in 200 pL of fresh medium was added into each
well and incubated for 3 hours at 37°C. After the incuba-
tion period was complete, purple formazan salts appeared
in the bottom of the wells. Thereafter, a microplate reader
(Multiskan GO, Thermo Fisher Scientific, South Africa) was
used to read the absorbances of each plate at 570 nm, which
were used to calculate growth inhibition values and further
determine the inhibitory concentration (IC), values of the
test samples.

Selectivity index

The selectivity index (SI) is an estimate of the ratio of the
toxic concentrations in the test sample relative to its optimal
bioactive concentration. Establishing the Sl value is impor-
tant for determining whether further work can be continued.
It is given by the equation below and an Sl value >3 indicates
that the test sample can be further investigated (17):

IC., (normal cells
SI (cancer cells) = so { )

IC, (cancer cells)

Combination treatment of the selected cell lines
with S. birrea extracts and the control drugs

Combination treatment in HT29 cells

The HT29 cells were seeded in a 96-well microplate (1.5
x 10* cells/well), and exposed, in duplicates, to each agent
alone (100 pL) and both (50 pL/agent) in combination. The
cells were subjected to a total of five concentrations of half-
fold serial dilutions, with two concentration points above and
below the IC, values of each S. birrea extract, DOX, and VER.

S. birrea with doxorubicin: combined effects on CRC cells

The treated plates were then incubated for 72 hours followed
by MTT assay for cell growth inhibition determination. The
IC,, of combination treatment was then determined to calcu-
late the combination index (Cl).

Resistance reversal assay on HCT15 cells

A resistance reversal assay was performed on the drug-
resistant cell line HCT15 to determine cell growth inhibi-
tion after exposure to a combination of SBE extract + DOX,
SBW extract + DOX, as well as the combination of VER +
DOX. HCT15 cells were seeded in a 96-well microplate (1.5 x
10* cells/well) and treated with 100 pL of DOX or VER and/
or S. birrea extracts alone and also exposed to 50 pL of DOX
combined with 50 pL of VER. The cells were also treated
with 50 pL of DOX combined with 50 pL SBE as well as
50 uL of DOX combined with 50 uL SBW followed by 72 hours
incubation.

Analysis of combination cell treatment
Calculation of CI

One of the most used ways to evaluate whether the com-
bined effect of S. birrea extracts and DOX is effective is to
determine a Cl that is calculated from Chou-Talalay’s method
on CompuSyn software (Online) using absorbance values
from MTT assay (18). The computer software CompuSyn and
the equation is used to calculate the Cl.

= IC;, of doxorubicin in combination

IC5, of doxorubicin alone
IC5, of S. birrea extract in combination

IC5, of S. birrea extract alone

Calculation of dose reduction index

Dose reduction index (DRI), also known as the reversal
ratio or the cytotoxicity enhancement ratio, is a measure of
how many times the dose may be reduced when compared
to the doses of each drug when used separately (18), which
is calculated as follows:

DRI — IC50 of cytotoxic drug alone

B IC,, of cytotoxic drug in combination with
combination partner

Calculation of cell growth inhibition percentage

The following equation was used to calculate the cell
growth inhibition (19) percentage:
At — Ab
Ac—Ab
where Ab = absorbance value of the blank, At = absor-

bance value of the test compound, and Ac = absorbance
value of the control.

Percentage cell growth inhibition = 1—[ ]x 100

Drug combination evaluation using Bliss independence model

To determine whether the anticancer effect of combin-
ing two drugs targeting different biological pathways shows

A‘ © 2024 The Authors. Drug Target Insights - ISSN 1177-3928 - www.aboutscience.eu/dti
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a synergistic effect of drug combinations, a bliss independent
model was used, which employs average response measure-
ments at each combination dosage. The bliss independence
model was accessed using Online.

Statistical analysis

The data was expressed as means * standard error of the
mean (SEM) of three independent experiments. Results were
analysed using Microsoft Excel for anticancer and resistance
reversal activity and graphs for anticancer were generated
from GraphPad Prism version 8, 2008 software (GraphPad
Software, Inc., La Jolla, CA, USA). For Cl interactions and the
dose-response index, the computer software CompuSyn was
used. Synergy finder was used to determine the synergy dose
points at 95% confidence interval and the level of significance
was determined at p values <0.05.

Results and discussion

Plant extraction

S. birrea bark was extracted using cold ethanol and dis-
tilled water. The SBE extract yield was found to be 12.75%
and resulted in a sticky, dark brown, dry extract, while the
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SBW extract resulted in a brown, spongy powder with a per-
centage yield of 11.43%.

TLC analysis

TLC analysis was performed to obtain a chemical finger-
print of different compounds that separated in the S. birrea
extracts using different mobile phases. Supplementary
Figure 1 shows TLC bands obtained from the SBE extract
using two mobile phases. The mobile phase as depicted
in Supplementary Figure 1A resulted in yielding a total of
four bands with Rf values ranging from 0.4 to 0.9, while the
mobile phase as shown in Supplementary Figure 1B resulted
in yielding five bands with Rf values ranging from 0.2 to 0.9
(Supplementary Tab. 3). SBW extract couldn’t give good sep-
aration on TLC plates in aforementioned mobile phase.

High-performance liquid chromatography

HPLC was performed to obtain the chemical fingerprint
of the separated compounds from S. birrea bark extracts.
Figure 1 shows the chromatogram of the SBE extract super-
imposed with the standard chromatogram of gallic acid at
220 nm, while Figure 2 shows the chromatogram peaks of

DADT A, Sig=220 4 Ref=off (250CT20235CB 2023-10-25 16-09-531001-91-Linle_EOH_SCB D)
DAD1 A, Sig=220,4 Ref=off (250CT2023SCB 2023-10-25 16-09-531003-93-Gallc Acid.D)

17.223

FIGURE 1 - Chromatogram peaks
of the SBE extract superimposed
with the chromatogram of gallic
acid. The HPLC conditions were
as follows: The column oven tem-
perature was set to 30°C; flow
rate was 1.0 mL/min; injection
volume was 10 uL; and the dwell
volume of the HPLC system was
1.8 mL. HPLC = high-performance
liquid chromatography; SBE =
Sclerocarya birrea ethanol.

500

200

FIGURE 2 - Chromatogram peaks
of the SBW extract superimposed
with the chromatogram of gallic
acid. The HPLC conditions were
as follows: The column oven tem-
perature was set to 30°C; flow
rate was 1.0 mL/min; injection
volume was 10 uL; and the dwell
volume of the HPLC system was
1.8 mL. HPLC = high-performance
liguid chromatography; SBW =
Sclerocarya birrea water.

i
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the SBW extract superimposed with the chromatogram of
gallic acid at 220 nm. Therefore, chromatograms indicate the
possible presence of gallic acid in both plant extracts.

Anticancer effect of VER, DOX, and S. birrea bark extracts

S. birrea extracts, VER, and DOX were tested for their cyto-
toxicity against drug-sensitive HT29 and drug-resistant HCT15
cell lines to determine their anticancer activity by MTT assay.

The SBE extract induced an anticancer effect on both
HT29 and HCT15 cells in a dose-dependent manner with the
higher inhibition of ~70% and ~80% at 400 pg/mL and low-
est percentage inhibition of ~1% and ~15% at 1.56 pg/mL
(Figs. 3A and 4A) with an IC, value of 157.46 + 0.23 and
50.67 + 1.61 pug/mL, respectively (Tab. 1). In addition, the
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S. birrea with doxorubicin: combined effects on CRC cells

SBW extract also induced growth inhibitory effects in HT29
and HCT15 cell lines in a dose-dependent manner with the
highest percentage inhibition of ~80% and ~60% at 500
pug/mL and lowest percentage inhibition of ~5% and ~10%
recorded at concentrations of 6.25 ug/mL (Figs. 3B and 4B).
The IC,, value of the SBW extract was 181.80 + 0.41 ug/mLin
HT29 cells and 438.42 + 0.12 ug/mL in HCT15 cells as shown
in Table 1.

DOX demonstrated anticancer effect on both HT29 and
HCT15 cells with the higher percentage inhibition of 80% on
both cell lines at 5 pg/mL and lowest percentage inhibition of
19% (on HT29) and 17% (on HCT15) at 0.03 pg/mL (Figs. 3C
and 4C) with an IC, value of 0.45 + 0.10 and 1.34 + 0.1 pg/mL,
respectively (Tab. 1). In addition, VER also exhibited an anti-
cancer effect on both the aforementioned cell lines (Figs. 3D

FIGURE 3 - Anticancer effect
of SBE (A), SBW (B), DOX (C),
VER (D) on HT29 cell line. DOX
= doxorubicin; SBE = Scleroca-
rya birrea ethanol; SBW = Scle-
rocarya birrea water; VER =
verapamil.

100 200 300 400 450 500

Concentration (ug/mL)

100 200

Concentration (ug/mL)

FIGURE 4 - Anticancer effect of
SBE (A), SBW (B), DOX(C), VER
(D) on HCT15 cell line. DOX =
doxorubicin; SBE = Sclerocarya
birrea ethanol; SBW = Scle-
rocarya birrea water; VER =
verapamil.

100 200 300 400 450 500

Concentration (pg/mL)

Concentration (pg/mL)
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and 4D) with the highest percentage of ~99% inhibition at a
concentration of 200 pug/mL whereas the lowest percentage
inhibition was ~20% at a concentration of 0.3 pg/mL for HT29
and HCT15, respectively. Furthermore, the IC_ of VER on HT29
cells obtained was 2.78 + 0.46 pg/mL while VER on HCT15 cells
was 8.75 + 2.03 ug/mL (Tab. 1).

TABLE 1 - The IC_  values of the drugs and Sclerocarya birrea extracts

Cell DOX VER SBE extract SBW extract
type (ng/mL) (M) (ng/mL) (ng/mL)

HT29 0.45+0.10 2.78+0.46 15746+0.23 181.80+0.41
HCT15 1.34+0.1 8.75+2.03 50.67+1.61 438.42+0.12

DOX = doxorubicin; IC = inhibitory concentration; SBE = Sclerocarya birrea
ethanol; SBW = Sclerocarya birrea water; VER = verapamil.

Combination treatment of the S. birrea extracts with DOX
and DOX with VER on HT29 cell line

SBE and SBW extracts were also subjected to combination
treatment with DOX and DOX with VER (control) to examine
their interaction against HT29 cells. The nature of interaction
was evaluated using Cl values from CompuSyn, which gives
a quantitative definition of an additive interaction, that is,
when the Clvalueis 1.00; a synergistic interaction when the Cl
value is <1; and an antagonistic interaction when the Cl value
is>1.15atlIC,_, IC,, IC,, and IC .. The combination treatment
was also performed to determine the DRI of the test samples
at IC,, IC,,, IC,, and IC,, in order to determine how much
the doses of each test samples in combination were reduced
to achieve effect levels that were comparable with those
achieved with single test samples. The IC and Cl values of the
combined treatment of VER and DOX, S. birrea extracts, and
DOX against HT29 cells are shown in Supplementary Table 4.
The combined treatment was also evaluated using synergy
finder to determine synergistic dose points and their synergy
scores from their percentage inhibition.

As seen in Supplementary Table 4, the combined treat-
ment of VER and DOX resulted in an additive effect with CI
value of 1.0, while the IC_ values decreased from 3.04 to
1.31 pg/mL for VER and 0.45 to 0.26 pg/mL for DOX. The
decreased IC_ values were achieved by DRI with a magnitude
2.3-fold and 1.7-fold for VER and DOX, respectively. However,
IC,¢ 1C5, and IC,, demonstrated normal to strong synergistic
effects coupled with a significant decrease in the concentra-
tions of VER and DOX with greater DRI ratios, which indicated
that there was reduced toxicity.

Three synergistic dose points were obtained with their
synergy scores as well as their inhibition scores in the com-
bination treatment of DOX and VER against HT29 cells.
The highest synergy score recorded was 6.84 yielded by
the combination of 0.11 pg/mL of DOX and 4.76 pg/mL of
VER with a cell growth inhibition percentage of 57.85% as
shown in Figure 5. The second synergistic dose points were
1.19 pg/mL of VER and 1.8 pg/mL of DOX with a synergy
score of 2.56 and an inhibition percentage of 82.07%. The
third synergistic dose points were found from the combi-
nation of 0.6 pg/mL of VER and 1.18 pg/mL of DOX with a
synergy score of 0.99 and an inhibition percentage of 73.2%.

© 2024 The Authors. Published by AboutScience - www.aboutscience.eu
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Other dosage points resulted in antagonistic scores and one
additive score of 0.43.

SBE extract and DOX combinations exhibited normal
to strong antagonistic effects from IC_ to IC, as depicted
in Supplementary Table 5. The DRI values of both the drug
and the ethanol extract decreased drastically while synergy
finder analysis showed no synergistic scores obtained from
the combination of the ethanol extract and DOX as shown in
Figure 5.

Combinations of the SBW extract and DOX vyielded
antagonistic interactions (Cl of 2.5) while both IC_  values
were increased by a magnitude of 0.3-fold and 0.4-fold for
SBW extract and DOX, respectively (Supplementary Table 6).
Contrarily, IC,., IC,,, and IC,, resulted in normal synergistic to
strong synergistic interactions with Cl values of 0.97, 0.37,
and 0.19, further attributed by a significant decrease in the
concentrations of both the drug and the extract. Synergy
finder analysis showed that this combination yielded no
synergistic scores as shown in the bliss heatmap diagram in
Figure 5.

Combination treatment of the S. birrea extracts with DOX
and DOX with VER on HCT15

SBE and SBW extract of S. birrea were also subjected to
combination treatment with DOX and DOX with VER (control)
to examine their interaction against HCT15 cells. The nature
of interaction was evaluated using Cl values (as mentioned
above) from CompuSyn. The combination treatment was also
performed to determine the DRI of the test samples at IC, ,
IC,,, IC,,, and IC,, in order to determine how much the doses
of each test samples in combination were reduced to achieve
effect levels that were comparable with those achieved
with single test samples. The IC and CI values of the com-
bined treatment of VER and DOX, S. birrea extracts, and DOX
against HCT15 cells are shown in Supplementary Table 7 and
Supplementary Table 8, respectively. The combined treat-
ment was also evaluated using synergy finder to determine
synergistic dose points and their synergy scores from their
percentage inhibition.

The combined treatment of VER and DOX resulted in
an antagonistic effect with Cl value of 1.33 coupled with
decreased IC, values of VER (6.6 to 0.38 pg/mL) and DOX
(2.99 to 0.33 pg/mL) by DRI magnitudes of 2.64-fold and 0.46-
fold as shown in Supplementary Table 7. At IC,, IC,,, and IC,.,
a strong synergistic interaction was observed when the two
drugs were used against HCT15 cells (Cl = between 0.3 and
0.09), which indicates that resistance reversal activity was
observed from the combination treatment of these control
drugs. According to the bliss heatmap model, there were ten
synergy scores obtained from different concentrations of the
combination treatment of DOX and VER as shown in Figure 6.

Combination of the SBE extract and DOX yielded an
antagonistic effect (Cl of 3.75) with increased IC,  value of SBE
extract (49.35 to 89.86 ug/mL) and DOX (0.68 to 1.32 pg/mL)
by DRI ratios of 0.54-fold and 0.51-fold, respectively, as
depicted in Supplementary Table 8. Moreover, strong syner-
gistic interactions were demonstrated from IC_ . toIC,, with Cl
values ranging from 0.001 to 0.26, which suggests that drug
resistance was reversed. Additionally, two synergistic dose
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FIGURE 5 - Heatmap diagrams
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points were obtained from this combination (Fig. 6), one
from 40.84 pg/mL of the extract and 0.312 pug/mL of DOX
with a synergy score of 4.7 and a highest synergy score of
6.63 was yielded by the combination of 40.84 ug/mL of the
extract and 0.612 pg/mL of DOX with an inhibitory percent-
age of 73.57%.

The combinatory effect of the SBW extract and DOX
yielded strong antagonistic interactions from IC_; to IC,,. The
DRI ratios were decreased drastically while no synergistic
dose points were recorded using synergy finder analysis as
shown in Supplementary Table 9 and Figure 6.

A

Verapamil (ug/mL)

The dose-response curve illustrates the combined effect
of the drugs and S. birrea extracts in the supplementary data
sheet depicted as the bliss independence model synergy map
for each combination treatment.

Cytotoxic effects of test samples against 3T3 cell line

To comprehend the cytotoxic effects of the experimental
samples, 3T3 cells were subjected to escalating doses of DOX,
VER, SBE, and SBW extract. The assessment of cytotoxicity
for the test samples was conducted through the MTT assay
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during a 72-hour incubation period. In general, the results
indicated that the SBE and SBW extracts exhibited a greater
impact on normal cell susceptibility compared to DOX and
VER. Notably, cell viability demonstrated a dose-dependent
decrease across all the test samples. DOX decreased the cell
viability of normal cells when treated with a concentration
range of 1-5 pg/mL and showed significant toxic effects on
3T3 cells with an IC_ value of <1 (Tab. 2). Similarly, 3T3 cells
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FIGURE 6 - Heatmap diagrams
generated using synergy fin-
der. Heatmap diagram illustra-
ting the inhibition percentages
of the combination of the SBE
extract and DOX (A), SBW ex-
tract and DOX (C), and VER and
DOX (E) on HCT15 cells, whi-
le the bliss heatmap diagram
shows synergistic, antagoni-
stic, and additive scores and
between the dose points of
the combination of SBE extract
and DOX (B), combination of
SBW extract and DOX (D), and
combination of VER and DOX
(F) on HCT15 cells. DOX = doxo-
rubicin; SBE = Sclerocarya bir-
rea ethanol; SBW = Sclerocarya
birrea water; VER = verapamil.
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treated with VER (at concentration range of 25-100 pg/mL)
also showed toxic effects with an IC_ of 0.14 pg/mL (Tab. 2).
SBE did not show toxic effects on the normal cell lines as it
had an IC,  of 80.38 + 4.09 pg/mL (Tab. 2). Moreover, the SBW
extract showed less toxicity (IC, in 290.62 + 48.37 pg/mL) on
the normal cells compared to the SBE extract (Tab. 2).

From the combinations analysis, cytotoxicity was only
evaluated on the 3T3 cells using the strongest synergistic
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dose points. Only combinations of VER and DOX as well as SBE
extract and DOX vyielded synergistic dose points. Therefore,
the control inhibited the cell growth of 3T3 cells with IC,,
value of 58.18 + 0.98 ug/mL while SBE and DOX combina-
tions yielded IC, values of 55.54 £ 0.11 pug/mL. Compound
selectivity is an essential criterion for chemotherapeutic
evaluation.

TABLE 2 - IC,_ values and selectivity index of VER, DOX, and the
extracts on 3T3 cells

Extract  DOX VER SBW SBE
(ug/mL)  (ug/mL) (ug/mL) (ug/mL)
IC <1 0.14+0.04 290.62 +48.37 80.38 +4.09

50

DOX = doxorubicin; IC = inhibitory concentration; SBE = Sclerocarya birrea
ethanol; SBW = Sclerocarya birrea water; VER = verapamil.

Discussion

The herbal plant extracts acquired increased attention as
potential agents that can be used to potentiate the efficacy
of conventional chemotherapy drugs when used in combina-
tion for the management of cancer (20). S. birrea possesses
antitumour effects (21), which was investigated for its com-
bined effect with DOX against HT29 and HCT15 cell lines in
this study.

According to the National Cancer Institute, an extract is
considered strongly active when the IC_ value is <20 ug/mL,
moderately active when it is between 20 and 100 pg/mL,
and inactive when the IC__ is greater than 100 pg/mL based
on their cytotoxicity criteria (22). Based on the NCI crite-
rion, findings from this study showed that the SBE and SBW
extract showed no activity against HT29 cells while growth
inhibition was demonstrated in a dose-dependent manner.
Moreover, the SBE extract showed moderate inhibition of
HCT15 cells while the SBW extract demonstrated no activity.
Both SBE and SBW extracts of S. birrea have been reported in
the literature to contain high levels of bioactive compounds
(e.g., polyphenols) with potential medicinal properties (11).
The polyphenols are known to exhibit antioxidant activity,
which is considered crucial in preventing cancer develop-
ment (23,24). The scavenging of free radicals by polyphenols
may help prevent DNA damage, cell membrane damage,
and oxidative stress, all of which can contribute to cancer
development. Hence the presence of these compounds
might be responsible for the remarkable anticancer activ-
ity observed for these extracts against the investigated CRC
cells (25).

In addition, the extracts’ cytotoxic activity was assessed
in normal 3T3 cells. It was observed that DOX and VER were
toxic while the extracts displayed no toxicity towards the nor-
mal cells, particularly the SBW extract (IC,, value of 290.62
+ 48.37 pg/mL). According to a study by Russo et al (25),
S. birrea extracts exhibited toxic effects at high concen-
trations, potentially due to the concentrated compounds
found in the extracts, which results in cellular morphologi-
cal changes considered as the key evidence of cytotoxicity to
natural compounds or plant extracts, along with metabolic
dysfunctions, differentiation processes, and apoptosis.

S. birrea with doxorubicin: combined effects on CRC cells

We also investigated the combination of the inter-
calating agent DOX with VER and plant extracts in drug-
sensitive and drug-resistant colon cancer cells. The study
focused on the Cl method (based on the multiple drug effects
equation), the DRI, and the synergistic dose scores to evalu-
ate the combinatory effects in the cells. It is noteworthy to
understand that one of the major objectives of synergistic
drug combination is to reduce the dose of the cytotoxic drug,
thereby reducing the toxicity while maintaining efficacy. The
Cl provides a quantitative definition of an additive effect or
interaction, for example, a Cl value of 1, <1, and >1 indicates
additivity, synergism, and antagonism, respectively. The DRI
is a measure of how many folds a combination treatment
reduces cytotoxicity dose (26).

The co-treatment of VER combined with DOX (control)
moderately inhibited HT29 cells’ growth and decreased the
IC,, of VER and DOX from 3.04 and 0.45 ug/mL to 1.31 and
0.26 pg/mL, respectively, thus indicating decreased sensi-
tivity of DOX. Interestingly, IC. to IC, resulted in a syner-
gistic effect ascribed by an increase in the DRI, which was
also observed in both drugs indicating that sensitivity at
higher concentrations is required to exhibit good combi-
natory effect. Moreover, the combination of VER and DOX
also showed three synergistic scores of 0.99, 2.56, and 6.84,
whereby the strongest synergy score of 6.84 was achieved
with a significantly higher concentration of VER (4.76 ug/mL)
and lower concentration of DOX (0.11 ug/mL).

In HCT15, this combination showed moderate inhibition
of the cells and decreased the IC, of VER and DOX from
6.63 and 0.38 pg/mL to 2.99 and 0.33 pg/mL, respectively.
Similarly, synergistic interactions were also depicted at IC
and IC,, ascribed by ten synergistic dose points ranging from
1.3t017.21.

In HT29 cells, combinations of DOX with the SBE extract
resulted in an antagonistic effect at IC, with an increase in
IC,, values from 0.35 and 140.09 pg/mL to 1.70 and 669.89
ug/mL, respectively. However, only the SBW extract com-
binations seemed to have depicted synergistic interactions
from IC, to IC . in comparison to the SBE extract combina-
tions that demonstrated antagonistic interactions. These
results suggest the potentiation effects of each extract at IC_,
when used in combination with DOX compared to the control
as they were coupled with significantly lower DRI ratios.

A similar behavioural pattern was demonstrated by com-
binations involving DOX and the SBE extract where strong
synergism was observed from IC__ to IC . This suggests that
the SBE extract might potentially yield similar adverse effects
to VER and thus cannot be considered as a resistant rever-
sal agent seeing that extremely higher concentrations are
required to yield strong synergistic interactions.

The SBW extract did not show any resistance reversal
activity based on its antagonistic effects recorded at all the IC
ranges compared to combinations that include ethanol and
VER. It was also observed that the DRI of the SBE extract and
DOX increased when they were used in combination but the
DRI of the SBW extract decreased drastically. According to
the bliss heatmap diagram, two synergistic dose points were
found from the combination of the SBE extract (40.84 ug/mL)
and DOX (0.625 pg/mL) with a synergy score of 6.63, while
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the combination of the SBE extract (40.84 ug/mL) and DOX
(0.312 pg/mL) synergy score was found to be 4.7. The dosage
for DOX was decreased twice in these synergistic dose points
and according to Poofery et al a reduction in the dosage of
the drug in combination treatment potentially lessens toxic-
ity and adverse side effects and subsequently reverses drug
resistance (27).

Conclusion

In this study, the combined effects of S. birrea extracts
and DOX were examined on CRC cell lines, with a particu-
lar focus on sensitive and resistant cell types. Various com-
pounds were identified within the plant extracts, with gallic
acid being the most abundant and known for its anticancer
properties. It was found that both SBE and SBW extracts were
non-toxic to normal 3T3 cells at the concentrations tested.
The efficacy of SBW and SBE extracts against sensitive HT29
and resistant HCT15 cells revealed that the SBE extract exhib-
ited a more substantial anticancer effect compared to SBW.
Furthermore, a synergistic effect was observed when com-
bining SBE or SBW extract and DOX at higher concentrations
of each extract, implying that concomitant use of S. birrea
and DOX should be closely monitored, and DOX dosage
adjusted as needed to achieve maximum therapeutic ben-
efits while minimizing potential side effects. These findings
indicate the need for further research on the SBE extract to
investigate its potential as an anticancer agent in vivo, as well
as to elucidate its underlying mechanisms of action. While
some combinations of S. birrea extracts with doxorubicin
showed synergistic or additive effects, other combinations
exhibited an antagonistic effect, meaning that the extracts
actually decreased the efficacy of the standard anticancer
drug. The antagonistic effect could be due to various factors,
such as interactions between the components of the extracts
and doxorubicin, which could alter the pharmacokinetics or
pharmacodynamics of the drug.
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ABSTRACT

Objectives: To assess through an indirect treatment comparison (ITC) the potential benefit of faricimab over the
anti-vascular endothelial growth factor (VEGF) real-life scenario, hereby defined standard of care (SoC), in Italy,
that is, aflibercept, bevacizumab, and ranibizumab, in patients with neovascular age-related macular degenera-
tion (nAMD) naive to any anti-VEGF treatment.

Methods: Individual patient-level data from the phase Ill clinical trials TENAYA and LUCERNE (faricimab cohort)
and the real-world study RADIANCE (RADIANCE cohort) were used. Efficacy was evaluated with changes in
best corrected visual acuity (BCVA) and central subfield thickness (CST) from baseline to 1 year (week 52 in the
RADIANCE and week 48 in the faricimab cohorts, respectively). Propensity score-based inverse probability of
treatment weighting was utilized to balance cohorts and mitigate bias due to potential confounding. Sensitivity
analyses were performed to evaluate treatment differences adjusted for the number of injections.

Results: The ITC included 513 patients treated with faricimab and 263 patients treated with SoC. At 1 year, farici-
mab showed a greater mean BCVA gain (treatment difference +5.4 letters, p<0.001) and CST reduction (treatment
difference -71.8 um, p<0.001) compared to SoC. Sensitivity analyses confirmed the robustness of results, show-
ing a BCVA improvement of +4.0 letters and a CST reduction of -71.5 um in favor of faricimab.

Conclusions: Despite the limitations due to the use of ITC and the comparison between clinical trials and real-
world cohorts, the present analysis suggests potential benefits in terms of vision gain and CST reduction in naive
nAMD patients treated with faricimab compared with SoC in a real-world setting.

Keywords: Faricimab, Indirect treatment comparison, nAMD, Vascular endothelial growth factor A

Neovascular AMD (nAMD) is an advanced form of AMD
characterized by the development of subretinal new ves-
sels that may lead to leakage, accumulation of fluid intra-
and subretinally, macular edema, hemorrhage, and serous
detachments of the retinal pigment epithelium. Angiogenesis
and increased vascular permeability are mainly caused by an
abnormally high expression of vascular endothelial growth
factor (VEGF) (4-8). Over the last couple of decades, the

Introduction

Age-related macular degeneration (AMD) is the leading
cause of blindness and visual impairment in elderly subjects
(2-3). It is a chronic, multifactorial degenerative pathology
affecting the macula, typically occurring after age 55 (1).
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treatment of NAMD has evolved, gradually shifting from laser
therapy to the use of anti-VEGF intravitreal injections. Anti-
VEGF agents have proven to be effective for the manage-
ment of patients with nAMD, removing exudative fluid from
the retina, suppressing the formation of leaking new blood
vessels, and improving or maintaining visual acuity (VA) over
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time (9-17). In Italy, the prevalence of nAMD in individuals
aged >55 was estimated at 4.6 per 1,000 inhabitants (18).

Currently, there is no single approach for anti-VEGF admin-
istration. The most common approaches are the reactive pro-
re-nata (PRN), the proactive treat-and-extend (T&E), and
the fixed bimonthly regimen. In the reactive PRN approach,
three-monthly loading doses are followed by adaptable dos-
ing based on monthly monitoring of VA and/or macular mor-
phology. In clinical practice, this approach has been associated
with suboptimal outcomes and risk of undertreatment (19).
The proactive fixed bimonthly dosing consists of bimonthly
injections for at least 1 year (13,15) and has been shown to
improve outcomes compared to PRN (20), although it is asso-
ciated with a considerable treatment burden (21).

In the proactive T&E regimen, anti-VEGF is administered
at every visit. Following the loading phase, the treatment
interval can be gradually extended or reduced based on ana-
tomic and VA status. This approach allows the extension of
treatment intervals, reducing the overall number of visits and
improving VA outcomes (20-26).

In 2023, faricimab, a novel bispecific antibody that simul-
taneously binds and neutralizes Ang-2 and VEGF-A, received
approval by the European Medicines Agency (EMA) and reim-
bursement by Italian Medicines Agency (Agenzia Italiana
del Farmaco—AIFA) for the treatment of adult patients
with nAMD (27). In Italy, the currently available anti-VEGFs
include aflibercept, ranibizumab, bevacizumab, and broluci-
zumab (28). Aflibercept, ranibizumab, and brolucizumab have
received marketing authorization from EMA for the treatment
of NnAMD, while bevacizumab can be administered on an off-
label regimen according to the Law 648/96 (Law 648/96
provides for the reimbursement of the medicinal product by
the National Health Service when there is no valid therapeu-
tic alternative for innovative medicines authorized in other
states but not in Italy, for medicines not yet authorized but
undergoing clinical trials, and for medicines already autho-
rized in Italy, for indications other than authorized one) (29).

Efficacy and safety of faricimab were evaluated in the
randomized, double-masked, phase lll, non-inferiority tri-
als TENAYA and LUCERNE (30) that randomized patients
to receive faricimab 6.0 mg up to every 16 weeks (TENAYA
n = 334, LUCERNE n = 331) or aflibercept 2.0 mg every
8 weeks (TENAYA n = 337, LUCERNE n = 327). In both studies,
faricimab was non-inferior to aflibercept in terms of change
in best corrected VA (BCVA) from baseline averaged over
weeks 40, 44, and 48, with mean changes of 5.8 letters (95%
confidence interval, Cl: 4.6 to 7.1) and 6.6 letters (95% Cl:
5.23 to 7.8) in TENAYA and LUCERNE, respectively. The treat-
ment difference was equal to 0.7 letters (95% Cl: -1.1 to 2.5)
in TENAYA and 0.0 letters (95% Cl: -1.7 to 1.8) in LUCERNE.

RADIANCE is an Italian, retrospective, observational, mul-
ticenter cohort study (31) that aimed to describe the real-
world treatment patterns of available intravitreal anti-VEGF
in Italy and the associated effectiveness. The study enrolled
all consecutive anti-VEGF treatment-naive subjects with a
diagnosis of NAMD who initiated therapy with one of the
available agents (i.e., aflibercept, bevacizumab, and ranibi-
zumab) between January 2017 and November 2018. The pri-
mary objective of the study was to evaluate the change in

ITC of faricimab vs. SoC for nAMD patients in Italy

VA 52 weeks after starting treatment with any of the three
agents. All VA measurements were converted to the approxi-
mate ETDRS letter score. Overall, after 52 weeks of treatment,
the patients showed a median change in VA of 1.0 letter
(25th-75th percentile: -5; +1.9). By stratifying VA changes by
the number of injections per year, patients treated with >6
injections in the first year of treatment showed a median VA
improvement of 3 letters (25th-75th percentile: -1; 11), while
no improvement was observed in patients treated with <2
(median 0 letters, 25th-75th percentile: =2; 0) and 3-5 injec-
tions (median 0 letters; 25th-75th percentile: -5.0; +9.0).

In this study an indirect treatment comparison using indi-
vidual patient-level data (IPD) was performed to evaluate
the potential benefit of faricimab vs. the real-life scenario of
intravitreal anti-VEGF monotherapies available at the time of
analysis (namely aflibercept 2 mg, bevacizumab, and ranibi-
zumab, hereby defined standard of care—SoC) for nAMD
patients in Italy.

Methods

An indirect comparison of the efficacy at 1 year of farici-
mab in two phase lll clinical trials and the corresponding effec-
tiveness of anti-VEGF in a real-world study was performed
on patients with nAMD matched through propensity score
(PS) weighting. Efficacy was assessed in terms of change from
baseline to 1 year (week 52 in the RADIANCE and week 48 in
the faricimab cohorts) in BCVA, as assessed by ETDRS letter
score, and central subfield thickness (CST), as determined by
Spectral Domain-Optical Coherence Tomography.

Data sources

IPD for the faricimab cohort was taken from the pivotal
trials TENAYA (ClinicalTrials.gov identifier NCT03823287) and
LUCERNE (ClinicalTrials.gov identifier NCT03823300) (30).

IPD for the RADIANCE cohort was taken from the Italian,
real-world study RADIANCE (31).

In the TENAYA and LUCERNE studies bilateral treatment
was not allowed and for patients with bilateral nAMD, the
eye with the worst BCVA at diagnosis was included (study
eye). In the RADIANCE study, in case of bilateral treatment
during the index period, the eye with the worst condition at
treatment start was selected as the study eye.

Population

This analysis included all the patients enrolled in the
RADIANCE study (31) with at least two VA measurements
after the one at baseline, of which at least one was at week
52 + 10 (RADIANCE cohort). A cohort of patients treated with
faricimab was created by combining data from the active
arms in the LUCERNE and TENAVYA trials (faricimab cohort).
Since the pivotal trials (30) included patients worldwide and
the RADIANCE study included Italian patients only, to ensure
consistency across the cohorts, only Caucasian patients from
LUCERNE and TENAYA were considered; in addition, patients
with no VA and CST data at week 48 or with polypoidal cho-
roidal vasculopathy (PCV) lesions were excluded from the far-
icimab cohort. We excluded PCV lesions from the faricimab
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cohort because there were no patients with PCV in the
RADIANCE cohort.

Statistical analyses

PS-based inverse probability of treatment weighting
(IPTW) was utilized to balance the two cohorts and mitigate
bias due to potential confounding. In IPTW, weights are cal-
culated for each individual as 1/PS for the treated group and
1/(1 - PS) for the control group, where the PS is defined as
the inverse probability of receiving the treatment based on
the baseline characteristics. This creates pseudo-populations
to achieve a balanced distribution of baseline covariates
between groups (32). In this analysis, the PS was estimated
by logistic regression including the following baseline covari-
ates, selected according to both expert opinion and evalua-
tion of covariates’ imbalance between cohorts:

e VA or CST at baseline, respectively, when analyzing BCVA
and CST change;

Age;

Sex;

Type of lesion (type 1, 2, and 3);

Presence of intraretinal fluid (IRF) at baseline;

Presence of subretinal fluid (SRF) at baseline.

Missing values in type of lesion, and baseline IRF and SRF
were handled by inclusion of categories for missing values in
the PS models.

Standardized mean differences (SMDs) and appropriate
statistical tests (i.e., chi-square tests for categorical variables,
and t-tests or non-parametric Mann-Whitney tests, respec-
tively, for normally and not normally distributed continuous
variables) were used to compare the distribution of baseline
covariates between the RADIANCE and faricimab cohorts
before and after IPTW.

A weighted one-way analysis of variance (ANOVA) was
applied to compare mean changes in BCVA and CST between
the two cohorts.

The frequency of injections may differ in randomized
controlled trial (RCT) and clinical practice and, as already
reported in the RADIANCE study, patients with a higher num-
ber of injections showed more favorable clinical outcomes
(31). To account for the difference in treatment regime
and protocol between the pivotal and real-world studies,
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in a sensitivity analysis an analysis of covariance (ANCOVA)
model incorporating the number of injections as covariate
and weighting for IPTW was used to obtain adjusted mean
treatment differences.

All tests were two-sided, and a p value <0.05 was consid-
ered statistically significant.

Statistical analyses were performed with SAS Version 9.4
(SAS Institute, Cary, NC).

Results
Patients and baseline characteristics

The RADIANCE study enrolled 405 patients. Of those,
17 were excluded because they did not satisfy the inclusion
criteria (i.e., patients with diagnosis of nAMD, naive to any
intraocular anti-VEGF treatment, with age =50 years on the
date of the first anti-VEGF injection), 1 because of the lack of
hospital charts/clinical records at anti-VEGF treatment start,
43 because of the lack of at least two VA measurements after
the baseline, and 81 because of the lack of a VA measurement
at week 52 £ 10. The TENAYA and LUCERNE studies included
a total of 665 patients treated with faricimab; of those, 152
patients were not eligible for this analysis (85 were non-
Caucasian, 65 had missing BCVA and CST data at week 48,
and, among the remaining, 2 were diagnosed as having PCV
at baseline by the centralized reading center). Thus, finally,
a total of 513 patients treated with faricimab from TENAYA
and LUCERNE trials and 263 patients treated with aflibercept
(n = 101), bevacizumab (n = 53), or ranibizumab (n = 109)
from the RADIANCE study were included for comparison. All
patients from both the faricimab and the RADIANCE cohorts
had BCVA data at 1 year (i.e., week 48 and 52, respectively)
and were therefore included in the analysis of BCVA change
from baseline. CST data at week 48-52 were missing in 97
patients from the RADIANCE cohort and 4 patients from
the faricimab cohort; therefore, the analysis of CST changes
from baseline at 1 year was based on 509 patients treated
with faricimab and 166 patients treated with the anti-VEGF
SoC.

Before IPTW, significant differences in baseline patients’
characteristics between the two groups were observed.
Specifically, in the RADIANCE cohort, compared to the farici-
mab cohort, patients were older, had lower BCVA and higher
CST, and there was a higher proportion of patients with IRF.
After IPTW, the cohorts were well-balanced (Tabs. 1 and 2).

TABLE 1 - Baseline demographic and clinical characteristics in the faricimab and RADIANCE cohorts before and after the IPTW in the analysis

of the VA change
Before IPTW After IPTW
TENAYA+LUCERNE RADIANCE SMD p value for TENAYA+LUCERNE RADIANCE SMD p value for
(faricimab) (SoC) comparison* (faricimab) (SoC) comparison*
N 513 263 772.4 297.2
Age, median (IQR) 76 (70-81) 78(73-82) -0.254  0.0007 77 (71-82) 76 (71-81)  0.040 0.601
Sex, n (%)
Men 187 (36.5) 115 (43.7) -0.149 0.049 315.2 (40.8) 319.7 (40.1) 0.014 0.778
Women 326 (63.6) 148 (56.3) 457.2 (59.2) 477.6 (59.9)
(Continued)
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TABLE 1 - (Continued)

Before IPTW After IPTW
TENAYA+LUCERNE RADIANCE SMD  pvaluefor TENAYA+LUCERNE RADIANCE SMD  p value for
(faricimab) (SoC) comparison* (faricimab) (SoC) comparison*
Lesion type, n (%)
Occult (type 1) 275 (54.6) 103 (40.9)  0.292 <0.001 395.7 (52.3) 406.4 (52.1) 0.005 0.951
Classic (type 2)t 210 (41.7) 121 (48.0) -0.102 316.6 (41.8) 323.6 (41.5) 0.008
Type 3 19 (3.8) 28 (11.1) -0.271 45.1 (6.0) 49.4 (6.3) -0.014
Missing 9 11 14.9 17.8
IRF at baseline, n (%)
No 276 (54.9) 84 (42.6) 0.026 0.004 359.2 (51.5) 371.8 (51.5) -0.003 0.998
Yes 227 (45.1) 113 (57.4) 337.9 (48.5) 349.9 (48.5)
Missing 10 66 75.3 75.4
SRF at baseline, n (%)
No 172 (34.0) 58(29.2) 0.236 0.217 233.4(33.3) 264.5 (36.4) 0.055 0.211
Yes 334 (66.0) 141 (70.8) 468.2 (66.7) 4617 (63.6)
Missing 7 64 70.8 71.0
VA (ETDRS Letter) at 60.5+13.1 571+21.1 0.219 0.004 59.6 £ 16.5 61.1+34.3 -0.088 0.244

baseline, mean  SD

*p values were nominal.
Including “minimally” and “predominantly” classic lesions.

IPTW = inverse probability of treatment weighting; IQR = interquartile range; IRF = intraretinal fluid; SD = standard deviation; SMD = standardized mean differ-
ence; SoC = standard of care (aflibercept, ranibizumab, and bevacizumab); SRF = subretinal fluid; VA = visual acuity.

TABLE 2 - Baseline demographic and clinical characteristics in the faricimab and RADIANCE cohorts before and after the IPTW in the analysis
of the CST change

Before IPTW After IPTW
TENAYA+LUCERNE RADIANCE SMD p value for TENAYA+LUCERNE RADIANCE SMD p value for
(Faricimab) (SoC) comparison* (faricimab) (SoC) comparison*
N 509 166 673.3 683.3
Age, median (IQR) 76 (70-81) 77 (72-82) -0.155 0.077 76 (70-81) 76 (70-80)  0.030 0.739
Sex, n (%)
Men 184 (36.2) 80(48.2) -0.246 0.006 365.4(39.4)  275.7 (40.4) -0.019 0.727
Women 325 (63.8) 86 (51.8) 407.8 (60.6)  407.6 (59.7)
Lesion type, n (%)
Occult (type 1) 274 (54.8) 76 (47.2)  0.161 <0.001 350.5(53.1)  363.1(54.2) -0.022 0.916
Classic (type 2)t 207 (41.4) 63(39.1)  0.056 268.4(40.7)  265.4(39.6) 0.022
Type 3 19 (3.8) 22(13.7) -0.346 40.8 (6.2) 41.9 (6.5) -0.002
Missing 9 5 13.3 12.8
IRF at baseline, n (%)
No 276 (55.2) 68(43.9) -0.168 0.004 343.4(52.4)  342.6(51.6) -0.016 0.755
Yes 224 (44.8) 87 (56.1) 311.8 (47.6) 321.8 (48.4)
Missing 9 11 18.0 18.8
SRF at baseline, n (%)
No 170 (33.9) 46 (29.5) -0.022 0.309 219.3(33.3)  242.6(36.4) 0.065 0.244
Yes 332 (66.1) 110 (70.5) 438.8(66.7)  424.4(63.6)
Missing 7 10 15.1 16.2
CST (um) at baseline, 359.8+121.3 392.0+163.6 -0.223 0.021 366.3+144.3 362.0% 0.030 0.725
mean * SD 287.6

*P values were nominal.
"Including “minimally” and “predominantly” classic lesions.

CST = central subfield thickness; IPTW = inverse probability of treatment weighting; IQR = interquartile range; IRF = intraretinal fluid; SD = standard deviation;
SMD = standardized mean difference; SoC = standard of care (aflibercept, ranibizumab, and bevacizumab); SRF = subretinal fluid.
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Change from baseline in BCVA

After IPTW, mean vision gains in BCVA after 1 year of
treatment were 6.4 letters (95% Cl: 5.0 to 7.9) in the far-
icimab cohort and 1.0 letter (95% ClI: -0.4 to 2.5) in the
RADIANCE cohort, with a corresponding treatment differ-
ence of 5.4 letters (95% Cl: 3.4 to 7.5, p<0.001) in favor of
faricimab (Fig. 1).

5.4

Primary analysis : (95% Cl: 3.4 10 7.5)

*

Sensitivity analysis:
adjusted for I
n. of injections

4.0
(95% Cl: 1.7 t0 6.2)

-10-8 6 4 -2 0 2 4 6 8 10
gl A .

Favors SoC  Favors faricimab'

FIGURE 1 - Difference in BCVA mean change (95% Cl) from ba-
seline to 1 year after IPTW. BCVA = best corrected visual acuity;
Cl = confidential interval; IPTW = inverse probability of treatment
weighting; SoC = standard of care (aflibercept, ranibizumab, and
bevacizumab).

Change from baseline in CST

After IPTW, the mean CST change from baseline
was -143.2 um (95% Cl: -156.2 to -130.1) in the farici-
mab cohort and -71.4 um (95% Cl: -84.3 to -58.4) in the
RADIANCE cohort, with a corresponding treatment differ-
ence of -71.8 um (95% Cl: -90.2 to -53.4, p<0.001) in favor
of faricimab (Fig. 2).

-71.8 ym

Primary analysis (95% Cl: ~90.2 to ~53.4)

L 3
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adjusted for | ¢ !
n. of injections

=71.4 ym
(95% Cl: —84.3 to -58.4)
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<
«
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\

Favors faricimab Favors SoC

FIGURE 2 - Difference in CST mean change (95% Cl) from base-
line to 1 year after IPTW. Cl = confidential interval; CST = cen-
tral subfield thickness; IPTW = inverse probability of treatment
weighting; SoC = standard of care (aflibercept, ranibizumab, and
bevacizumab).

Sensitivity analysis

After adjusting for the number of injections, results were
consistent with the main scenarios. There was a slight reduc-
tion in the weighted BCVA change from baseline in the far-
icimab cohort (+5.9 letters [95% Cl: 4.4 to 7.4]) and a slight
increase in the RADIANCE cohort (+1.9 letters [95% Cl: 0.4 to
3.5]). The weighted treatment difference remained statisti-
cally significant and was consistent with that observed in the
main scenario (+4.0 letters in favor of faricimab [95% Cl: 1.7 to
6.2; p = 0.0005]). Similarly, after adjusting for the number of
injections, the estimated treatment difference in CST change
from baseline remained in favor of faricimab (-71.5 um [95%
Cl: -91 to -52; p<0.001]) (Figs. 1 and 2).
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Discussion

This indirect treatment comparison was conducted to eval-
uate the effectiveness of the novel anti-VEGF/Ang2 inhibitor
faricimab compared to commonly used anti-VEGF agents in
Italy. The analysis was performed using IPD from the real-world
study RADIANCE (31) and a subset of faricimab-treated patients
from the randomized clinical trials TENAYA and LUCERNE (30).

Despite the initial significant differences of baseline char-
acteristics between the two cohorts, the IPTW allowed to
balance the cohorts and mitigate the effect of potential con-
founding variables (i.e., age, sex, type of lesion, IRF, SRF, and
baseline VA).

The base case analyses showed a favorable effect for far-
icimab with a treatment difference compared with SoC equal
to a BCVA gain of 5.4 letters (95% Cl: 3.4 to 7.5, p<0.001)
and a CST reduction of -71.8 um (95% Cl: -90.2 to -53.4,
p<0.001). The weighted BCVA change from baseline in the
faricimab cohort (+6.5 letters [95% Cl: 5.0 to 7.9]) was in line
with the results of the TENAYA and LUCERNE trials (+6.2 let-
ters, average of weeks 40-48) (30), and the weighted BCVA
change from baseline in the RADIANCE cohort (+1.0 letter
[95% CI: -0.4 to 2.5]) was in line with that observed in the
RADIANCE study (+1.0 letter [SD 19.3]) (31).

Similarly, the weighted CST changes observed in this
analysis (-143 um [95% Cl: -156 to -130] for faricimab and
-71 um [95% Cl: -84 to 58]) for SoC) were comparable to
those observed in the TENAYA and LUCERNE trials (-137 um,
average of weeks 40-48) and in the RADIANCE study (-58 um
[95% CI: -161 to 15]), respectively.

In the RADIANCE study, after stratification by the num-
ber of anti-VEGF injections per year, the median VA improve-
ment was better in patients treated with >6 injections,
whereas no improvement was observed in patients treated
with fewer injections (31). The association observed in the
RADIANCE study between the higher number of anti-VEGF
injections and better outcomes was in line with what has
been reported by other real-world studies (11,14,16,33).
Since the injection frequency in the controlled setting of a
clinical trial is often different to that observed in the real
world (9,10,13,15,17,34,35), a sensitivity analysis was under-
taken to adjust for the number of injections between the
RADIANCE and faricimab cohorts. The BCVA gains and CST
reductions observed in this sensitivity analysis were consis-
tent with the main scenarios, with the weighted treatment
difference in BCVA and CST equal to +4.0 letters and -71.5
um, respectively, in favor of faricimab. Despite the adjust-
ment for the number of injections, residual confounding by
the different regime and protocol between the pivotal and
real-world studies cannot be excluded, which may limit the
interpretation and generalizability of the results.

To the best of our knowledge, this is the first study that
compared faricimab with SoC for patients with nAMD in
Italy. First-line treatment with faricimab was associated with
greater visual gain and CST reduction, compared to current
intravitreal anti-VEGF SoC, showing potential to redefine the
treatment landscape for nAMD. Clinicians may consider far-
icimab as an effective option, particularly given its favorable
outcomes in comparison to employed anti-VEGF agents.
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The limitations of the study include the size of the real-
world cohort, in particular for the analysis on CST, which was
too small to allow subgroup analysis by anti-VEGF agent,
along with all limitations associated with the comparison of
clinical trial and real-world cohorts. In particular, the treat-
ment regimens in the clinical trial setting are more con-
trolled than in routine clinical practice. Although we used PS
weighting to balance potential confounding factors, resid-
ual confounding as well as an impact of unmeasured con-
founders cannot be ruled out. In addition, in the RADIANCE
cohort we included patients with at least two post-baseline
endpoint measurements, including one around 52 weeks,
and this could have introduced some selection bias if these
patients were different from those with only one post-base-
line measurement.

Conclusions

Despite limitations of indirect treatment comparisons,
which call for specific post-marketing real-world studies, and
the possibility that the difference may be due to frequency
and time of treatment rather than to type of agents used,
the present analysis supports potential benefits in terms of
VA and CST reduction in naive nAMD patients treated with
faricimab compared with intravitreal anti-VEGF SoC (afliber-
cept, ranibizumab, and bevacizumab). Additional evidence
from the real-world setting is required to confirm our finding.
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