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ABSTRACT
Background: Molecular targeted drugs are the first line of treatment of advanced hepatocellular carcinoma (HCC) 
due to its chemo- and radioresistant nature. HCC has several well-documented etiologic factors that drive hepa-
tocarcinogenesis through different molecular pathways. Currently, hepatitis C virus (HCV) is a leading cause of 
HCC. Therefore, we included a unified cohort of HCV genotype 4-related HCCs to study the expression levels of 
genes involved in the insulin-like growth factor 1 receptor (IGF1R) pathway, which is known to be involved in all 
aspects of cancer growth and progression.
Aim: Determine the gene expression patterns of IGF1R pathway genes in a cohort of Egyptian HCV-related HCCs. 
Correlate them with different patient/tumor characteristics. Determine the activity status of involved pathways. 
Methods: Total ribonucleic acid (RNA) was extracted from 32 formalin-fixed paraffin-embedded tissues of human 
HCV-related HCCs and 6 healthy liver donors as controls. Quantitative reverse transcription polymerase chain 
reaction (qRT-PCR) using RT2 Profiler PCR Array for Human Insulin Signaling Pathway was done to determine 
significantly up- and downregulated genes with identification of most frequently coregulated genes, followed by 
correlation of gene expression with different patient/tumor characteristics. Finally, canonical pathway analysis 
was performed using the Ingenuity Pathway Analysis software.
Results: Six genes – AEBP1, AKT2, C-FOS, PIK3R1, PRKCI, SHC1 – were significantly overexpressed. Thirteen 
genes – ADRB3, CEBPA, DUSP14, ERCC1, FRS3, IGF2, INS, IRS1, JUN, MTOR, PIK3R2, PPP1CA, RPS6KA1 – were 
significantly underexpressed. Several differentially expressed genes were related to different tumor/patient char-
acteristics. Nitric oxide and reactive oxygen species production pathway was significantly activated in the present 
cohort, while the growth hormone signaling pathway was inactive.
Conclusions: The gene expression patterns identified in this study may serve as possible therapeutic targets in 
HCV-related HCCs. The most frequently coregulated genes may serve to guide combined molecular targeted 
therapies. The IGF1R pathway showed evidence of inactivity in the present cohort of HCV-related HCCs, so target-
ing this pathway in therapy may not be effective.
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Introduction

Hepatocellular carcinoma (HCC) has become the fifth 
most common cancer in men worldwide and the ninth in 
women and the third leading cause of cancer-related deaths. 
Distinct geographical variations in the incidence exist. In 
Egypt, HCC has the highest age-standardized incidence and 
mortality rates (ASR) from cancer in males and ranks second 
in females (1). Most of the burden is in developing countries 
where 83% of cases (and deaths) occur (2). HCC has several 
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well-documented etiologic factors that drive hepatocarcino-
genesis through different molecular pathways. Currently, 
hepatitis C virus (HCV) is a leading cause of HCC. The multi-
plicity of etiologies of HCC and the existence of substantial 
molecular heterogeneity might limit the benefits of targeted 
approaches to HCC treatment. Therefore, therapeutic vul-
nerabilities should be studied in homogeneous groups of 
HCCs sharing similar drivers of the disease (3). In Egypt, the 
estimated national prevalence of HCV is 14.7%, which is the 
highest in the world (4), and HCCs attributable to HCV ac-
count for around 50% of cases (5). Studies of the HCV ge-
nome confirmed that over 90% of Egyptian HCV isolates be-
long to genotype 4 (6).

The present study was conducted to characterize the mo-
lecular alterations in the insulin-like growth factor 1 receptor 
(IGF1R) pathway in a unified cohort of Egyptian HCCs compli-
cating chronic HCV genotype 4. The IGF1R pathway was cho-
sen as its activation plays an important role in almost every 
aspect of cancer development, including cell proliferation, 
neoplastic transformation, cancer cell survival, epithelial to 
mesenchymal transition (EMT), and metastasis (7) and that 
IGF1R overexpression correlated with aggressive phenotype in 
cancer, poor clinical outcome, and therapy resistance (8–10).

Aim

The present work aimed to identify the gene expres-
sion of the different subcellular components of the IGF1R 
pathway in Egyptian HCCs complicating chronic HCV geno-
type 4, followed by identification of the most frequently 
coregulated genes, correlation of gene expression with the 
 different clinical and pathological patient and tumor charac-
teristics, and determination of the activity status of involved 
pathways.

Materials

Two groups were included in the present study; the study 
group comprised 32 formalin-fixed, paraffin-embedded 
(FFPE) blocks from 32 Egyptian HCCs complicating chronic 
HCV genotype 4 etiology (shown as positive by HCV DNA PCR 
using Inno-LiPA I and II). Twenty-four out of 32 were segmen-
tectomy specimens, while 8 out of 32 were liver explants, and 
the control group comprised six core biopsies from normal 
liver donors. 

Inclusion criteria were HCV genotype 4 etiology and good 
quantity and quality of extracted ribonucleic acid (RNA) as 
measured by NanoDrop spectrophotometer (A260:A280 ra-
tio 1.9:2.0 indicated pure RNA). Exclusion criteria included 
positive serology for anti-hepatitis B virus surface antibody 
and any HCC patient who has received previous neoadjuvant 
chemotherapy (including transarterial chemoembolization).

To accurately define our study population, further iden-
tification of other known hepatocarcinogens in the Egyptian 
environment was performed, including:

1) Hepatitis B core antigen (HBcAg) positivity by immuno-
histochemistry (IHC) (denoting occult hepatitis B virus 
[HBV] infection) was found in 7/29 of our HCC cases as 
evidenced by cytoplasmic positivity to the antibody.

2) Aflatoxin B1-DNA (AFB1-DNA) adduct positivity by IHC 
was found to be present in 16/29 of our cases as evi-
denced by nuclear positivity to the antibody.

Methods

The protocol of this study was approved by the Ethics 
committee of the Faculty of Medicine, University of Alexan-
dria. Paraffin blocks of liver biopsies were obtained from the 
archives of the Pathology Department at the Faculty of Medi-
cine, Alexandria University.

Clinical data were collected from the patients’ files includ-
ing gender, age, comorbidities (diabetes mellitus and obe-
sity), alfa-fetoprotein (AFP) levels, liver function tests (alanine 
aminotransferase [ALT], aspartate transaminase [AST], biliru-
bin, and albumin), hemoglobin concentration, and complete 
blood picture. 

Gross pathologic examination of HCC tumors specifically 
addressed tumor size, multifocality, gross capsulation, gross 
necrosis, satellites, and bile production. 

Histopathologic study using 5-μm-thick sections assessed 
pathologic tumor grade (was performed according to the 
Edmondson and Steiner grading system for HCC), histologic 
pattern, cell type (including giant cells and clear cells), and 
vascular invasion. The presence of dysplastic nodules outside 
HCC and pathological tumor-node-metastasis (pTNM) staging 
(according to the pTNM staging system of the American Joint 
Committee on Cancer 8th edition [AJCC]) was also noted.

Real-time quantitative reverse transcription PCR 

Preparation of the paraffin blocks and obtaining tissue 
sections

1) By trimming off the excess paraffin from the edges of the 
specimen to facilitate deparaffinization.

2) Then two sections, 5 μm thick each, were cut from each 
block and placed in a 2 mL nuclease-free microfuge 
tube.

Total RNA was extracted from FFPE tumor sections using 
the RNeasy® FFPE kit for purification of total RNA from FFPE 
tissue sections (QIAGEN, Hilden, Germany, cat. no.: 73504) 
according to the manufacturer’s instructions. Its main prin-
ciple is to remove all the paraffin, reverse formalin-induced 
cross-linking in the nucleic acid, and prevent any further 
degradation in the RNA that is known to be induced by for-
malin and finally to eliminate all genomic DNA. The concen-
tration and purity of extracted RNA were determined using 
a NanoDrop ND-1000 spectrophotometer. Samples were ac-
cepted when the A260/A280 ratio (nucleic acid/protein ab-
sorbance) was ≥1.9. Reverse transcription of extracted RNA 
(0.5 µg [500 ng] of RNA was used for all experimental runs) to 
complementary DNA (cDNA) was done using RT2 First Strand 
Kit (QIAGEN, Hilden, Germany, cat. no.: 330401) according to 
the manufacturer’s instructions. RT2 SYBR Green ROX qPCR 
Mastermix (QIAGEN, Hilden, Germany, cat. no.: 330523) was 
added to the cDNA. The mixture was aliquoted into the 96 
wells of the commercially available RT² Profiler™ PCR Array 
Human Insulin Signaling Pathway (PAHS-030ZA) (QIAGEN, 
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Hilden, Germany, cat. no.: 330231) containing primer assays 
for 84 genes concerning the human insulin signaling pathway, 
including genes of the phosphatidylinositol-3-kinase (PI3K) 
and the mitogen-activated protein kinase (MAPK) signal-
ing pathways that are the two major downstream signaling 
pathways for IGF1R signaling (11) and also genes involved in 
carbohydrate, lipid, and protein metabolism; transcription 
factors and transcription regulators; genes involved in cell 
proliferation, growth and differentiation (12); and five house-
keeping genes (HKGs). In addition, there were one genomic 
DNA control, three reverse transcription controls, and three 
positive PCR controls (the full list of genes can be found in the 
supplementary file). PCR is then performed using the Applied 
Biosystems® 7500 Real-Time PCR system (ThermoFisher Sci-
entific, Foster City, CA, USA). Finally, relative expression is de-
termined using the ΔΔCT method using the RT2 Profiler PCR 
Array Data Analysis  Webportal (at www.SABiosciences.com/
pcrarraydataanalysis.php). Two HKGs with the lowest stan-
dard deviations and most stable expression across replicates 
were selected for data normalization: Beta-2-microglobulin 
(B2M) (H2) and hypoxanthine phosphoribosyl transferase 1  
(HPRT1) (H4).

Fold regulation values for each of the 84 genes in HCC 
cases was determined by the Qiagen online data analysis 
Webportal (at www.SABiosciences.com/pcrarraydataanalysis.
php). Then for each gene the percentages of cases showing 
upregulation, normal expression, and downregulation were 
determined. Determination of the significantly up- and down-
regulated genes in HCC cases using SPSS statistics software 
version 20.0 was carried out using nonparametric Mann-
Whitney test. The most frequently coregulated genes were 
identified. Identification of genes significantly correlated with 
the different patient/tumor characteristics carried out using 
the Mann-Whitney test. Finally, active and inactive pathways 
in HCC from the present dataset were identified; an Excel file 
containing the gene symbols, fold regulation values, and the 
p values for all 84 tested genes was uploaded to the Ingenuity 
Pathway Analysis (IPA) software.

Results

The demographic data of the cases included are pre-
sented in Table I. 

Gross pathological examination of HCC tumors

Tumor size ranged from 1.75 to 16.0 cm, with a median 
of 4.8 cm and a mean of 5.38 ± 3.46 cm standard deviation 
(SD; Tab. II).

Microscopic examination of HCC tumors

The most frequently encountered histologic patterns are 
displayed in Table III.

Twenty-six out of 32 cases showed combined histological 
patterns in the following frequencies (Tab. IV).

Frequency of different histopathological features of HCC 
tumors including Edmonson and Steiner tumor grades is 
shown in Tables V and VI, respectively.

Frequency of pTNM tumor stages is shown in Table VII.

TABLE I -  Distribution of the studied cases according to demo-
graphic data (n = 32)

Number %

Gender

Male 24 75.0

Female 8 25.0

Age (years)

≤60 22 68.8

>60 10 31.3

Min.–Max. 47.0–67.0

Mean ± Standard deviation 56.06 ± 5.49

Median 56.0

Comorbidities 17/25 53.1

Alfa-fetoprotein (≥200 ng/mL) 8/25 25.0

TABLE II -  The frequency of the gross characteristics of the tumors 
included in the present study

Gross findings Number %

Gross capsulation (n = 32)
Absent
Present

6
26

18.8
81.3

Gross necrosis (n = 32)
Absent
Present

21
11 

65.6
34.4

Multifocality (n = 32)
Absent
Present

4
28

12.5
87.5

Satellites (n = 32)
Absent
Present

6
26

18.8
81.3

Bile production (n = 32)
Absent 
Present

15
17

46.9
53.1

TABLE III -  The frequency of the different histologic patterns of the 
HCC cases included in the present study

Histologic pattern of HCC (n = 32) Number %

Trabecular

Absent 3 9.4

Present 29 90.6

Pseudoglandular 

Absent 12 37.5

Present 20 62.5

Compact 

Absent 20 62.5

Present 12 37.5

HCC = hepatocellular carcinoma. 
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Significantly up- and downregulated genes

A total of 51 deregulated genes were found in the present 
cohort of HCCs. Fourteen genes were upregulated while 37 
genes were downregulated. Statistically significant upregula-
tion was observed in HCC patients, in comparison to the con-
trol group, in six genes, namely AEBP1, AKT2, FOS, PIK3R1, 
PRKCI, SHC1, where SHC1 was the most significantly overex-
pressed gene (p value: 0.001) (Tab. VIII, Fig. 1). SHC1, AEBP1, 
AKT2, and PKCI were the most frequently coregulated genes 
among the significantly upregulated genes.

On the other hand, the frequency and magnitude of 
the downregulation events were greater than that of up-
regulation events (Tabs. VIII and IX). Thirteen genes, namely 
ADRB3, CEBPA, DUSP14, ERCC1, FRS3, IGF2, INS, IRS1, JUN, 
MTOR, PIK3R2, PPP1CA, and RPS6KA1, were significantly un-
derexpressed in HCC patients relative to the control group, 
where PPP1CA and INS were the two most significantly un-
derexpressed genes (p value: 0.002) (Tab. IX, Fig. 1). INS and 
PPP1CA were the most frequently coregulated genes among 
the significantly downregulated genes.

TABLE IV -  The frequency of different combinations of patterns in 
the tumors included in the present study

HCCs with combined histologic pattern Number (%)

Trabecular and pseudoglandular 
Trabecular and compact
Trabecular, pseudoglandular, and compact
Glandular and compact

15
6
3
2

Total 26

HCC = hepatocellular carcinoma.

TABLE V -  The frequency of giant cells, clear cells, vascular invasion, 
and dysplastic nodules in the HCC cases included in the 
present study

Histologic feature Number %

Giant cells (n = 32)

Absent 17 53.1

Present 15 46.9

Clear cells (n = 32)

Absent 17 53.1

Present 15 46.9

Vascular invasion (n = 32)

Absent 11 34.4

Present 21 65.6

Dysplastic nodules outside HCC (n= 32)

Absent 13 40.6

Present 19 59.4

HCC = hepatocellular carcinoma.

TABLE VII -  Distribution of the studied cases according to pTNM 
stage (AJCC 8th Edition) (n = 32) 

Stage Number %

Early stage (1 and 2) 12 37.5

Stage I 5 15.6

Stage II 7 21.9

Advanced stage (3) 20 62.5

Stage III 20 62.5

Stage IV 0 0.0

AJCC = American Joint Committee on Cancer; TNM = tumor-node-metastasis.

TABLE VI -  Distribution of the studied cases according to Edmond-
son and Steiner grading system (n = 32)

Grade Number %

Low grade (1 + 2) 14 43.8

Grade I 1 3.1

Grade II 13 40.6

High grade (3 + 4) 18 56.3

Grade III 3 9.4

Grade IV 15 46.9 Fig. 1 - Bar chart representing the 6 significantly upregulated and 
the 13 significantly downregulated genes in the hepatocellular car-
cinoma group

TABLE VIII -  The six significantly upregulated genes’ fold regulation, 
p values, and percentage of cases showing upregula-
tion of these genes

Position Gene  
symbol

Fold  
regulation

p Number %

A04 AEBP1 6.694 0.045* 29 90.6

A06 AKT2 6.0287 0.013* 26 81.3

C01 FOS 3.9608 0.045* 25 78.1

E11 PIK3R1 4.1363 0.020* 25 78.1

F05 PRKCI 7.7467 0.006* 28 87.5

G04 SHC1 11.8326 0.001* 30 93.8

p = p values for Mann-Whitney test for comparing between the two groups.
*Statistically significant at p ≤ 0.05.
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TABLE IX -  The 13 significantly downregulated genes’ fold regula-
tion, p values, and percentage of cases showing down-
regulation of these genes

Position Gene  
symbol

Fold  
regulation

p Number %

A03 ADRB3 −11.3685 0.010* 23 71.9

B02 CEBPA −5.3981 0.041* 22 68.8

B07 DUSP14 −6.5717 0.016* 23 71.9

B10 ERCC1 −8.7853 0.037* 22 68.8

C03 FRS3 −35.5177 0.006* 27 84.4

D02 IGF2 −8.6788 0.013* 25 78.1

D04 INS −31.7678 0.002* 30 93.8

D07 IRS1 −8.0248 0.037* 22 68.8

D10 JUN −13.0027 0.020* 23 71.9

E04 MTOR −9.0478 0.045* 26 81.3

E12 PIK3R2 −2.8856 0.037* 23 71.9

F03 PPP1CA −46.4755 0.002* 29 90.6

F12 RPS6KA1 −5.653 0.025* 24 75.0

p = p values for Mann-Whitney test for comparing between the two groups.
*Statistically significant at p ≤ 0.05.

Fig. 2 - Scatter plot representing the normalized expression of 
each gene on the polymerase chain reaction array between the 
two groups. Log base 10 of 2–ΔCT value of each gene in the control 
group is plotted on the x-axis against the corresponding value 
in the hepatocellular carcinoma (HCC) group, which is plotted 
on the y-axis to visualize gene expression changes. The central 
boundary line indicates unchanged gene expression. The upper 
left section of the scatter plot (above the fold-change boundary 
lines) contains genes upregulated in the HCC group as compared 
to the control group. The lower right section of the scatter plot 
(below the fold-change boundary lines) contains genes down-
regulated in the HCC group as compared to the control group. 
It shows the upregulated genes in red and the downregulated 
 genes in green.

Fig. 3 - Heat map is a color-coded representation of fold regulation 
expression data between HCC and control groups overlaid onto the 
polymerase chain reaction array plate layout. The black color re-
presents the average magnitude of gene expression. The brightest 
green represents the most downregulated genes, the brightest red 
represents the most upregulated genes in the HCC cases compared 
to the normal controls.

VEGFA was downregulated (fold regulation of −3.2345) in 
71.9% (23/32) of cases in the present study, although this did 
not reach statistical significance.

A scatter plot and a heat map were generated on the on-
line data analysis web portal representing the distribution of 
average gene expression levels (Figs. 1 and 2  respectively).

Nonsupervised hierarchical clustering of all cases and  
controls according to their gene expression profile by the 
data analysis web portal

The included cases were a homogeneous population with 
no outstanding clustering as evidenced by the dendrograms. 
This further supports the study design as it included a spe-
cific cohort of HCCs: Egyptian ethnicity and HCV genotype 
4 etiology. 

Correlations between the gene expression levels and  
demographic data in HCC patients 

Age: There were significant differences in three gene 
expression levels as regards age; AEBP1, AKT1, and FBP1 
genes were significantly overexpressed in HCC patients 
≤60 years of age compared to HCC patients >60 years of age  
(Tab. X).

Gender: DOK1 was significantly overexpressed in female 
patients (p = 0.037).

Stage: There were no statistically significant differences 
detected in the gene expression levels between early pTNM 
stage (pT1,2) and late stage (pT3,4) HCC tumors.

Grade: GSK3A was significantly overexpressed in low-
grade tumors as compared to high-grade ones where it was 
normally expressed (p = 0.002) 
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TABLE X -  Differentially expressed genes between HCC cases whose 
age is ≤60 years and those who are >60 years of age as 
regards human insulin signaling pathway gene expres-
sion levels

Gene symbol Group 1
Age ≤60 years

Group 1
Age >60 years

p

Fold regulation Fold regulation

AEBP1 9.6655 2.9833 0.040*

AKT1 2.3142 −1.394 0.024*

FBP1 2.1679 −2.1895 0.007*

HCC = hepatocellular carcinoma.
p = p values for Mann-Whitney test for comparing between the two categories.
*Statistically significant at p ≤ 0.05.

TABLE XIII -  Differentially expressed genes between HCC tumors 
with clear cells and those without as regards human 
insulin signaling pathway gene expression levels

Clear cells p

Absent (n = 17) Present (n = 15)

CEBPB −2.34 −12.28 0.010*

GPD1 −1.29 −2.64 0.040*

HK2 −6.14 −18.17 0.050*

IGFBP1 1.22 −3.46 0.041*

PIK3R2 −1.41 −6.52 0.021*

HCC = hepatocellular carcinoma.
p = p values for Mann-Whitney test for comparing between the two categories.
*Statistically significant at p ≤ 0.05.

Tumor size: Both CEBPB (p = 0.027) and GPD1 (p = 0.002) 
were significantly downregulated in tumors >5 cm.

Dysplastic nodules: No statistically significant difference 
was detected in the gene expression levels of any genes be-
tween cases who had dysplastic nodules outside tumor mass 
and those who did not have any (none were <0.05).

Satellite nodules: AEBP1 and FOS genes were upregu-
lated in the absence of satellite nodules more than double 
their expression level in the cases which showed satellite 
nodules. MAPK1 gene was overexpressed in the presence 
of satellite nodules and normally expressed in their absence. 
PRKCZ and UCP1 genes were downregulated in the absence 
of satellite nodules and normally expressed in their presence 
(Tab. XI).

Multifocality: AEBP1 and FOS genes were upregulated 
in the absence of multifocal masses more than double 
their expression level in the cases which showed multifocal 
masses. 

LDLR gene was overexpressed in the absence of multifocal 
masses and normally expressed in their presence (Tab. XII).

Gross capsulation: Both INSL3 (p = 0.043) and IRS1 (p = 
0.030) genes were downregulated in the presence of gross 
capsulation. 

Gross tumor necrosis: CAP1 (p = 0.041), GRB2 (p = 0.047), 
PRL (p = 0.024), and TG (p = 0.025) were downregulated in 

the presence of gross necrosis. PIK3R1 (p = 0.016) was up-
regulated in the absence of gross tumor necrosis. 

Giant cells: Both GSK3A (p = 0.015) and PCK2 (p = 0.030) 
were upregulated in the absence of giant cells. UCP1 (p = 
0.033) was downregulated in tumors that showed giant cells. 

Clear cells: CEBPB, HK2, GPD1, IGFBP1 and PIK3R2 were 
downregulated in all the studied cases, more so in tumors 
that showed clear cells than in tumors which had no clear 
cells (Tab. XIII).

Vascular invasion: NOS2 showed more significant down-
regulation in the absence of vascular invasion (p = 0.035). 

HBcAg: RPS6KA1 was more significantly underexpressed 
in the presence of HBcAg (p = 0.034). 

AFB1-DNA adduct positivity: AKT1 and MAPK1 were 
more significantly upregulated in the presence of aflatoxin as 
compared to negative cases (p = 0.019, 0.017 respectively). 
On the other hand, RPS6KA1 was more significantly under-
expressed in the presence of AFB1 (p = 0.046). 

Correlations between the gene expression levels and  
the different clinical characteristics of the tumors in  
HCC patients 

Thrombocytopenia: In patients with a low platelet count, 
AKT1 was significantly upregulated (p = 0.038) while BCL2L1 

TABLE XI -  Differentially expressed genes between HCC cases hav-
ing satellite nodules around the tumor mass and those 
without, as regards human insulin signaling pathway 
gene expression levels 

Satellite nodules p

Absent (n = 6) Present (n = 26)

AEBP1 17.44 5.37 0.004*

FOS 13.21 3.00 0.007*

MAPK1 −1.97 2.05 0.012*

PRKCZ −2.63 1.42 0.026*

UCP1 −9.60 −1.98 0.014*

HCC = hepatocellular carcinoma.
p = p values for Mann-Whitney test for comparing between the two categories.
*Statistically significant at p ≤ 0.05.

TABLE XII -  Differentially expressed genes between HCC cases 
having multifocal tumor masses and those with unifo-
cal masses as regards human insulin signaling pathway 
gene expression levels 

Multifocality p

Absent (n = 4) Present (n = 28)

AEBP1 26.30 5.51 0.004*

FOS 19.81 3.15 0.003*

LDLR 7.12 1.88 0.035*

HCC = hepatocellular carcinoma.
p = p values for Mann-Whitney test for comparing between the two categories.
*Statistically significant at p ≤ 0.05.
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was significantly downregulated (p = 0.045). VEGFA was more 
significantly underexpressed in the presence of normal plate-
let numbers (p = 0.038).

Comorbidities: There was no statistically significant dif-
ference in the gene expression levels between patients who 
have comorbidities and those who do not have any.

Canonical pathway analysis predicted by IPA database

Nitric oxide and reactive oxygen species production path-
way was significantly activated in the present cohort, while 
the growth hormone signaling pathway was significantly in-
activated (Fig. 4). 

Discussion 

Different etiologic factors result in very diverse HCC 
molecular profiles between different regions of the world 
(13,14). Understanding the heterogeneity of HCC is condu-
cive to developing personalized therapy and identifying mo-
lecular biomarkers.

Most published work on molecular profiling of HCC was 
conducted on heterogeneous groups of tumors including dif-
ferent etiologies and ethnic backgrounds (15–19). Once HCC 
heterogeneity is accepted (20), studies have to be conducted 
on homogeneous samples to identify characteristic genetic 
alterations, if personalized management is the target.

Fig. 4 - Analysis of canonical pathways involved in hepatitis C virus-related hepatocellular carcinoma pathogenesis with the Ingenuity 
Pathway Analysis (IPA) database using the present dataset (the 84 tested genes). The IGF pathway was found to be inactive. On the 
other hand, the nitric oxide and reactive oxygen species production pathway were significantly activated. Description: The white bars 
mean that half the molecules suggest an activation and half suggest inhibition, so an overall z-score of 0 (Ingenuity Systems). The blue 
bar indicates that there is evidence that the pathway is inhibited and a negative z-score. The orange bar means that there is a positive 
z-score indicating that there is evidence for activation of this pathway. The horizontal threshold line indicates the threshold for the over-
representation analysis and was set at p = 0.05. Only bars that are more significant than p < 0.05 are shown. The ratio line represents the 
ratio of the number of molecules in the present dataset that map into the pathway relative to the whole size of the pathway (Ingenuity 
Systems). The pathway analysis was generated through the use of IPA (QIAGEN Inc., https://www.qiagenbioinformatics.com/products/
ingenuity-pathway-analysis

HCC is known to be chemo- and radioresistant (21); there-
fore, identifying therapeutic vulnerabilities for molecular 
targeted drugs is in dire need. The present study measured 
levels of messenger RNA (mRNA) expression of 84 insulin 
signaling-related genes, including genes of the PI3K and the 
MAPK signaling pathways (11). Also included are genes in-
volved in carbohydrate, lipid and protein metabolism, tran-
scription factors and transcription regulators, genes involved 
in cell proliferation, growth, and differentiation (12).

Of the 84-cancer pathway-focused genes in this array, 
upregulation was observed in 14 genes, while 37 genes ap-
peared to be downregulated in the tumor samples, for a total 
of 51 differentially regulated genes. These upregulated genes 

may be therapeutic targets for future trials, especially those 
for which molecularly targeted agents are available.

Among the significantly upregulated genes was c-FOS, 
a proto-oncogene which is a major nuclear target for signal 
transduction pathways, including MAPK pathway, and is in-
volved in the regulation of cell growth, differentiation, and 
transformation (22,23). A novel selective C-FOS/AP-1 inhibi-
tor T‐5224 was found to inhibit the invasion and migration 
of head and neck squamous cell carcinoma cells in vitro and 
prevented lymph node metastasis in head and neck cancer in 
an animal model (24).

Most of the significantly upregulated genes found in the 
present work were also found in common with prior HCC 
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and clinical trials to be conducted for agents targeting those 
upregulated genes to test their efficacy and their potential 
use in HCV-related HCC treatment.

The 13 significantly downregulated genes included genes 
involved in carbohydrate, protein, and lipid metabolism, PI3K 
signaling target genes, MAPK signaling target genes, insulin re-
ceptor-associated proteins, genes involved in cell cycle, cell pro-
liferation, growth factors and receptors, insulin gene and insulin 
receptor-associated proteins, primary insulin signaling target 
genes, transcription factors, and transcription regulators (12).

Two of those were tumor suppressor genes. CEBPA has 
been described as a tumor suppressor, leading to mitotic 
arrest through activation of p21 and repression of E2Fs and 
 cyclin-dependent kinases (50). Its expression is downregu-
lated in a number of cancers including lung (51), breast can-
cers (52), head and neck squamous cell carcinoma (53), and 
HCC. Its downregulation was associated with advanced HCC 
stages and poor survival (54,55).

Recently, a modified small activating RNA (saRNA) re-
tained activation of CEBPA mRNA and downstream targets 
and inhibited growth of liver cancer cell lines in vitro (56). 
This novel drug has been encapsulated in a liposomal formu-
lation for liver delivery in humans and is currently in a phase 
I clinical trial for patients with liver cancer and represents the 
first human study of a saRNA therapeutic (57).

FRS3 was significantly downregulated in our patient co-
hort. This is the first report of its significant downregulation in 
HCCs. Similar to our findings, FRS3 expression level has been 
found to be downregulated in brain and lung cancer cell lines. 
It constitutively binds to EGFR regardless of EGF stimulation 
and inhibits EGF-induced cell transformation and prolifera-
tion (58). It serves as a tumor suppressor in non-small cell 
lung cancer (NSCLC) (59).

In our work, excision repair cross-complementing rodent 
repair deficiency, complementation group 1 (ERCC1) was sig-
nificantly downregulated. It was also found to be downregu-
lated in Chinese (47) and Turkish (60) HCC cohorts as well. 
Loss of ERCC1 expression in hepatocytes may be one of the 
leading factors for genetic instability, and thus of tumorigen-
esis (61). Impaired nucleotide excision repair pathway, in 
which ERCC1 plays a major role, leads to reduced DNA repair 
capability and increases DNA adduct levels and genomic in-
stability that in turn could lead to a more malignant pheno-
type (62). This is not limited to HCCs, but also is a finding in 
other types of cancer including head and neck squamous cell 
carcinoma (63).

Gene expression patterns can be used to define the suit-
able chemotherapeutic agent employed in any given case. 
ERCC1 overexpression could be associated with resistance to 
cisplatin-based therapy in HCC, similar to what is observed in 
NSCLC (64,65).

VEGFA was found to be downregulated in the present 
study in 71.9% of cases. Several retrospective studies sug-
gested that tumors with a VEGFA amplification respond 
better to sorafenib, the only approved first-line treatment 
of  advanced HCC (66), suggesting that further studies of 
currently used molecularly targeted therapies in Egyptian 
HCV-related HCC patients are needed, and search for mo-
lecular biomarkers of response to therapy with prospective 

molecular studies; AKT2, C-FOS, PIK3R1, PRKCι, SHC1 were all 
found to be similarly significantly upregulated (25–30). AEBP1 
is an exception; to the best of our knowledge, this is the first 
report to find this gene to be significantly and consistently 
(>90% of HCCs) upregulated in HCC. It is a transcriptional re-
pressor that has been studied in great detail for its role in 
regulating adipogenesis (31). It has also been found to be a 
proinflammatory mediator (32). Finally, it has been shown 
that AEBP1 induces massive obesity in mice with targeted 
overexpression of AEBP1 in adipose tissue (33). Although its 
exact role in tumorigenesis is not clear (34), AEBP1 was found 
to be upregulated in many different cancers such as cervi-
cal cancer (35,36), primary glioblastoma multiforme (37), 
and human breast cancer cell lines (38). Ladha et al found 
that silencing AEBP1 expression and loss of its function lead 
to apoptosis in glioma cell lines, meaning that AEBP1 has an 
antiapoptotic function and is an important survival factor for 
tumor cells (34).

Two studies found that directly targeting AKT2 by miR-
302b in human HCC cells suppresses cell proliferation, inva-
sion, and metastasis in vitro and also inhibited HCC tumor 
growth in vivo (25,39). A recent preclinical in vitro and in 
vivo trial using a highly selective allosteric pan-AKT inhibi-
tor in combination with sorafenib found that this combina-
tion yielded better outcomes and with minimal toxicity than 
sorafenib alone. The combination significantly reduced tumor 
growth, proliferation, and angiogenesis and increased apop-
tosis (40).

The PKCι blocking agent aurothiomalate (ATM) was found 
to negatively regulate EMT and invasion of HCC in immortal-
ized murine hepatocytes and was found to inhibit prolifera-
tion and induce apoptosis in HepG2 cells (41). Also, a recent 
patent has been published on a novel drug targeting PKCι. It 
has been found to be effective at treating colon cancer cells 
having high level of expression of at least one aPKC (42). These 
can potentially be tested in preclinical trials as a method for 
treating HCCs overexpressing atypical PKCs. 

Similarly, PKCι was upregulated in HCC in several studies 
involving different ethnic groups; two Chinese studies (Wang 
et al (43), Du et al (44)) and an American and Spanish study 
(Chiang et al (45)). Boyault et al in a French study attempted 
to classify HCC by unsupervised hierarchical clustering ac-
cording to the tumors’ gene expression profiles by microar-
ray; all three generated subgroups had upregulated PKCι (the 
HBV and non-HBV-related HCCs) (46).

In line with our findings, PIK3R1 was found to be upregu-
lated in HCV-related HCC subgroups (45) and in HCC patients 
of Chinese ethnicity as well (47). In a recent study by He et al, 
PIK3R1 transfection by small interfering RNA significantly inhib-
ited HCC cell migration and invasion (48). There are several PI3K 
inhibitors including both pan-PI3K and isoform-specific PI3K in-
hibitors that are still in early phase clinical trials (49).

The strongest associations between upregulated genes 
in the present study were between AEBP1, SHC1, AKT2, and 
PRKCi. Possibly, these associations can serve as a guide to 
molecularly targeted therapy combinations to cotarget the 
genes that were most frequently coregulated to maximize the 
benefits in HCC therapy. These potential therapeutic targets 
and combinations open several pipelines for future preclinical 
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validation of the role of VEGFA expression level to predict 
response to therapy. 

One of the points of strength in our study is that we in-
cluded HCC samples resulting from a single etiologic agent 
only (HCV genotype 4-related HCC). Also, the present study 
unified the controls used in the analysis as we used healthy 
liver donors as the control group. On the other hand, in the 
vast majority of studies paired adjacent cirrhotic liver tissues 
to the HCC tumor masses were used as controls (30,45,67–
69). This complicates the interpretation of results since the 
gene expression patterns in the nontumor cirrhotic liver 
samples from different patients can vary significantly, af-
fected by the viral infection and degree of fibrosis. Thus, the 
tumor-specific variation in the expression patterns could not 
be distinguished from variation due to differences in the cor-
responding nontumor liver samples (70).

In our cohort, two HKGs – B2M and HPRT1 – were used 
for data normalization. In a study performed to search for 
appropriate HKGs to be used for data normalization in HCV-
induced HCC specifically. Two of the most commonly used 
HKGs, which were also included in the standard catalogued 
5 HKGs set in the present study’s array, namely glyceralde-
hyde-3-phosphate dehydrogenase (GAPDH) and beta-actin 
(ACTB), were found to be deregulated in HCV-induced HCC 
(71). Thus, using them for normalization would have strong 
effects on the extent of differential expression of genes, lead-
ing to misinterpretation of results. This was the exact same 
case in our study for ACTB and GAPDH, which were found to 
be unstable and had a wide SD across samples. 

A few weaknesses of this study that we recognize are, 
firstly, the fact that we were studying patients who already 
had developed disease at a single point in time. Also, as in 
most studies on HCC, tumor samples have been collected dur-
ing resection. It could be expected that in a more clinically ad-
vanced context with tumor progression, increased  crosstalk 
among pathways and chromosomal instability would con-
tribute to additional signaling deregulation. These samples 
do not represent the tumors of patients with advanced stage 
disease, who do not undergo surgery. However, as HCC diag-
nosis at present is not tissue based, obtaining tissue samples 
from late cases is not feasible at present. 

Conclusions

The significantly up- and downregulated genes identified 
in the present study can serve as potential therapeutic tar-
gets for HCV-related HCCs. 

In the present study, the insulin pathway genes including 
IGF1R, IGF2, INS, INSR, and IRS1 were found to be downregu-
lated and the IGF pathway was found to be significantly inac-
tive, in the present work, which is in concordance with the 
findings of Zucman-Rossi et al (72). Therefore, drugs targeting 
the IGF1R pathway may not be suitable for this specific sub-
set of HCV-related HCCs.

Although NOS2 gene expression was unchanged in our 
cohort, IPA revealed that nitric oxide pathway and reactive 
oxygen species production in HCV-related HCCs were signifi-
cantly activated. 

The gene expression pattern of each HCC tumor seems 
to provide a distinctive molecular portrait of that tumor, as 

no gene was 100% up- or downregulated in the present co-
hort. Personalized medicine mandates the knowledge of the 
specific genetic profile of each HCC tumor, which is currently 
not feasible due to costs associated especially in developing 
countries where most of the HCC burden lies. Therefore, the 
present study fills a void in this respect – identifying specific 
morphologic and clinical patient/tumor characteristics, which 
significantly correlate with underlying molecular alterations. 
This may be used as a guide for tailoring molecularly targeted 
therapies.

We confirm the findings of a previous study that was per-
formed to search for appropriate HKGs to be used for data 
normalization in HCV-induced HCC specifically. Two of the 
most commonly used HKGs – ACTB and GAPDH – were found 
to be unstable and had a wide SD in our study and theirs; 
therefore these shouldn’t be used for normalization. We sug-
gest B2M and HPRT1 to be used instead, as they had more 
stable levels of expression.
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ABSTRACT
Introduction: Salbutamol and terbutaline are short-acting β2 adrenergic agonists that produce bronchial 
smooth muscle relaxation and are widely used in obstructive pulmonary diseases. Nevertheless, their use 
has been the cause of a paradoxical bronchoconstriction, which is a rare and potentially serious adverse reac-
tion. The aim of this study is to report a case of paradoxical bronchoconstriction caused by β2 adrenergic  
agonists. 
Methods: This case is about a 50-year-old asthmatic patient who describes a history of repeated acute asthma 
attacks after salbutamol inhalation or terbutaline nebulization. A double-blind crossover study was performed 
over 3 days, in order to compare the effects of each bronchodilator. Forced expiratory volume in 1 second (FEV1), 
forced vital capacity (FVC), and maximal expiratory flow 25-75 (MEF25-75) were measured. 
Results: On the first day, a bronchoconstriction caused by deep and repeated inhalations was eliminated. On 
the second day, an airway obstruction was confirmed by a decrease in FEV1 at 40% from baseline values after 
nebulization of a standard dose of terbutaline. On the third day, a spirometry was performed before and after 
nebulization of a standard dose of ipratropium bromide, and there were no significant changes in the spirometric 
parameters. Finally the patient was discharged with a written warning mentioning the danger of salbutamol and 
terbutaline use. 
Conclusion: Salbutamol and terbutaline are generally well-tolerated β2 adrenergic agonists. Nevertheless, in rare 
cases, these substances can cause a paradoxical bronchoconstriction. Doctors must therefore remain vigilant 
about its side effect and possibly investigate each case.
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light chain kinase hydrolysis. In addition, it promotes the ex-
change of calcium/sodium, which results in a decrease in in-
tracellular calcium concentration, and stimulates the Na+/K+ 
adenosine triphosphatase (ATPase) pump.

This discovery justifies the use of these substances as a 
pillar of the treatment of bronchial obstruction in addition to 
their safety and efficiency (1-5). 

Nevertheless, use of salbutamol and terbutaline has been 
the cause of paradoxical bronchoconstriction, which is a rare 
and potentially serious adverse event requiring vigilance by 
treating physicians (6,7).

We describe a case of paradoxical bronchoconstriction 
in an asthmatic patient caused by β2-adrenoceptor agonists 
objectively demonstrated with an appreciable decrease of 
forced expiratory volume in one second (FEV1) in a double- 
blind crossover study.

Methods and Results

This case is about a 50-year-old asthmatic patient with 
no other past medical history and whose body mass index 
was 20.7 kg/m2. He described a history of repetitive acute 
attacks of asthma after inhalation of salbutamol. Asthma was 

Background

Salbutamol and terbutaline are both short-acting β2- 
adrenoceptor agonists that are believed to exert their max-
imal therapeutic effect through bronchodilation. Activated 
β2-adrenergic receptors promote their binding to a stimu-
lating G protein called Gs. This binding stimulates adenylyl 
cyclase, which in turn activates the intracellular cyclic ade-
nosine monophosphate (cAMP) that phosphorylates several 
relaxation proteins. In bronchial smooth muscle, activated 
protein kinase inhibits both myosin and phosphoinositide 
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diagnosed 5 years earlier, based on clinical arguments with-
out neither atopy nor spirometric confirmation. The patient 
was then treated with inhaled corticosteroids and salbuta-
mol for 3 years. During this period, the patient continued to 
have respiratory symptoms such as wheezing and dry cough 
after taking medication. In April 2016, the patient presented 
dramatic symptoms after taking a standard dose of terbuta-
line via nebulizer and developed a respiratory failure requir-
ing intubation and hospitalization in an intensive care unit.

As part of the follow-up of his disease, the patient was 
sent to our pulmonary function department in August 2017. 
Spirometry and bronchodilator reversibility test were carried 
out by a “CareFusion MicroLab” spirometer, and spirometry 
was performed by experts in respiratory functional explora-
tion according to the latest American Thoracic Society (ATS)/
European Respiratory Society (ERS) recommendations. Pre-
dicted values were obtained according to reference equa-
tions from the work of Stocks and Quanjer (8).

Baseline spirometry revealed a small airways obstruction, 
which is defined by a normal forced vital capacity (FVC), a 
normal FEV1/FVC ratio, and a decrease of at least one forced 
expiratory flow (FEF): FEF50%, FEF25%, or FEF between 25% 
and 75% of the FVC (FEF25-75). During bronchodilator re-
versibility test, the patient developed an explosive cough and 
dyspnea just after salbutamol inhalation (400 µg) by metered 
dose inhaler (MDI). A decrease in FEV1 at 25% from baseline 
was noticed (Tab. I). An administration of ipratropium bro-
mide via nebulizer restored basic spirometric values.

In the light of this ascertainment, we studied the influ-
ence of terbutaline and ipratropium bromide on bronchial 
reactivity. A double-blind crossover study was performed, 
over 3 days; neither the patient nor the technician knew the 
composition of the nebulization in order to compare the ef-
fects of each bronchodilator on bronchial reactivity. An infor-
mal consent was obtained and the patient was asked to avoid 
using bronchodilators for at least 12 hours prior to the study. 
FEV1, FVC, and FEF25-75 were measured and the patient was 
monitored by blood oxygen saturation.

On the first day, a basic spirometry was performed with 
eight measurements in order to eliminate bronchoconstric-
tion due to deep inhalation during spirometry testing. No 
significant changes compared to baseline spirometry were 
found (Tab. II).

On the second day, a spirometry was planned before and 
15 minutes after a nebulization of a standard dose of terbu-
taline made up to a total volume of 5 mL with 0.9% saline 

solution (5 mg/unit). The patient was initially asymptom-
atic, but nebulization was interrupted because of important 
dyspnea, coughing, wheezing, and discrete cyanosis. Physi-
cal examination revealed a wheezing, sinusal tachycardia at 
110 per minute, and blood oxygen saturation at 85%. There 
was no urticaria, pruritus, or macular rash. The spirometry 
was performed earlier because of the reaction and revealed 
an airway obstruction confirmed by a decrease in FEV1 at 40% 
from baseline spirometry (Tab. III).

On the third day, a spirometry was performed before 
and 30 minutes after a nebulization of a standard dose of  
ipratropium bromide made up to a total volume of 5 mL with 
0.9% saline solution (0.5 mg/unit). There were no significant 
clinical or spirometric changes (Tab. IV). Finally, the patient 
was discharged with a written warning mentioning the dan-
ger of salbutamol and terbutaline use via MDI or nebulizer  
solutions.

Discussion

Currently, inhaled β2-adrenoceptor agonists are generally 
used in the treatment of acute asthma attacks, based on their 
effectiveness and relative safety. However, in rare cases, they 
may cause unexpected adverse effects such as paradoxical 
bronchoconstriction.

Paradoxical bronchoconstriction was recorded in this pa-
tient each time he used β2-adrenoceptor agonists, whether 
with salbutamol via MDI or terbutaline via nebulizer. Many 

TABLE I - Spirometric parameters before and after salbutamol inhalation

Spirometric  
parameters

Baseline spirometry After salbutamol

Measured % Predicted Measured % Predicted % Changing

FEV1 2.36 L 74 1.76 L 55 −25

FVC 3.57 L 91 3.36 L 86 −6

FEV1/FVC 66% – 52% – −21

FEF25-75 1.34 L 36 0.68 L 18 −49

FEF25-75 = FEF between 25% and 75% of the FVC; FEV1 = forced expiratory volume in 1 second; FVC = forced vital capacity.

TABLE II - Spirometric parameters during repeated spirometry testing

 FEV1 FVC FEV1/FVC (%)

Baseline or 1st 
spirometry

2.41 L (75%) 3.27 L (83%) 73

2nd spirometry 2.36 L (74%) 3.11 L (79%) 75

3rd spirometry 2.29 L (71%) 3.15 L (80%) 73

4th spirometry 2.35 L (73%) 3.19 L (81%) 73

5th spirometry 2.30 L (71%) 3.11 L (79%) 73

6th spirometry 2.42 L (75%) 3.22 L (82%) 75

7th spirometry 2.31 L (71%) 3.20 L (81%) 72

8th spirometry 2.35 L (73%) 3.22 L (82%) 72

FEV1 = forced expiratory volume in 1 second; FVC = forced vital capacity.
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factors have been excluded before reaching the conclusion of 
paradoxical bronchoconstriction.

First, in some asthma patients, deep inhalation can pro-
duce paradoxical bronchoconstriction during spirometry test-
ing (9). This is why we performed the test on the first day 
with more than three measurements, but no spirometric 
changes were found. Second, double-blind crossover study 
was performed to avoid psychological response to spirome-
try testing. In fact, psychological stress can exacerbate clinical 
symptoms in patients with asthma (10). Third, several studies 
suggested that excipients (as chlorofluorocarbon propellants 
and surfactants) or preservatives (as benzalkonium chloride) 
in MDIs have been incriminated in paradoxical bronchocon-
striction due to a bronchial irritation (11,12).

In our case, this possibility was rejected because the same 
response was seen after nebulization of terbutaline solution, 
which did not contain foreign substances as preservatives or 
stabilizers. In fact, excipients of our terbutaline solution were 
sodium chloride, sodium edetate, and hydrochloric acid.

In addition, osmolarity of liquids of nebulization may in-
duce bronchoconstriction. Hyperosmolar buffers have been 
shown to cause histamine release from normal human ba-
sophils and mast lung cells (13,14). Saline solutions that are 
hypotonic or hypertonic are both able to induce bronchocon-
striction (15). For these reasons, we used isotonic saline in all 
nebulizer solutions.

This bronchoconstriction was most likely related to an 
adverse reaction to β2-adrenoceptor agonists. It is, however, 
difficult to specify their exact action mechanism on bronchi 
during this paradoxical reaction. A number of questions re-
main to be answered with a biocellular study.

All possibilities should be taken into account. It is danger-
ous to reject a possible cause of asthma mortality. Doctors 

and patients should be aware that although β2-adrenoceptor 
agonists do not generally produce adverse effects, it may ag-
gravate symptoms. This adverse reaction needs to be consid-
ered as one of the possible causes of sudden death or acute 
asthma attack.

Finally, some precautions should be taken with the use of 
β2-adrenoceptor agonists. Since short-acting β2-adrenoceptor 
agonists represent the first-line treatment of acute asthma 
(2,3), any discrepancy between a good adherence to treat-
ment and refractory symptoms should lead the physician to 
suspect paradoxical bronchoconstriction. In this case, the pa-
tient should be treated with other bronchodilators such as 
anticholinergics. 

Similar reactions should lead to a new assessment includ-
ing a full spirometric study with bronchial reversibility tests 
as well as the above-cited protocol, in order to define the 
causative agent.

Conclusion

β2-adrenoceptor agonists are an important and well- 
tolerated pharmacological class in the management of asthma. 
In rare cases, salbutamol and terbutaline may cause unusual 
paradoxical bronchoconstriction, whose mechanism remains 
unknown. Therefore, physicians must be vigilant about this 
potentially serious side effect and investigate each case.

Disclosures
Conflict of interest: The authors declare that there is no conflict of 
interest.
Financial support: This research received no specific grant from  
any funding agency in the public, commercial, or not-for-profit  
sectors.

TABLE III - Spirometric parameters before and after terbutaline nebulization

Spirometric  
parameters

Baseline spirometry After terbutaline

Measured % Predicted Measured % Predicted % Changing

FEV1 2.36 L 74 1.41 L 44 −40

FVC 3.11 L 79 2.82 L 72 −9

FEV1/FVC 75% – 40% – −35

FEF25-75 2.22 L/s 51 0.79 L/s 18 −64

FEF25-75 = FEF between 25% and 75% of the FVC; FEV1 = forced expiratory volume in 1 second; FVC = forced vital capacity.

TABLE IV - Spirometric parameters before and after nebulization of ipratropium bromide

Spirometric  
parameters

Baseline spirometry After ipratropium bromide

Measured % Predicted Measured % Predicted % Changing

FEV1 2.54 L 79 2.59 L 80 +2

FVC 3.78 L 76 3.85 L 79 +2

FEV1/FVC 64% – 67% – +3

FEF25-75 1.89 L 43 1.97 L/s 45 +4

FEF25-75 = FEF between 25% and 75% of the FVC; FEV1 = forced expiratory volume in 1 second; FVC = forced vital capacity.
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beta-lactamase (ESBL)-producing gram-negative bacilli:  
A meta-analysis report in Ethiopia
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ABSTRACT
Multidrug-resistant (MDR) extended-spectrum beta-lactamase (ESBL)-producing bacterial isolates have emerged 
as a global threat to human health. Little is known about the overall prevalence of multidrug resistance profile 
and ESBL-producing gram-negative bacilli (GNB) in Ethiopia. Therefore, this meta-analysis was performed to pro-
duce proportional estimates of multidrug resistance and ESBL-producing GNB in Ethiopia.
 A web-based search was conducted in PubMed, Google Scholar, Research Gate, Scopus and other databases. 
Articles published till 2019 on the prevalence and antimicrobial resistance profiles of ESBL-producing GNB in  
Ethiopia were included in the study. Relevant data were extracted and statistical analysis was performed using com-
prehensive meta-analysis version 3.3.0 software. Publication bias was analyzed and presented with funnel plots.
 In this meta-analysis, the overall proportional estimate of ESBL-producing GNB was 48.9% (95% confidence 
interval [CI]: 0.402, 0.577). The pooled proportional estimates of ESBL-producing Klebsiella pneumoniae, Esch-
erichia coli and other GNB were 61.8%, 41.2% and 42.9%, respectively. Regarding antimicrobial resistance pro-
files against selected drugs, the pooled proportional estimates of resistance against amoxicillin-clavulanic acid, 
trimethoprim-sulfamethoxazole, cefotaxime, ceftazidime, tetracycline, gentamicin and ciprofloxacin was 79.0%, 
78.4%, 78.0%, 72.4%, 72.7%, 58.9% and 43.8%, respectively. The pooled proportional estimates of MDR isolates 
were found to be 82.7% (95% CI: 0.726, 0.896), which are relatively high as compared to other countries. This 
highlights a need for active surveillance systems which can help understand the actual epidemiology of ESBL, aid 
in formulating national guidelines for proper screening of ESBL and support developing standardized approaches 
for managing patients colonized with ESBL.
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use could worsen the condition, increasing infections caused 
by such resistant strains, its emergency and transmission 
(1,2). For instance, in Ethiopia studies show that about 36.8% 
of the population got antibiotics from community drug retail 
outlets without a prescription and 67.9% of people had dis-
continued the use of antibiotics once their symptoms subside 
(3). Low educational status, dissatisfaction with healthcare 
services provided, pharmacy owners’ influence to maximize 
revenue, customer’s pressure, weak regulatory mechanism 
and professional conflicts of interest were found to be strong 
predictors of inappropriate use of antibiotic use among the 
community (3,4).

Enterobacteriaceae that produce ESBL carry plasmid-
encoded enzymes that can efficiently hydrolyze and confer 
resistance to a variety of beta-lactam antibiotics, but not 
to carbapenems or cephamycins. Besides beta-lactam class 
of antibiotic, ESBL producers are commonly resistant to dif-
ferent families of antibiotics including fluoroquinolones, 
aminoglycosides and trimethoprim-sulfamethoxazole (SXT),  
which contribute to the selection and persistence of 

Introduction

The production of extended-spectrum beta-lactamase 
(ESBL) enzymes is the main bacterial mechanism to acquire 
resistance to currently used broad-spectrum beta-lactam an-
tibiotics. The infections caused by such enzyme-producing 
bacteria have significant potential impacts on antibiotic use 
and patient outcomes. Especially in resource-limited coun-
tries, limited availability of drugs coupled with inappropriate 
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multidrug-resistant (MDR) ESBL strains and plasmids in both 
clinical and community settings. These enzymes are predomi-
nantly found in Escherichia coli and Klebsiella pneumoniae, 
although they are also present in other members of the 
gram-negative bacilli (GNB) (5-7). 

ESBL-producing organisms play an important role in 
healthcare infections, increasing hospitalization time and 
morbidity and mortality rates (8). The presence of ESBL com-
plicates antibiotic selection, especially in patients with seri-
ous infections, such as bacteremia. The reason for this is that 
ESBL-producing bacteria are often multiresistant to various 
antibiotics, an interesting feature of CTX-M (CTX stands for 
cefotaxime and M for Munich)-producing isolates is the core-
sistance to various classes of antibiotics such as fluoroquino-
lones, aminoglycosides and co-trimoxazole due to associated 
resistance mechanisms, which may be either chromosomally 
or plasmid-encoded (8-11). 

The spread and the burden of ESBL-producing bacteria 
are greater in developing countries. For instance, the major 
epicenters of ESBL-expressing bacteria are located in Asia, Af-
rica and the Middle East (12-14). Findings of a recent review 
showed that pooled prevalence of healthcare-associated in-
fections in resource-limited settings (15.5%) was twice the 
average prevalence in Europe (7.1%) (15). Some plausible 
reasons for this difference include the following conditions 
that are prevalent in low-income countries: crowded hospi-
tals, more extensive self-treatment and use of nonprescrip-
tion antimicrobials, poorer hygiene in general and particularly 
in hospitals as well as less effective infection control. 

Comprehensive data regarding ESBL-producing bacteria 
are generally lacking in African countries, compared with the 
developed world. In Ethiopia also, it is difficult to evaluate 
the spread and the burden of ESBL-producing organisms, 
because of the limited scope of studies and lack of coordi-
nated epidemiological surveillance systems. By combining 
information from all relevant studies, meta-analyses can pro-
vide more precise estimates of the effects of healthcare than 
those derived from the individual studies included within a 
review. Therefore, to gain a better insight into the propor-
tional estimates of MDR profiles and ESBL-producing GNB in 
Ethiopia, we retrieved available articles and collated the in-
formation in this study article.

Methods

Study design

A descriptive meta-analysis study comprising different 
studies on the prevalence and antimicrobial resistance pro-
file of ESBL-producing GNB in Ethiopia was conducted. 

Data sources and search strategies

A systematic and comprehensive search on available 
records up to December 2019 was carried out in PubMed, 
Google Scholar, Research Gate, Scopus and other databases. 
The following medical subject headings (MESH) in the title 
or abstract, such as “clinical specimen,” “ESBL,” OR “ex-
tended spectrum β-lactamase” “Enterobacteriaceae” OR 

“extended-spectrum-beta-lactamase,” “gram negatives” OR 
“antibacterial resistance,” “gram negatives” OR “antimicro-
bial susceptibility” AND “gram negatives” and “Ethiopia,” 
were searched. In addition, bibliographies of eligible studies 
and other meta-analyses were manually searched carefully 
to identify additional relevant articles. 

Study selection and eligibility criteria 

All articles related to the detection of ESBL-producing 
GNB from clinical specimens and hospital environment 
samples, written in English language, possessing approved 
microbiological methods for pathogen detection and con-
taining sufficient and extractable data were included in the 
meta-analysis. Having assessed all the information from the 
recovered publications, online records that were available up 
to 2019 were considered as appropriate for eligibility assess-
ment. All review articles and original articles conducted out-
side Ethiopia, articles with irretrievable full texts and records 
with unrelated outcomes of interest were excluded during 
screening and eligibility assessment. 

Screening and eligibility criteria 

There were no limits with regard to study type except that 
the study had to be a primary study. However, the analysis 
was made to those studies which reported sufficient infor-
mation to meet outcomes of interests. Some duplicates re-
cords were addressed manually due to variation in reference 
styles across sources. Thereafter, the authors (MA and TW) 
independently inspected all the titles and abstracts of arti-
cles related to the study question and these were included 
in a group of eligible articles with their own code and with 
irrelevant articles being excluded. All articles in the initially 
selected group were further screened in a second step by 
reviewing the full texts and evaluated for eligibility for final 
inclusion (Fig. 1). 

Data extraction

Studies were identified by the main study name/identifier, 
followed by the year of publication. Using a predetermined, 
standardized and piloted data extraction form, the authors 
(MA and TW) independently extracted important data re-
lated to study characteristics from each article. Data extrac-
tion sheets were individually designed and pilot-tested using 
Microsoft Excel 2007. For each study meeting the review in-
clusion criteria, the following data, such as first author, study 
area, year of publication, study design, sample type, sample 
size, target population, isolate sources and outcomes of in-
terests, number and common species isolated, proportion of 
ESBL-positive strains and proportion and/or number of drug 
and MDR isolate and the methods used to test for ESBL pro-
ducers, were recorded. Data were extracted and analyzed at 
least twice to remove any discordance. Whenever there was 
discordance in the data extracted, a third person, a trained 
MSc laboratory professional, played a role in checking the 
data and a consensus was reached by double-checking of the 
articles with the two authors. 
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Quality assessment of included studies

The qualities of eligible studies were checked against 
items included in strengthening the reporting of observa-
tional studies in epidemiology (STROBE) Statement check-
list (16). The quality scores (proportion) for each study were 
calculated against items of the STROBE checklist adequately. 
There were no limits with regard to study type except that 
the study had to be a primary study and we did not exclude 
any studies based on quality. 

Outcome measurements

The first outcome measure is the proportion of ESBL-
producing GNB from clinical specimens in Ethiopia. The 
pooled proportion of ESBL-producing GNB was calculated 
per bacterium isolate. The second outcome measure is the 
antimicrobial and MDR profiles of ESBL-producing and non-
ESBL-producing GNB against selected antimicrobials of differ-
ent categories. 

Data processing and analysis

The relevant data were analyzed using comprehensive 
meta-analysis version 3.3.0 software (www.Meta-analysis.
com). Both random and fixed effects models were used to 
calculate the pooled proportional estimates of ESBL-positive 
and MDR isolates. The I2 statistics was used to expresses the 
percentage of total variation across studies and significant 
heterogeneity was considered at p < 0.05 and I2 > 50%. Pub-
lication bias was evaluated by using Begg’s and Egger’s tests 
and presented with funnel plots of standard error of Logit 

event rate, and a statistical significant publication bias was 
considered at p < 0.05.

Results

Search and screening results and distribution  
of included articles

A total of 39 studies were identified from several sources 
including PubMed, Google Scholar, Research Gate, Scopus 
and other databases. After removing eight duplicated arti-
cles, 31 were screened and four records were removed with 
their title and abstract review because of irrelevance. After 
full-text assessment, ten articles excluded: four from other 
countries, three due to animal and only nonhospital environ-
ment source of sample and three outcome of interest was 
missing and/or insufficient. Seventeen articles fulfilling the 
eligibility criteria were included for systematic meta-analysis 
(Fig. 1). The eligible studies were published in the year up 
to 2019. The study design of all included articles was cross-
sectional studies. Most of the studies indicated that various 
specimens had been utilized for screening of GNB; particu-
larly biological fluids like blood, urine, pus, stool and cerebro-
spinal fluid (CSF) were taken for test. Hospital environment 
samples such as wastewater and different swab samples 
from hospital contact surfaces were also taken for test. With 
regard to sources of biological samples, most of the studies 
included inpatients and outpatients as their sources of sam-
ples. With regard to study areas, six (35.3%) were conducted 
in the southwestern parts of Ethiopia, six (35.3%) in central 
Ethiopia, four (23.5%) in northern parts of Ethiopia and one 
(5.9%) in eastern parts of Ethiopia. Based on the available ev-
idence, the maximum number of articles on this subject was 
published in the year 2014, which means only three articles 
were published in 2005, 2011 and 2012 (Tab. I). The median 
score of published studies against STROBE items was 72.2% 
(with a range of [50.7-79.7]). 

Proportional estimates of ESBL-positive GNB

This study indicates that although different bacterial 
pathogens have the probability of producing ESBL as their 
resistance mechanisms, studies on the proportion of ESBL-
producing bacteria have not been carried out properly in all 
parts of Ethiopia. Based on the available data, the pooled 
proportional estimate of ESBL-producing GNB in Ethiopia 
was 0.489 (95% confidence interval [CI]: 0.402, 0.577). Pro-
portional estimates of ESBL-producing K. pneumoniae were 
0.618 (95% CI: 0.487, 0.734), whereas proportional estimates 
of ESBL-producing E. coli were 0.412 (95% CI: 0.326, 0.504). 
The proportional estimate of other ESBL-producing GNB was 
0.429 (95% CI: 0.352, 0.509). Overall heterogeneity was sig-
nificant [I2 = 93.41%; p = 0.000] (Tab. II and Fig. 2). 

Proportional estimates of MDR profiles of bacterial isolates

The bacterial isolates that showed different antimicrobial 
resistance profile against selected agents were extracted. 
Accordingly, the pooled estimate indicated that 0.720 (95% 

A total of 34records were searched and 
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other databases.
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Fig. 1 - Flow chart showing the selection process of articles.
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TABLE I - Distribution of articles reviewed on ESBL-producing clinical isolates from different regions of Ethiopia

First author, 
publication  
year

Study 
design

Study 
area

Sample types Sample 
sources

Sample 
size

Total 
isolates

Total ESBL 
positives

Common ESBL producers ESBL  
confirmation 
methodE. coli K.  

pneu-
moniae

Other 
gram-

negatives

Desta et al,  
2016 (17)

CS AA Fecal sample/swab IP 267 295 151/295 106/235 44/58 1/2 CDT + Vitek2

Teklu et al,  
2019 (18)

CS AA Urine, blood, sputum, 
CSF, body fluid, pus 
and discharge

IP and 
OP

426 426 246/426 119/228 81/103 46/95 CDT

Moges et al, 
2019 (19)

CS Bahir 
Dar

Urine, blood, stool, 
pus, sputum, CSF, 
body fluid, ear, nasal, 
cervical discharge

IP and 
OP

532 263 127/148 14/23 79/97 34/76 CDT

Legese et al, 
2017 (20)

CS AA Blood and urine IP and 
OP

322 33 22/28 5/6 16/19 1/8 CDT

Engda et al, 
2018 (21)

CS Gondar Swabs of sinks, bed, 
door handles,  
wastewater

Hospital 
env’t

384 57 57/57 20/57 24/57 13/57 Hicrome 
ESBL agar

Gashaw et al, 
2018 (22)

CS Jimma Urine, blood, sputum, 
wound/pus swab

IP 118 126 51/100 19/31 16/30 18/39 DDST

Mulualem  
et al, 2012 (23)

CS Jimma Urine, stool, sputum, 
wound/pus swab

IP and 
OP

359 67 24/67 24/67 NA NA CDT

Zeynudin 
et al, 2018  
(24)

CS Jimma Wound swabs, urine, 
biopsies, sputum

IP and 
OP

224 224 71/112 13/13 30/31 28/68 Check-MDR 
Microarray 
Kits

Eshetie et al, 
2015 (25)

CS Gondar Urine IP and 
OP

442 183 5/160 2/104 3/28 42 (NA) CHROMagar

Beyene et al, 
2011 (26)

CS Jimma Stool, blood IP and 
OP

1,225 113 71/113 NA NA 71/113 E-test

Abera et al, 
2016 (27)

CS Bahir 
Dar

Blood, urine, pus,  
CSF, ear discharges,  
wound swab, water 

IP and 
OP

757 274 127/274 73/170 36/55 17/49 DDST

Seid et al,  
2005 (28)

CS Harrar Sputum, urine  
and pus

IP and 
OP

384 57 19/57 NA 19/57 NA CDT

Abayneh et al., 
2018 (29)

CS Jimma Urine OP 342 74 17/74 13/63 4/11 NA DDST

Siraj et al,  
2014 (30)

CS Jimma Urine, sputum, blood, 
vaginal swabs, wound/
pus swab, eye dis-
charge

IP and 
OP

471 112 43/112 24/85 19/27 NA DDST

Mulisa et al, 
2016 (31)

CS Adama Urine, wound, nasal, 
stool, pleural fluids, 
ear discharge

IP and 
OP

384 133 17/68 10/35 2/8 5/25 DDST

Bitew  
(2019) (32)

CS AA Urine, wound, blood, 
CSF, ear, nasal

IP and 
OP

996 153 66/135 NA NA 66/135 CDT

Beyene  
(2019) (33)

CS AA Urine, sputum, blood, 
vaginal, wound/pus, 
eye discharge

IP 947 238 159/238 91/144 55/72 13/21 CDT

AA = Addis Ababa; CDT = Combination Disc Test; CS = cross-sectional; CSF = cerebrospinal fluid; DDST = Double Disc Synergy Test; ESBL = extended-spectrum 
beta-lactamase; E-Test = Epsilometric Test; IP = inpatient; MDR = multidrug resistance; NA = not analyzed; OP = outpatient.
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TABLE II - Proportional estimates of ESBL-producing gram-negative bacteria in different regions of Ethiopia

Studies Total proportions of ESBL Proportions of ESBL- 
producing E. coli

Proportions of ESBL- 
producing K. pneumoniae

Proportions of ESBL- 
producing other GNs

ES [95% CI] Weight ES [95% CI]  Weight ES [95% CI]  Weight ES [95% CI]  Weight

Desta et al 
(2016)

0.51 [0.455, 0.569] 1.80 0.451 [0.389, 0.515] 2.91 0.759 [0.633, 0.852] 1.00 0.500 [0.059, 0.941] 0.45

Teklu et al 
(2019)

0.58 [0.530, 0.624] 1.81 0.522 [0.457, 0.586] 2.91 0.786 [0.697, 0.855] 1.04 0.484 [0.386, 0.584] 3.53

Moges  
et al (2019)

0.858 [0.792, 0.906] 1.67 0.609 [0.402, 0.782] 1.96 0.814 [0.725, 0.880] 1.03 0.447 [0.340, 0.560] 3.40

Legese  
et al (2017)

0.786 [0.598, 0.900] 1.32 0.833 [0.369, 0.977] 0.66 0.842 [0.608, 0.948] 0.77 0.125 [0.017, 0.537] 0.72

Engda et al 
(2018)

0.991 [0.877, 0.999] 0.39 0.351 [0.239, 0.482] 2.48 0.421 [0.301, 0.552] 1.02 0.228 [0.137, 0.354] 2.93

Gashaw  
et al (2018)

0.510 [0.413, 0.606] 1.71 0.613 [0.435, 0.765] 2.16 0.533 [0.358, 0.701] 0.96 0.462 [0.317, 0.617] 2.90

Mulualem 
et al (2012)

0.358 [0.253, 0.479] 1.64 0.358 [0.253, 0.479] 2.55 NA NA NA

Zeynudin 
et al (2018)

0.634 [0.541, 0.718] 1.72 0.964 [0.616, 0.998] 0.42 0.968 [0.804, 0.995] 0.52 0.412 [0.302, 0.532] 3.31

Eshetie  
et al (2015)

0.027 [0.011, 0.064] 1.34 0.018 [0.004, 0.069] 1.20 0.103 [0.034, 0.276] 0.78 42 (NA) NA

Beyene  
et al (2011)

0.628 [0.536, 0.712] 1.72 NA NA NA 0.628 [0.536, 0.712] 3.58

Abera et al 
(2016)

0.464 [0.405, 0.523] 1.79 0.429 [0.357, 0.505] 2.85 0.655 [0.521, 0.768] 1.01 0.415 [0.276, 0.569] 2.93

Seid et al 
(2005)

0.333 [0.224, 0.464] 1.61 NA NA 0.333 [0.224, 0.464] 1.02 NA NA

Abayneh  
et al (2018)

0.230 [0.148, 0.339] 1.61 0.206 [0.124, 0.324] 2.36 0.364 [0.143, 0.661] 0.77 NA NA

Siraj et al 
(2014)

0.384 [0.299, 
0.477]

1.72 0.282 [0.197, 0.387] 2.60 0.704 [0.510, 0.844] 0.92 NA NA

Mulisa et al 
(2016)

0.250 [0.161, 0.366] 1.61 0.286 [0.161, 0.454] 2.14 0.250 [ 0.063, 
0.623]

0.64 0.200 [0.086, 0.400] 2.04

Bitew 
(2019)

0.489 [0.406, 
0.573]

2.00 NA NA NA 0.489 [0.406, 0.573] 4.42

Beyene 
(2019)

0.668 [0.606, 0.725] 20.5 0.632 [0.550, 0.707] 2.57 0.764 [0.653, 0.848] 1.11 0.619 [0.402, 0.797] 2.51

Overall R 
ES [95% CI]
Overall F 
ES [95% CI]

0.489 [0.402, 0.577]
 

0.526 [0.505, 0.548]

0.412 [0.326, 0.504] 
  

0.451 [0.422, 0.481]

0.618 [0.487, 0.734]
 

0.646 [0.604, 0.686]

0.429 [0.352, 0.509]
  

0.461 [0.424, 0.500]

CI = confidence interval; ESBL = extended-spectrum beta-lactamase; F = fixed; GN = gram negatives; NA = not analyzed; R = random; ES = event rate.

CI: 0.586, 0.820) and 0.780 (95% CI: 0.615, 0.891) of the 
ESBL-producing and non-ESBL-producing GNB were found 
resistant to third-generation cephalosporin (ceftazidime and 
cefotaxime), respectively. The pooled estimate indicated 
that 0.589 (95% CI: 0.482, 0.688), 0.438 (95% CI: 0.347, 
0.534) and 0.790 (95% CI: 0.713, 0.850) of ESBL-producing 
and non-ESBL-producing GNB isolates were resistant to 

gentamicin, ciprofloxacin and amoxicillin-clavulanic acid, re-
spectively. Besides, 0.784 (95% CI: 0.726, 0.832) and 0.727 
(95% CI: 0.605, 0.823) of ESBL-producing and non-ESBL- 
producing GNB isolates were resistant to SXT and tetracycline 
(TET), respectively. The pooled proportional estimates of 
MDR isolates were found to be 0.827 (95% CI: 0.726, 0.896)  
(Tab. III).
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TABLE III - Antimicrobial and multidrug resistance profile of bacterial isolates obtained from different samples in Ethiopia

Authors Total 
isolates

Total ESBL-
producer

Antimicrobial resistance profiles

CAZ CTX GNT CIP SXT TET AMC MDR

Desta et al. 
(2016)

295 151/295 137/150 146/150 105/150 94/150 136/150 NA 134/150 150/150

Teklu et al. 
(2019)

426 246/426 257/426 265/426 185/426 240/426 324/426 NA 305/426 237/246 or 
291/426*

Moges  
et al. (2019)

185 127/148 143/148 129/148 116/148 52/148 138/148 127/148 117/148 127/148 or 
148/185*

Legese  
et al. (2017)

33 22/28 NA 29/33 26/33 NA 29/33 25/33 28/33 NA

Engda et al. 
(2018)

57 57/57 57/57 57/57 11/57 25/57 37/57 NA 57/57 32/57

Gashaw  
et al. (2018)

100 51/100 63/100 60/100 68/100 48/100 79/100 90/100 94/100 28/100*

Mulualem 
et al. (2012)

67 24/67 4/67 6/67 2/67 14/67 38/67 49/67 47/67 67/67*

Zeynudin  
et al. (2018)

224 71/112 63/68 66/68 60/68 41/68 62/68 NA NA 67/68* 

Eshetie  
et al. (2015)

183 5/183 90/160 40/160 94/160 4/160 103/160 79/160 81/160 160/183*

Beyene  
et al. (2011)

113 71/113 NA NA 84 1 91 45 NA 78/113*

Abera et al. 
(2016)

274 127/274 NA NA NA 106/274 174/274 NA NA NA

Seid et al. 
(2005)

57 19/57 23/57 22/57 35/57 NA 37/57 NA NA 41/57*

Abayneh  
et al. (2018)

74 17/74 12/17 17/17 11/17 13/17 14/17 14/17 14/17 14/17

Raw weight Relative weight 

Random

Desta K (2016) 151 / 295 2.07 6.73

Teklu DS (2019) 246 / 426 2.09 6.79

Moges F (2019) 127 / 148 1.90 6.19

Legese M (2017) 22 / 28 1.47 4.77

Engda T (2018) 57 / 57 0.40 1.31

Gashaw M (2018) 51 / 100 1.96 6.38

Mulualem Y (2012) 24 / 67 1.87 6.08

Zeynudin A.(2018) 71 / 112 1.97 6.40

Eshetie S. (2015) 5 / 160 1.48 4.81

Beyene G (2011) 71 / 113 1.97 6.41

Abera B (2016) 127 / 274 2.06 6.72

Seid J (2005) 19 / 57 1.82 5.93

Abayneh M (2018) 17 / 74 1.83 5.96

Siraj SM (2014) 1.97 6.41

Mulisa G (2016) 1.82 5.93

Bitew A (2019) 2.00 6.51

Beyene D (2019) 2.05 6.66

-0.50 0.00 0.50 1.00
Overall F ES [95% CI]

0.512 [0.455,0.569]

0.577 [0.530,0.624]

0.858 [0.792, 0.906]

0.991 [0.877, 0.999]

0.510 [0.413, 0.606]

0.358 [0.253, 0.479]

0.634 [0.541, 0.718]

0.031 [0.013, 0.073]

0.628 [0.536, 0.712]

0.464 [0.405, 0.523]

0.786 [0.598, 0.900]

0.333 [0.224, 0.464]

0.230 [0.148, 0.339]

0.384 [0.299, 0.477]

0.250 [0.161, 0.366]

0.489 [0.406, 0.573]

0.668 [0.606, 0.725]

Overall R ES [95% CI] 0.489 [0.402, 0.577]

Heterogeneity I2 = 93.41%; p = 0.000

0.526 [0.505, 0.548]

Statistics for each study

ES [95% CI]Study name ESBL/Total

43 / 112

17 / 68

66/135

159/238

Fig. 2 - Proportional estimates of 
ESBL-producing GNB in different 
clinical samples in Ethiopia. CI = 
confidence interval; ESBL = exten-
ded-spectrum beta-lactamase;  
ES = event rate.

(Continued)
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Authors Total 
isolates

Total ESBL-
producer

Antimicrobial resistance profiles

CAZ CTX GNT CIP SXT TET AMC MDR

Siraj et al. 
(2014)

112 43/112 42/43 43/43 36/43 33/43 41/43 39/43 38/43 38/43

Mulisa  
et al. (2016)

68 17/68 NA NA 12/17 14/17 14/17 6/17 NA 17/17

Bitew 
(2019)

135 66/135 45/135 NA 32/135 47/135 86/135 92/135 100/135 110/135*

Beyene 
(2019)

238 159/238 176/238 NA 117/238 137/238 195/238 191/238 148/238 225/238*

Overall R,  
ES [95% CI]

1273/2487 0.72 
[0.586, 
0.820]

0.78  
[0.615, 
0.891]

0.589  
[0.482, 
0.688]

0.438  
[0.347, 
0.534]

0.784  
[0.726, 
0.832]

0.727 
[0.605, 
0.823]

0.790  
[0.713, 
0.850]

0.827  
[0.726, 
0.896]

AMC = ampicillin-clavulanic acid; CAZ = ceftazidime; CI = confidence interval; CIP = ciprofloxacin; CTX = cefotaxime; GNT = gentamicin; ESBL = extended-spectrum 
beta-lactamase; MDR = multi-drug resistance; NA = not analyzed; R = resistance; SXT = trimethoprim-sulfamethoxazole; TET = tetracycline; ES = event rate.
*From overall isolates.

Laboratory methods used to estimate the proportion of  
ESBL-producing strains

According to this review, 8/17 (47.1%) of the articles re-
viewed used combination disk test (CDT) and 5/17 (29.4%) 
articles used double disk synergy test (DDST) methods alone. 
Two (11.8%) articles used CHROMagar and one article used 
E-test to estimate ESBL proportions. Only one article used 
Check-MDR CT103 Microarray Kits for detection and molecu-
lar characterization of the ESBL genes (Tab. I). 

Publication bias

Funnel plots of standard error with Logit event rate con-
firmed that there is no statistically significant evidence of 
publication bias on studies reporting the prevalence of ESBL-
producing bacterial isolates from different clinical samples 
in Ethiopia (Begg’s test, p = 0.217; Egger’s test, p = 0.231) 
(Fig. 3). However, Begg suggested that a nonsignificant 

correlation may be due to low statistical power and cannot 
be taken as evidence that bias is absent. 

Discussion

This is the first meta-analysis study relating the extent of 
the ESBL-producing GNB in Ethiopia. Accordingly, the pooled 
proportional estimates of ESBL-producing GNB were 48.9%, 
which is higher than previous estimates of meta-analysis in 
East Africa (34) and Pakistan (35), in which overall pooled pro-
portion of ESBL-producers was 42% and 40%, respectively. As 
compared to each country in East Africa, this finding is higher 
than the pooled proportion of ESBL-producing Enterobacte-
riaceae in Tanzania (39%) and Kenya (47%) (34). The result is 
also higher than estimates of meta-analysis in African coun-
tries, in which the total proportion of ESBL-producing isolates 
was 15% in 16 out of 26 studies (36).

As compared to resource-rich countries, the pooled pro-
portion of ESBL-producing isolates was thus considerably 
higher in resource-limited countries, including our setting. 
For instance, the pooled global prevalence of ESBL-producing 
Enterobacteriaceae among pregnant women diagnosed with 
urinary tract infections (UTIs) is 25%, with the highest rates in 
Africa (45%) and India (33%), followed by 15% in other Asian 
countries, 5% (2.8%) in Europe and the lowest one of 4% in 
South America and 3% in North America (37). This study find-
ing is also close to data reported for China, where a nation-
wide survey that included 30 hospitals reported over 46% 
resistance due to ESBL (38). However, our estimate is slightly 
lower than for Uganda (62%) (34), Ghana (49%) (39), Camer-
oon (54%) (40) and Morocco (43%) (41). 

With regard to the frequency of isolates, in this study, 
the pooled proportional estimates of ESBL-producing 
K. pneumoniae, E. coli and other GNB were 60.3%, 39.0% 
and 40.9%, respectively. This is much higher than a SMART 
study between 2009 and 2010, in which ESBL prevalence 
among K. pneumoniae and E. coli was 38.9% and 17.6%, 
respectively, in Europe, and 8.8% and 8.5, respectively, in 
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Fig. 3 - Funnel plot depicting publication bias of studies reporting the 
prevalence of extended-spectrum beta-lactamase (ESBL)-producing 
gram-negative bacilli in different clinical samples in Ethiopia.

TABLE III - Continued 
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North America (42). Moreover, our meta-analysis result is 
also higher than a report of in vitro activity of tigecycline and 
comparators against gram-negative and gram-positive organ-
isms collected from Asia-Pacific during 2004-2010 and 2015, 
in which 24.6% and 15.8% of E. coli and K. pneumoniae were 
ESBL producers in 2015, respectively[A: Please check the clar-
ity of this sentence.] (43). In addition, among GNB collected 
from intra-abdominal infections in the Asia-Pacific region 
during 2007, 42.2% and 35.8% of E. coli and Klebsiella spp., 
respectively, were ESBL positive (44). However, higher pro-
portions of ESBL-producing E. coli and K. pneumoniae were 
reported from India, Vietnam and China (44,45).

In this study, inter-study results showed a wide and statis-
tically significant degree of variation in proportion estimates 
of ESBL proportions (p < 0.05). There are several possible fac-
tors that may account for the variations seen in this review. 
The first factor is the difference in sensitivity and specificity 
between methods used in estimating ESBL proportions. Some 
studies reviewed estimated ESBL proportions using purely 
phenotypic methods, while others used both phenotypic 
and molecular-based methods. For instance, in this study, 
most of the reviewed articles used CDT (17-20,23,28,32,33) 
and DDST (22, 27,29-31) methods alone for the detection of 
ESBL-producing isolates, and only one study used molecu-
lar technique for investigations and characterizations of the 
gene encoding ESBL (24).

The other factor contributing to the variation in proportion 
estimates of ESBL proportions is type of wards or units, type 
of specimen collected and whether patients were attending 
outpatient or inpatient departments. In this meta-analysis, 
many reviewed studies showed that ESBL-producing isolates 
were more among inpatients than outpatients (20,24,30). 
In contrast, two reviewed studies showed the reverse find-
ing (23,27). A meta-analysis study in areas of sub-Saharan 
Africa showed that pooled ESBL-producing Enterobacte-
riaceae colonization was 18%, 32% and 55% in community 
studies, at hospital admission and for inpatient studies, re-
spectively (46). Many reports have documented the differ-
ence in ESBL proportion estimates between hospitals versus 
community-based surveys (23,25,27,30). However, the lack 
of any estimates for community-based ESBL carriage in  
Ethiopia underscores an urgent need for surveillance in the 
region. Infection control in hospitals including hand hygiene 
and rational antibiotic use can be effective measures to stop 
further spread of the ESBL-producing and MDR strains in 
both hospitals and communities.

MDR GNB are now globally widespread and present a 
major challenge to modern medical practice. To date, the 
overall epidemiology and burden of MDR bacteria and their 
mechanisms of resistance have not been fully understood, 
especially in resource-limited countries, including Ethiopia. 
This is the first meta-analysis study conducted to deter-
mine the pooled proportional estimates of ESBL-producing 
GNB and MDR isolates in Ethiopia. Accordingly, the pooled 
proportional estimates of MDR isolates were found to be 
82.7% (Tab. III). This finding is higher than a finding of previ-
ous meta-analysis in Ethiopia, in which the pooled propor-
tional estimates of MDR isolates were 59.7% (47); however, 
it was lower than a single study finding in Ethiopia (33) and 
Chile (48), in which 94.5% and 100% isolates exhibited MDR 

profiles. Lower study finding was also reported in Ethiopia, 
in which the overall prevalence of MDR was 69.9%, of which 
81.5% was in the hospital environment, while 54.2% was in 
non-hospital environment samples (49). The occurrence of 
MDR may be linked with indiscriminate utilization of anti-
microbial agents such as wrong indication, wrong duration, 
improper route of administration, use of leftover antibiot-
ics from a family member and improper discontinuation of 
antibiotics or genetic mutation (47,50,51). A meta-analysis 
finding in Ethiopia indicated that the pooled estimate of in-
appropriate antibiotic use was 49.2% and the pooled propor-
tion of self-antibiotic prescription was 43.3% (47). Thus, the 
frequent and inappropriate use of antibiotics in humans and 
animals may contribute to the recent emergence of ESBL pro-
ducers and MDR strains both in healthcare institutions and  
communities. 

Moreover, medication required to treat ESBL-producing 
isolates is expensive and unaffordable for the majority of the 
population in these settings, making these bacteria difficult 
to treat. A study in Ethiopia concluded that mortality was sig-
nificantly associated with antimicrobial resistance (52). For 
instance, all 11 patients with Enterobacteriaceae resistant 
to third-generation cephalosporins died. Another system-
atic review and meta-analysis estimated that the mortality 
in neonates with bloodstream infections (BSIs) due to ESBL-
producing Enterobacteriaceae was 36%, as compared to 18% 
among all other neonates with BSI (53). It is therefore of the 
utmost importance to make reliable data available to guide 
strategies devoted to limiting the spread of particularly ESBL-
producing pathogens and MDR strains in Ethiopia. 

In this study, significant numbers of bacterial isolates 
showed different resistance profile against selected antimi-
crobial agents. The pooled proportional estimate of resis-
tance against third-generation cephalosporins (cefotaxime 
and ceftazidime), amoxicillin-clavulanic acid, gentamicin, 
ciprofloxacin, SXT and TET ranges from 43.8% to 79.0%. Al-
most similar findings were reported in Ethiopia and Chile, in 
which 45.4% to >88% isolates exhibit resistance against beta-
lactams and non-lactam drugs (33,48). This high resistance 
rate might be associated with an interesting feature of ESBL-
producing isolates as resistance mechanisms, which may be 
either chromosomally or plasmid-encoded, especially CTX-M 
that often showed feature of coresistance to various classes 
of antibiotics such as fluoroquinolones, aminoglycosides, and 
co-trimoxazole. Therefore, interventions including infection 
control measures and restriction of low-quality and inappro-
priate use of antibiotics may aid in controlling the emergency 
and spread of ESBL-producing pathogens and may actually 
prove cost-beneficial. As a limitation, in this study, due to the 
lack of sufficient records on the prevalence of ESBL producers 
from different clinical samples in Ethiopia, all primary studies, 
including those with very small datasets (<10 ESBL-producing 
strains) were included. 

Conclusion

The problems related to antibiotic resistance, including 
MDR due to ESBL, are significant in Ethiopia. The scarcity of 
data on predictors, clinical outcomes, magnitudes and gene 
variants encoding resistance due to ESBL-producing GNB 
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calls for active surveillance systems, which can help under-
stand the current epidemiology of ESBL within the country. 
Furthermore, this can aid in developing national guidelines 
for proper screening of ESBL as well as developing standard-
ized approaches for managing patients colonized with ESBL-
producing GNB.
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ABSTRACT
Background: Genome plasticity of Streptococcus pneumoniae is responsible for the reduced efficacy of various 
antibiotics and capsular polysaccharide-based vaccines. Therefore, targets independent of capsular types are 
sought to control the pneumococcal pathogenicity. UDP-glucose pyrophosphorylase (UGPase) is one such de-
sired candidate being responsible for the synthesis of UDP-glucose, a sugar precursor in capsular biosynthesis 
and metabolic Leloir pathway. Being crucial to pneumococcal pathobiology, the effect of UGPase inhibition on 
virulence was evaluated in vitro. 
Methods: A putative inhibitor, uridine diphosphate (UDP), was evaluated for effective inhibitory concentration 
in S. pneumoniae and A549 cells, its efficacy and toxicity. The effect of UDP on adherence and phagocytosis was 
measured in human respiratory epithelial (A549 and HEp-2) and macrophage (THP1 and J774.A.1) cell lines re-
spectively.
Results: A differential effective inhibitory concentration of UDP for UGPase inhibition was observed in S. pneu-
moniae and A549 cells, that is, 5 and 100 µM respectively. UDP treatments lowered percent cytotoxicity in  
pneumococcal-infected monolayers and didn’t exert adverse effects on viabilities. S. pneumoniae adherence to 
host cells decreased significantly with UDP treatments. UDP induced the secretion of interleukin (IL)-1β, tumor 
necrosis factor (TNF)-α, IL-6, and IL-8 and increased pneumococcal phagocytosis.
Conclusion: Our study shows UDP-mediated decrease in the virulence of S. pneumoniae and demonstrates UDP 
as an effective inhibitor of pneumococcal UGPase.
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and non-IPDs, for example, acute otitis media and sinusitis 
(1). Pneumococcal infections are associated with significant 
morbidity and mortality globally, specifically in children 
younger than 5 years, elderly adults, and individuals with 
immune deficiencies. Global disease burden and mortal-
ity estimates have documented 341,029 deaths in children 
aged below 5 years; 494,340 deaths in the elderly (aged 
above 70 years), and total 1,189,937 deaths among all ages 
due to pneumococcal infections (2-4). This huge burden of 
pneumococcal diseases is fueled by the rise of new capsu-
lar serotypes and spread of antimicrobial-resistant clones 
(5). Introduction of the capsular polysaccharide (CPS)-
based vaccines and pneumococcal conjugate vaccines had 
provided a little relief, but they still remain unsatisfactory 
due to limited serotype protection and replacement, re-
stricted efficacy of vaccine at the mucosal surface, imple-
mentation issues, and high cost (6,7). Hence, formulation of 
alternative preventive measures independent of serotypes 

Introduction

Streptococcus pneumoniae (pneumococcus) is an impor-
tant healthcare-associated pathogen being responsible for 
various invasive pneumococcal diseases (IPDs), for exam-
ple, bacteremia, pneumonia, septicemia, and meningitis, 
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is inevitable for the better management of pneumococcal 
diseases.

Pneumococcal strains have been shown to synthesize a 
distinct serotype-specific polysaccharide capsule capable of 
dodging host immune components (8,9). The loss of capsule 
has been associated with rapid phagocytosis (10,11). Genetic 
dissection of the cps/cap gene cluster encoding for CPS had 
strongly advocated the involvement of other unlinked genes 
that are dispersed in chromosome in CPS synthesis (12,13). 
One of the genes, galU, encodes for enzyme uridine diphos-
phate (UDP)-glucose pyrophosphorylase (UGPase), and its role 
in the virulence of various gram-negatives and gram-positives 
is well studied (14-19). UGPase catalyzes the synthesis of UDP-
glucose (UDP-glc), which is an important glycosyl donor for the 
modification and interconversion of sugars in metabolic and 
capsular pathways (17,19,20). The galU mutants of pneumo-
coccus have been shown to be acapsular despite the presence 
of functional cps genes (14,19).

UGPase has been considered as a suitable target to con-
trol the pneumococcal virulence (17,21) as galU has been 
reported in all pneumococcal strains regardless of capsular 
types (14). Also, mammalian UGPases have been evolution-
arily unrelated to their prokaryotic counterparts, suggesting 
that its putative inhibitors would not be inimical to the host 
(17,21,22). The effects of UGPase inhibition in the patho-
genicity of pneumococcus have not been elucidated so far 
despite the availability of evidence of gene mutation stud-
ies (19). A study has screened few chemical inhibitors for 
the inhibition of UGPase activity in a calorimetric assay from 
purified extracts (23), but no study is available on inhibitor-
mediated host-pathogen interaction. Therefore, for the se-
lection of UGPase inhibitor, we modeled and analyzed the 
structure of S. pneumoniae UGPase using I-TASSER (Iterative-
Threading ASSEmbly Refinement) server (http://zhang.bioin-
formatics.ku.edu/I-TASSER) to delineate its tertiary structure, 
active site residues, and properties. In this study, we have 
studied the effect of UGPase inhibition on the virulence of  
S. pneumoniae during host-pathogen interactions and vali-
dated a putative inhibitor of pneumococcal UGPase for its 
inhibition potentials and efficacy in vitro.

Materials and methods

This study was approved by the Institute Ethics Commit-
tee (IEC Memo no. 87770-PG11-ITRG/11384). Respiratory 
epithelial (A549 and HEp-2) and macrophage (J774.A.1 and 
THP1) cell lines were procured from the cell repository of Na-
tional Centre for Cell Sciences (NCCS), Pune, India. S. pneu-
moniae reference strains D39 (NCTC 7466) and MTCC 655 
(NCTC 7465) were procured from Microbial Type Culture Col-
lection (MTCC), IMTECH, Chandigarh, India. A clinical blood 
isolate of serotype 19F was also used in the study as its oc-
currence has been reported frequently in IPDs. Clinical strain 
was isolated from the blood sample of a patient suffering 
from lower respiratory tract infection of S. pneumoniae only.

Cell culture

A549 and THP1 cell lines were cultured and maintained in 
RPMI 1640, while HEp-2 and J774.A.1 cell lines were cultured 

in Minimal Essential Medium (MEM) and Dulbecco’s Modi-
fied Eagle’s Medium (DMEM), respectively, at 37°C with 5% 
CO2. All the media were supplemented with 10% (v/v) heat-
inactivated fetal bovine serum (FBS), 0.15% (v/v) sodium  
bicarbonate, streptomycin (100 µg/mL), and penicillin 
(100 U/mL). Antibiotic-free media were prepared for experi-
ments involving bacterial infection.

UDP as UGPase inhibitor

Effective concentration of UDP as inhibitor of UGPase 
was evaluated by UGPase assay (17) in both S. pneumoniae 
and A549 cells. Log phase culture of S. pneumoniae and con-
fluent cell monolayers were treated with UDP at different 
concentrations for 1 hour at 37°C and 5% CO2. A549 cells in  
phosphate-buffered saline (PBS) were lysed with three cycles 
of temperature-shock (5 minutes each). Bacterial pellets 
were sonicated (3 cycles; pulse 10 seconds ON, 30 seconds 
OFF) in ice bath. UGPase activity was assessed in total 1 mL 
reaction mixture with freshly prepared extracts (100 μL) at 
25°C. Reaction mixture constituted 50 mM Tris-HCl buffer (pH 
7.5), 16 mM MgCl2, 0.6 mM β-nicotinamide adenine dinucle-
otide phosphate (NADP), 0.6 mM UDP-glucose, UDP-glucose 
dehydrogenase (0.7 U), and phosphoglucomutase (0.07 U). 
Reaction was initiated with the addition of sodium pyrophos-
phate (1.7 mM) and NADPH formation was determined by 
measuring the increase in absorbance at 340 nm. Blank con-
sisted of reaction mixture without cell or bacterial extract.

Inhibitor toxicity to host cells

A549 cell monolayers were treated with different concen-
trations of UDP for 1 hour at 37°C and untreated cells were 
taken as reference. The effect of UDP on viability of cells was 
evaluated using MTT assay (24). Briefly, MTT solution (2.5 
mg/mL; Sigma) was added to monolayers and incubated for 
4 hours. Media containing MTT was discarded and dimethyl 
sulfoxide (DMSO, 200 µL) was added. Absorbance was re-
corded at 590 nm in microplate reader (Bio-Rad 680). 

Expression of UGPase in host cells

A549 and HEp-2 monolayers were treated with UDP at 
effective inhibiting dose for 1 hour at 37°C, 5% CO2 and un-
treated cells were taken as control. Total protein was extracted 
from cell pellet by sonication (3 minutes: pulse 30 seconds 
ON, 30 seconds OFF) in ice-chilled PBS and was quantitated. 
Samples were electrophoresed in 10% sodium dodecyl  
sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) and 
separated proteins were transferred onto polyvinylidene 
difluoride (PVDF) membrane. Membranes were processed 
and incubated with anti-UGP2 antibody (1:2,000, Abcam) 
for 3 hours at 37°C followed by treatment with horseradish 
peroxidase (HRP)-conjugated secondary antibody (1:20,000) 
for 2 hours at 37°C. Pierce® ECL western blotting peroxidase 
substrate (ThermoScientific) was used for developing protein 
bands, which were quantitated with FluorChem M Protein-
Simple (Bio-Techne). GAPDH as endogenous control was si-
multaneously blotted and analyzed. Expression of UGPase was 
normalized with the value of GAPDH in each sample.
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Adherence assay

Efficacy of UDP to inhibit the adherence of S. pneumoniae 
during infection with A549 and HEp-2 monolayers was 
checked by flow cytometer (BD Biosciences) (25). Log phase 
cultures of pneumococcus were labeled with fluorescein iso-
thiocyanate (FITC, 1.0 μg/μL) and infected onto monolayers 
at 100:1 multiplicity of infection (MOI: bacteria/cell) in the 
presence and absence of inhibitor at effective dose. Mono-
layers were incubated at 37°C at 5% CO2 for 2 hours followed 
by trypsinization (0.05%) and fixation with ice-cold parafor-
maldehyde (2%). Samples were analyzed using FACScan flow 
cytometer using CellQuest 3.3 software (BD Biosciences). 
Mean fluorescence intensity (MFI) values were obtained 
from control samples (unlabeled host cells and bacteria). 
Adherence was calculated from the MFI of host cell with ad-
herent pneumococci divided by MFI of labeled pneumococci. 
Effectiveness of inhibitor was evaluated from the adherence 
potential of S. pneumoniae to monolayers in the presence of 
inhibitor.

Phagocytosis assay

FITC-labeled pneumococci were loaded (MOI, 100:1) onto 
macrophage cells (THP1 and J774.A.1) in the presence and 
absence of UDP for 1 hour at 37°C in 5% CO2. Cells were fixed 
with cold 2% paraformaldehyde. Briefly, cells were collected, 
centrifuged, washed as required, and were suspended in ice-
cold PBS. Trypan blue (0.2%) was added to quench fluores-
cence of extracellularly attached pneumococci, just before 
analysis in flow cytometer (BD BioSciences). MFI of FITC- 
positive cells was calculated to assess the phagocytic activity 
in comparison to controls (unlabeled cells and bacteria). 

For opsonophagocytic assay (OPA), bacterial cells (106 cfu/
mL) were labeled with FITC (1 μg/μL) after inactivation at 
95°C for 5 minutes. Nonviability was confirmed by over-
night incubation of blood agar plates streaked with bacterial 
suspension (100 μL). Labeled bacteria were incubated with 
pooled human sera (10% of 1:2 diluted in PBS) for 30 min-
utes at 37°C, 150 rpm. Bacteria were further inoculated onto 
THP1 and J774.A.1 cells at MOI 100:1 for 1 hour at 37°C and 
5% CO2. Control tubes contained PBS or heat-inactivated 
(56°C for 45 minutes) pooled sera. The cells were obtained, 
washed, centrifuged, and fixed with cold 2% paraformalde-
hyde and analyzed in a flow cytometer (26).

Expression of postinfection cytokines

A549 monolayers were incubated with effective dose of 
UDP for 1 hour at 37°C, 5% CO2. In another set, monolayers 
were treated with 10 μM MRS2578 for 30 minutes before 
incubation with UDP (27). Total ribonucleic acid (RNA) was 
extracted from trypsinized cell pellets using TRIzol reagent 
followed by complementary deoxyribonucleic acid (cDNA) 
synthesis using messenger RNA RevertAid™ First Strand cDNA 
Synthesis Kit (Thermo Scientific). Expression of various cy-
tokines (interleukin [IL]-6, IL-1β, IL-8, tumor necrosis factor 
[TNF]-α) was analyzed using real-time polymerase chain reac-
tion (PCR; Roche Lightcycler® 480) in reactions (10 μL) contain-
ing 50 ng cDNA, 0.5 μM primer, 1X SYBR mix, and deionized 

water. Gene-specific primers were designed using Primer-
3Tool and PCRs were run in primer-specific cycling conditions 
and with appropriate negative controls for each reaction.

Statistical analysis

Each experiment was performed at least three times in 
duplicate or triplicate sets. GraphPad Prism 6.0 was used for 
statistical calculations. Student’s t-test, or Mann-Whitney  
U-test or analysis of variance (ANOVA) was applied as appro-
priate. A p value less than 0.05 was considered to represent a 
significant association.

Results

Putative inhibitor of UGPase

The structure of S. pneumoniae UGPase was analyzed 
in silico using I-TASSER server (http://zhang.bioinformatics.
ku.edu/I-TASSER; PhD Thesis). The tertiary structure, active 
site residues, and its substrate-binding properties were ana-
lyzed. The local conformational changes induced near the ac-
tive site in response to binding of its natural substrate were 
analyzed. Using information of the active site pocket of UG-
Pase and literature-based evidence (11,14,17,21-23), UDP 
was selected as a probable inhibitor of S. pneumoniae UG-
Pase. In silico analysis showed that UDP binding did not result 
in alteration in local conformation of enzymatic active site. 
The effective inhibitory concentrations of UDP, its extent of 
inhibition, and probable toxicity to host cell lines were stud-
ied. The pneumococcal virulence and clearance of infection 
in response to UDP were explored in vitro.

Effect of UDP on UGPase activity

UGPase activity was evaluated at different UDP concen-
trations (0.05-100 μM) in A549 cells and S. pneumoniae 
D39 strain. Concentration-dependent dose response curve 
showed that UDP decreased UGPase activity in host A549 
cells (Fig. 1A) as well as in pneumococcus (Fig. 1B). UDP-
treated A549 cells showed a declined UGPase activity in com-
parison to untreated (0.0 μM) control cells (Fig. 1A). UGPase 
activity was not significantly decreased in the cells treated 
with 0.1-3 μM UDP. However, activity was significantly de-
creased at 5 μM (p = 0.009) and 100 μM (p = 0.011) UDP 
treatments. The inhibition of UGPase activity in A549 cells 
was 2.8 fold higher at 100 μM UDP treatment in comparison 
to 5 μM treatment.

In S. pneumoniae D39 strain, a significant decrease in UG-
Pase activity was observed at 2 μM UDP (p = 0.02) treatment 
(Fig. 1B). At 5 μM UDP, threefold inhibition (p = 0.01) was 
observed in UGPase activity in comparison to 100 μM. Fur-
ther, effect of UDP (at 5 and 100 μM) on UGPase activity was 
evaluated in invasive S. pneumoniae isolate (retrieved from 
blood sample), which showed a decrease in activity at 5 μM 
UDP (p = 0.015) (Fig. 1C). Comparative analysis of UDP treat-
ment on blood isolate and reference D39 strain showed that 
5 μM UDP treatments for 1 hour were effective to reduce 
the bacterial UGPase activity (Fig. 1C) by half than in its host 
counterpart (Fig. 1A). 
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Further analysis of UGPase expression in A549 cell lysate 
using human anti-UGP2 antibody reconfirmed the significant 
decrease (p = 0.03) at 100 μM UDP treatment in compari-
son to 5 μM treated and control (untreated) cells (Fig. 1D). 
However, we could not analyze the UGPase expression in  
S. pneumoniae due to unavailability of antibody against bac-
terial enzymes.

UDP treatment and A549 cell survival

The effect of UDP on A549 cell viability was evaluated in 
a dose-dependent manner in the absence (control) and pres-
ence of S. pneumoniae infection (Fig. 2). Uninfected (con-
trol) cells treated with UDP (0.5-100 μM) showed negligible 
changes in the percentage cell viability. However, A549 cells 
infected with pneumococci (D39 and blood isolate) showed 

a significant decrease in percent viability in the absence of 
UDP treatment (p = 0.001). Notably, the viability of infected 
A549 cells was elevated at higher UDP treatments (>10 μM) 
in a dose-dependent manner (Fig. 2A). Further, a compara-
tive analysis of UDP treatments (0, 5, 100 μM) to A549 cells 
showed significantly improved viability at 100 μM treatment 
in D39 (p = 0.009) and blood isolate (p = 0.04) infected cells, 
while no change in cell viability was observed in uninfected 
(control) cells (Fig. 2B). Thus, UDP seems safer to explore for 
its potential as it did not exert any cytotoxic effect on A549 
cells (Fig. 2), while it improved the percentage cell viability in 
the presence of bacterial infection.

Further, effect of UGPase inhibition on adherence and 
phagocytosis of S. pneumoniae (blood isolate and standard 
strains MTCC 655; a highly capsular strain and D39) was eval-
uated at effective 5 μM UDP concentration (Fig. 1).

Fig. 1 - Uridine diphosphate (UDP)-glucose pyrophosphorylase (UGPase) activity in response to fractional treatment of UDP in (A) A549 
cells, (B) S. pneumoniae D39 strain, (C) comparative analysis of S. pneumoniae UGPase activity in response to UDP treatments. The p values 
calculated in comparison to control (untreated). (D) Western blot analysis of UGP2 in A549 cell lysate, *p < 0.05, **p < 0.01.

A

C

B

D
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Effect of UDP on S. pneumoniae adherence

All S. pneumoniae strains showed a decrease in adher-
ence to A549 (p = 0.018) and HEp-2 cells (p = 0.001) in the 
presence of 5 μM UDP (Fig. 3). Adherence of MTCC 655 and 
blood isolate was significantly (p<0.05) lowered in both the 
cell lines (Fig. 3A and B), while D39 showed a significant 
(p = 0.031) decrease in HEp-2 cells only (Fig. 3B). Adherence 
of blood isolate to A549 (p = 0.032) and HEp-2 (p = 0.014) 
cells declined by three- to fivefold.

Effect of UDP on phagocytosis of S. pneumoniae

The phagocytosis of S. pneumoniae was increased in 
the presence of UDP in both J774.A.1 (p = 0.01) and THP1 
(p = 0.022) cells (Fig. 4A and B respectively). Phagocytosis 
of D39 strain was significantly higher than MTCC 655 strain 
(p = 0.033) in both the cell lines, which could be attributed to 
heavy encapsulation in the latter. UDP treatment also showed 

an increase in phagocytosis of blood isolate by J774.A.1 (p = 
0.034) and THP1 cells (p = 0.041). Overall, UDP-dependent 
fold change in phagocytosis ranged from 1.4 to 1.9 for pneu-
mococcal strains. It is well known that host immune cells use 
complement factors for the clearance of S. pneumoniae, and 
OPA of heat-inactivated S. pneumoniae was found to be en-
hanced in the presence of UDP in both the cell lines (Fig. 5A 
and B). Interestingly, J774.A.1 cells (Fig. 5A) showed marked 
increase in the OPA of blood isolate than MTCC 655 and D39 
strains. Phagocytosis of MTCC 655 and D39 strains was higher 
in THP1 cells (Fig. 5B) in the presence of UDP (5 μM) and sera.

Real-time PCR analysis of cytokines

An attempt was made to evaluate the cytokine response 
in A549 cells in response to UDP treatment as previous stud-
ies have shown the activation of inflammatory pathway upon 
UDP stimulation from monocytes and microglial cells (28,29). 
Interestingly, UDP treatment (5 μM) induced the secretion of 

A

B

Fig. 2 - Effect of uridine diphosphate (UDP) treatment on A549 cell survival. (A) Treatment-response curve of cells infected with  
S. pneumoniae, (B) comparative analysis of UDP treated and untreated (0 µM) cells, control: uninfected A549 cells, *p < 0.05,  
**p < 0.01.

Fig. 3 - Effect of uridine diphosphate (UDP) treatment on adherence of S. pneumoniae by (A) A549 and (B) HEp-2 cells, *p < 0.05.

A

B
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Fig. 6 - Relative messenger ribonucleic acid (mRNA) expression of 
cytokines induced in A549 cells, MRS2578: antagonist of uridine 
diphosphate (UDP).

Fig. 4 - Effect of uridine diphosphate (UDP, 5 µM) on phagocytosis of S. pneumoniae by (A) J774.A.1 and (B) THP1 cells, *p < 0.05, **p < 0.01.

Fig. 5 - Effect of uridine diphosphate (UDP, 5 µM) on opsonophagocytosis of S. pneumoniae by (A) J774.A.1 and (B) THP1 cells, *p < 0.05, 
**p < 0.01, ***p < 0.001.

IL-1β, TNF-α, IL-6, and IL-8 from the A549 alveolar epithelial 
cells (Fig. 6). An UDP antagonist MRS2578 (Sigma) effectively 
suppressed the expression of these cytokines in A549 cells. In 
agreement with these results, UDP is shown to bind its puri-
nergic receptor P2Y6 on various cells and stimulate signaling 
cascade (30,31).

Conclusions

The paradox of infections caused by S. pneumoniae lies 
in the availability of preventive measures such as antibiotics 
and vaccines, but not effective prevention from the pneumo-
coccal diseases, especially in low- to middle-income settings. 
The major reason for this paradox is the genome plasticity 
of pneumococcus and diverse nature of cps loci, which has 
precluded the absolute success of vaccines (11,12,32). Evi-
dently, various virulence factors of pneumococci had been 
explored to understand its pathobiology and with broader 
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prospect to yield potential targets for preventive interventions  
(8-11,21). Elucidation of cps loci from different pneumococ-
cal serotypes has established a crucial role of galU-encoded 
UGPase in capsule formation (14,17,18). UGPase-catalyzed 
reaction provides UDP-glucose (glc), a key sugar precursor 
to fulfill various capsular (CPS biosynthesis pathway) and 
metabolic (Leloir pathway) needs of pneumococcus (12-
14,18,20,36-38). In this study, we explored the potential of 
UGPase in modulating S. pneumoniae pathogenicity by using 
UDP as an UGPase inhibitor.

UDP proved to be an effective inhibitor of pneumococcal 
UGPase and mediated a significant reduction in the in vitro vir-
ulence of pneumococci. The differential concentration-based 
enzyme activity inhibition maxima suggests the feasibility 
of selective inhibition of pneumococcal UGPase (5 μM UDP) 
without inimical effect on host. The decline in pneumococcal 
adherence to host cell lines also accentuates the efficacy of 
UDP as an inhibitor. A study by Zavala et al used nucleoside an-
alogs, namely abacavir, decitabine, stavudine, and zidovudine, 
to show 42%-58% inhibition of UGPase, but did not elaborate 
on the use of high concentration (7.5 mM) of inhibitors, their 
toxic effects, and safety as antipneumococcal drug (23). Our 
study establishes the noncytotoxicity of UDP to host cells and 
boosted uptake of S. pneumoniae upon UDP stimulation by 
macrophage cell lines. Our findings are supported by previ-
ous studies on the clearance of Escherichia coli from peritoni-
tis mouse model in response to direct UDP injection (33) and 
increased host defenses upon UDP binding to P2Y6 receptor 
(34-36). The crucial role of UDP as inflammatory inducer in 
brain injuries has been reported in microglia and astrocytes 
(28). Likewise, we have also found the activation of proinflam-
matory cytokines in alveolar epithelial cells in response to 
pneumococcal infection. The stimulation of cytokines by UDP 
emphasizes its protective functional nature, which might en-
hance its efficacy as a potent inhibitor.

The present study provides evidence to the UDP-mediated 
reduction in the virulence of S. pneumoniae. Being one of 
the intercellular messengers, UDP acts as a protective signal-
ing molecule and activates P2Y6 receptors that are known to 
result in wide range of physiologic responses, such as induc-
tion of cytokines, chemokines, phagocytosis, and increase in 
concentration of extracellular nucleotides (33,35,37,38). The 
evidence of UDP meddling with host-pathogen interactions has 
opened the vast horizon to investigate its underlying mecha-
nisms, which would definitely shed light on its potential utility 
in restraining the pneumococcal virulence. The present work 
is a little step forward in search of potential S. pneumoniae in-
hibitor independent of serotypes, though the inhibitory effect 
of UDP should be evaluated in vivo to ascertain its efficacy. Our 
study has been limited in evaluating the cytokine response and 
UDP-mediated behavior of P2Y6 receptors, which further need 
a detailed investigation. Mechanistic understanding of UDP-
mediated UGPase inhibition and its in vivo validation would be 
crucial for translating the outcome of this study.
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ABSTRACT
Introduction: Plasma membranes are not the homogeneous bilayers of uniformly distributed lipids but the lipid 
complex with laterally separated lipid raft membrane domains, which provide receptor, ion channel and enzyme 
proteins with a platform. The aim of this article is to review the mechanistic interaction of drugs with membrane 
lipid rafts and address the question whether drugs induce physicochemical changes in raft-constituting and raft-
surrounding membranes.
Methods: Literature searches of PubMed/MEDLINE and Google Scholar databases from 2000 to 2020 were con-
ducted to include articles published in English in internationally recognized journals. Collected articles were inde-
pendently reviewed by title, abstract and text for relevance.
Results: The literature search indicated that pharmacologically diverse drugs interact with raft model membranes 
and cellular membrane lipid rafts. They could physicochemically modify functional protein-localizing membrane 
lipid rafts and the membranes surrounding such domains, affecting the raft organizational integrity with the resul-
tant exhibition of pharmacological activity. Raft-acting drugs were characterized as ones to decrease membrane 
fluidity, induce liquid-ordered phase or order plasma membranes, leading to lipid raft formation; and ones to 
increase membrane fluidity, induce liquid-disordered phase or reduce phase transition temperature, leading to 
lipid raft disruption.
Conclusion: Targeting lipid raft membrane domains would open a new way for drug design and development. 
Since angiotensin-converting enzyme 2 receptors which are a cell-specific target of and responsible for the cel-
lular entry of novel coronavirus are localized in lipid rafts, agents that specifically disrupt the relevant rafts may 
be a drug against coronavirus disease 2019.
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of the membrane structures (2), whereas caveolae are a sub-
set of lipid rafts and organizationally maintained by charac-
teristic protein caveolins (3). Lipid rafts in a liquid-ordered 
(Lo) phase coexist with the bulk of membranes in a liquid- 
disordered (Ld) phase (4). Lipid raft membrane domains play 
an important role in cellular signal transduction and traf-
ficking by compartmentalizing membranes and providing 
functional membrane proteins with a platform (4-7). Phar-
macologically relevant receptors, ion channels and enzymes 
are localized or cluster in membrane lipid rafts and caveolae 
(8-11).

Given the localization of receptors, ion channels and en-
zymes in membrane lipid rafts, the mode of drug action is 
first interpretable in a simple manner of receptor/channel/
enzyme and ligand interaction as known in the conventional 
mechanistic theory. The second possibility is that drugs may 
act on membrane lipids to affect the organizational integrity 
of lipid rafts, resulting in modulation of the activity of recep-
tors, ion channels and enzymes embedded in membrane do-
mains. It is of much interest to know whether drugs interact 

Introduction

Since Singer and Nicolson proposed a fluid mosaic model, 
the concept of membrane organization has progressively 
changed, that is, plasma membranes are not the homoge-
neous bilayers of uniformly distributed lipids but the lipid 
complex with laterally separated membrane domains such as 
lipid rafts and caveolae (1). Lipid rafts are small (10-200 nm), 
heterogeneous, dynamic, and cholesterol- and sphingolipid-
enriched membrane domains that are distinct from the rest 
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preferentially with lipid rafts compared with non-raft overall 
membrane lipid bilayers and whether such interaction at a 
membrane lipid level is linked to pharmacological and cyto-
toxic effects of drugs. While cholesterol is essential to raft 
and caveola formation, the regulatory effects of membrane 
domains on receptors and ion channels were confirmed by 
depleting cholesterol in plasma membranes (12-15).

The purpose of the present study is to review the interac-
tion of drugs with membrane lipid rafts and the membranes 
surrounding such domains by searching scientific articles 
from a mechanistic point of view in order to gain new in-
sights into a drug target. Since various proteins embedded in 
membranes are functionally modulated by membrane fluid-
ity, order and phase transition, the focus of our review is on 
addressing the question whether drugs modify the physico-
chemical properties of raft-constituting and raft-surrounding 
membranes to affect the formation, stability and integrity of 
lipid raft membrane domains.

Methods

The present review is based on articles that were re-
trieved from PubMed/MEDLINE and Google Scholar by 
searching databases from 2000 to 2020. The publications 
earlier than 2000 were exceptionally cited if they are essen-
tial to advancing the discussion. Research papers published 
in English in internationally recognized journals and online 
journals were preferred, but review articles were addition-
ally used to deepen understanding of the concept of plasma 
membranes and the mode of drug action. For reviewing as 
diverse drugs as possible without confining to a specific class 
of drug, the literature searches were carried out using the 
following terms or combinations thereof: “lipid raft,” “cave-
ola,” “membrane domain,” “membrane interaction,” “fluid-
ity,” “receptor,” “channel” and “enzyme.” Collected articles 
were independently reviewed by title, abstract and text for 
relevance with preference to more recent publications.

Results and discussion

Drug and raft interaction methodology

Since the methodology of drug and membrane raft inter-
action is essential to facilitate readers’ understanding of in-
dividual studies, representative experiments are mentioned 
as follows.

In in vitro experiments, drugs are subjected to the reac-
tion with raft model (raft-like) membranes or liposomes that 
mimic the lipid composition and property of lipid raft micro 
domains (16,17). Ternary lipid membranes are used as a 
raft model, which is frequently prepared with an equimolar 
mixture of 1-palmitoyl-2-oleoylphosphatidylcholine (POPC), 
sphingomyelin (SM) and cholesterol (18), in which choles-
terol functions as a spacer between sphingolipid hydrocar-
bon chains and as a glue to keep the raft assembly together 
(19). Such raft model membranes have the advantage that 
the membrane effects of drugs can be determined more eas-
ily than in vivo experiments (20). Lipid rafts isolated from cells 
are also used experimentally. Since lipid rafts are relatively 

insoluble in cold non-ionic detergents, cells are treated with 
Triton X-100 and membrane lipid rafts are fractionated by su-
crose density gradient centrifugation (SDGC) (21).

In in vivo experiments, human and animal subjects are 
treated with drugs, followed by SDGC to isolate cellular mem-
brane lipid rafts. Cholesterol is not only a critical determinant 
for membrane fluidity but also an essential component to 
form the Lo membrane domains. Cellular cholesterol con-
tents are manipulated by treating animals with cholesterol 
metabolic inhibitors, culturing cells in cholesterol-deficient 
media and using cholesterol-depleting agents. Methyl-β-
cyclodextrin (MBC), to form a 2:1 complex with cholesterol 
(22), is most widely used for cholesterol depletion (23).

Drug-induced physicochemical or biophysical changes in 
raft model membranes and membrane lipid rafts are deter-
mined by fluorescence polarization (FP) or anisotropy (FA), 
differential scanning calorimetry (DSC), nuclear magnetic 
resonance (NMR) spectroscopy, neutron diffraction (ND), X-
ray diffraction (XD) and their complementary combination.

General anesthetics

General anesthetics and their related sedatives, anxiolyt-
ics and adjuncts act on inhibitory γ-aminobutyric acid type 
A (GABAA) receptors and excitatory N-methyl-D- aspartate 
(NMDA) receptors (24). Intravenous and inhalational an-
esthetics are a positive allosteric modulator or a direct 
activator of GABAA receptors to enhance their inhibitory 
functions, inducing general anesthesia, sedation, anxiolysis 
and convulsion cessation (25). Inhalational anesthetics are 
also a non-competitive antagonist of NMDA receptors to re-
duce neuronal excitation, producing analgesic, sedative and 
anesthesia-maintaining effects (26,27). These anesthesia-
relevant GABAA receptors and NMDA receptors are associ-
ated with lipid raft membrane domains (28,29). Results of 
the literature search indicated that general anesthetics in-
teract with membrane lipid rafts and membranes as shown 
in Table I.

Intravenous anesthetic propofol

FP experiments demonstrated that propofol structure-
specifically interacts with binary liposomal membranes pre-
pared with 80 mol% POPC and 20 mol% cholesterol (30) 
and quinary liposomal membranes prepared with 55 mol% 
phospholipids (POPC, SM, 1-palmitoyl-2-oleoylphosphati-
dylethanolamine (POPE) and 1-palmitoyl-2-oleoylphospha-
tidylserine (POPS)) and 45 mol% cholesterol (31), resulting 
in an increase of membrane fluidity at clinically relevant 
0.125-10 μM. Lo and Ld phase equilibrium is present in giant 
plasma membrane vesicles (GPMVs) isolated from rat baso-
phil leukemia cells, which are used as a model of membrane 
heterogeneity for lipid rafts. Gray et al treated GPMVs with 
propofol and its structural analogs to examine their effects 
on liquid-liquid transition by analyzing the lateral distribution 
of fluorescent probe DiI-C12 microscopically (32). Propofol re-
duced the critical transition temperature at 2.5-10 μM, but 
not 2,6-di-tert-butylphenol without the anesthetic activity at 
the same concentrations. Therefore, propofol is considered 
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to decrease the magnitude of membrane heterogeneity 
structure-specifically, affecting receptor and ion channel pro-
teins sensitive to raft heterogeneity. While propofol is known 
to produce bronchodilatation, the airway relaxation involves 
a decrease of Ca2+ concentrations in airway smooth muscle 
cells that are regulated by caveolae. By exposing human air-
way smooth muscle cells to propofol at 10 and 30 μM, Grim 
et al found that propofol increases in membrane caveolae 
and reduces the intracellular Ca2+ concentration response 
to 10 μM histamine (33). They also suggested that propofol 
may induce caveolar disruption and caveolin-1 expression 
decrease.

Inhalational anesthetics

Patel et al investigated the membrane effects of isoflu-
rane using different membrane systems such as POPC/cho-
lesterol liposomal membranes, erythrocyte ghosts and brain 

endothelial cell-mimetic membranes (34). FA measurements 
indicated that isoflurane increases the membrane fluidity at 
1 and 5 mM. Turkyilmaz et al prepared large unilamellar ves-
icles (LUVs) with 1,2-dipalmitoylphosphatidylcholine (DPPC) 
and cholesterol to be 2.5 mol% or 37.5 mol% cholesterol- 
containing DPPC membranes to verify the membrane  effects 
of inhalational anesthetics (35). Isoflurane and halothane 
weakened and strengthened the sterol-phospholipid associa-
tion in cholesterol-rich Lo phase membranes and in choles-
terol-poor Ld phase membranes, respectively, at 2.5-12 mM. 
In ND and XD experiments of Weinrich et al, halothane was 
subjected to the reaction with multilayer membranes that 
were prepared with an equimolar mixture of DPPC and 
1,2-dilauroylphosphatidylcholine (DLPC) to form distinct 
DPPC-rich ordered and DLPC-rich fluid phase (36). Halothane 
reduced the transition temperature by about 5°C at 1.5 mol% 
corresponding to about twice the minimum alveolar concen-
tration (MAC) for human anesthesia, but not non-anesthetic 

TABLE I - Interaction of general anesthetics with lipid raft membrane domains and membranes

Drug class Drug Membrane Induced membrane modification Reference

Intravenous 
anesthetic

Propofol  
(0.125-1.0 μM)

Binary liposomal membranes (80 mol% 
POPC and 20 mol% cholesterol)

Increased membrane fluidity 30

Intravenous 
anesthetic

Propofol (10 μM) Quinary liposomal membranes (55 mol% 
phospholipids (POPC, SM, POPE and 
POPS) and 45 mol% cholesterol)

Increased membrane fluidity 31

Intravenous 
anesthetic

Propofol (2.5-10 μM) GPMVs isolated from rat basophil 
leukemia cells

Reduced the critical transition 
temperature structure-specifically

32

Intravenous 
anesthetic

Propofol  
(10 and 30 μM)

Human airway smooth muscle cell 
membranes

Reduced the intracellular Ca2+ 
concentration responses to 10 μM 
histamine, disrupted caveolae and 
decreased caveolin-1 expression

33

Inhalational 
anesthetic

Isoflurane  
(1 and 5 mM)

POPC/cholesterol liposomal membranes, 
erythrocyte ghosts and brain endothelial 
cell-mimetic membranes

Increased membrane fluidity 34

Inhalational 
anesthetic

Isoflurane  
(2.5-12 mM)

LUVs (62.5 mol% DPPC and 37.5 mol% 
cholesterol)

Weakened the sterol-phospholipid 
association in cholesterol-rich Lo phase 
membranes

35

Inhalational 
anesthetic

Halothane  
(1.5 mol%)

Multilayer membranes (DPPC and DLPC, 
1:1 molar ratio)

Reduced the transition temperature by 
about 5°C

36

Inhalational 
anesthetic

Xenon (4.6-fold MAC)

Nitrous oxide  
(4.6-fold MAC)

Halothane (three- to 
 fivefold MAC)

Isoflurane (three-  
to fivefold MAC)

Raft model membranes (DOPC, SM and 
cholesterol, 1:1:0.2 molar ratio)

Increased the Ld phase

 
 
 
Decreased the relative intensity of Lo to 
Ld phase

37

Barbiturate Rats injected with 
sodium pentobarbital 
(50 mg/kg, i.p.)

Lipid rafts isolated from rat brains  
15 minutes after drug injection

Reduced the transition temperature 38

DLPC = 1,2-dilauroylphosphatidylcholine; DOPC = 1,2-dioleoylphosphatidylcholine; DPPC = 1,2-dipalmitoylphosphatidylcholine; GPMV = giant plasma mem-
brane vesicle; LUV = large unilamellar vesicle; MAC = minimum alveolar concentration; POPC = 1-palmitoyl-2-oleoylphosphatidylcholine; POPE = 1-palmitoyl-
2-oleoylphosphatidylethanolamine; POPS = 1-palmitoyl-2-oleoylphosphatidylserine; SM = sphingomyelin.
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1,2-dichlorohexafluorocyclobutane even at fivefold MAC. 
Weinrich and Worcester determined the effects of differ-
ent anesthetics on liquid phase distribution in raft model 
membranes prepared with 1,2-dioleoylphosphatidylcholine 
(DOPC), SM and cholesterol (1:1:0.2 molar ratio) by ND and 
XD analysis (37). Xenon and nitrous oxide increased the Ld 
phase at 4.6-fold MAC, and halothane and isoflurane de-
creased the relative intensity of Lo to Ld phase at three- to 
fivefold MAC.

Barbiturate

Pentobarbital is intravenously and intraperitoneally ad-
ministered especially in veterinary anesthesia or sedation. 
Sierra-Valdez et al characterized the in vivo effects of pento-
barbital on rat brain lipid rafts, which were isolated 15 min 
after injecting rats with sodium pentobarbital at 50 mg/kg 
intraperitoneally (38). DSC analysis revealed that pentobar-
bital reduces the transition temperature from Lo to Ld phase.

Membranous sodium channel blocker local anesthetics

Local anesthetics reversibly block voltage-gated sodium 
(Nav) channels that are responsible for the initiation and 
propagation of action potentials in excitable cells, inhibiting 

sensory and motor functions (39). Among nine distinct Nav 
channels (Nav1.1 to Nav1.9) cloned from mammals, Nav1.8 
channel plays a crucial role in pain transmission and this iso-
form is implicated as a site of action for anesthetic and anal-
gesic drugs. While Nav channels are present in caveolae-type 
and non-caveolae-type lipid rafts, Nav1.8 channel clustering 
in such membrane domains is essential to the propagation of 
action potentials in nociceptive axons (40,41). Nav1.8 chan-
nels are associated with lipid rafts in rat dorsal root gangli-
onic neurons, but cholesterol depletion induces dissociation 
between Nav1.8 channels and lipid rafts (42). Results of the 
literature search on the interaction of local anesthetics with 
membrane lipid rafts and membranes are shown in Table II.

Kamata et al incubated human erythrocytes with lidocaine 
at 18.4 mM and prepared erythrocyte ghosts, followed by 
SDGC fractionation and immunoblotting analysis for flotillin-1  
(caveolae-associated integral membrane protein) that is 
assumed to stabilize lipid rafts (43). Lidocaine reversibly 
disrupted erythrocyte membrane lipid rafts and abolished 
flotillin-1 in lipid rafts together with depleting cholesterol. 
Bandeiras et al treated LUVs prepared with POPC, SM and 
cholesterol (1:1:1 molar ratio) with tetracaine and lidocaine, 
and then evaluated their membrane effects by DSC and phos-
phorus NMR spectroscopy (44). Tetracaine and lidocaine in-
creased the fluidity of raft-like membranes at 25 and 69 mM, 

TABLE II - Interaction of membranous sodium channel blocker local anesthetics with lipid raft membrane domains and membranes

Drug class Drug Membrane Induced membrane modification Reference

Local 
anesthetic

Lidocaine (18.4 mM) Human erythrocyte membranes Disrupted membrane rafts reversely 
and abolished flotillin-1 in lipid rafts

43

Local 
anesthetic

Tetracaine (25 mM)

Lidocaine (69 mM)

LUVs (POPC, SM and cholesterol, 1:1:1 
molar ratio)

Increased the fluidity of raft-like 
membranes

44

Local 
anesthetic

Dibucaine (0.05 and 0.2 mM) Raft-like membranes (POPC, DPPC and 
cholesterol, 2:1:1 molar ratio)

Reduced the miscibility temperature 
of Lo and Ld phase separation

45

Local 
anesthetic

Lidocaine (10-20 mol%)

Tetracaine (10-20 mol%)

Raft-like membranes (POPC, DPPC and 
cholesterol, 2:2:1 molar ratio)

Reduced the miscibility temperature 
of Lo and Ld phase separation and 
decreased the line tension at Lo/Ld 
phase boundary

46

Local 
anesthetic

Dibucaine (0.2 mM)

Tetracaine (0.2 mM)

LUVs (POPC, SM and cholesterol, 
16:43:41 molar ratio)

Increased the fluidity of Lo phase 
membranes, but not Ld phase 
membranes

47

Local 
anesthetic

Lidocaine (50-200 μM)

Bupivacaine (50-200 μM)

Ropivacaine (50-200 μM)

Prilocaine (50-200 μM)

SUVs (DOPC, POPE, SM, CB and 
cholesterol, 16.7:16.7:16.7:16.7:33.3; 
DOPC, SM and cholesterol, 
33.3:33.3:33.3; and DOPC, POPE, 
POPS, SM and cholesterol, 
5:5:10:40:40 molar ratio)

Increased the membrane fluidity 
with the relative potency being 
bupivacaine > ropivacaine > lidocaine 
> prilocaine

More effective in interacting with the 
reference biomimetic membranes 
than the raft model membranes

49

Local 
anesthetic

Bupivacaine enantiomers 
(5-50 μM)

SUVs (POPC, POPE, POPS, POPI, 
SM, cardiolipin and cholesterol, 
25:16:3:3:3:10:40 molar ratio)

Increased the fluidity of biomimetic 
membranes with the relative potency 
being R(+)-bupivacaine > racemic 
bupivacaine > S(–)-bupivacaine

50

CB = cerebroside; DOPC = 1,2-dioleoylphosphatidylcholine; DPPC = 1,2-dipalmitoylphosphatidylcholine; LUV = large unilamellar vesicle; POPC = 1-palmitoyl-
2-oleoylphosphatidylcholine; POPE = 1-palmitoyl-2-oleoylphosphatidylethanolamine; POPI = 1-palmitoyl-2-oleoylphosphatidylinositol; POPS = 1-palmitoyl-
2-oleoylphosphatidylserine; SM = sphingomyelin; SUV = small unilamellar vesicle.
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respectively. Yoshida et al prepared lipid bilayer membranes 
with DOPC, DPPC and cholesterol (2:1:1 molar ratio) to be 
laterally separated into Lo and Ld phase together with label-
ing the membranes with fluorescent probe rhodamine DHPE 
(dihexadecanoyl-sn-glycero-3-phosphoethanolamine) (45). 
After treating the membrane preparations with dibucaine at 
0.05 and 0.2 mM, they observed the raft-like membrane do-
mains by fluorescence microscopy at 20-40°C to determine 
changes in miscibility temperature of the Lo and Ld phase 
separation and in line tension at the Lo/Ld phase boundary. 
Dibucaine reduced the miscibility temperature, which was 
accompanied by the line tension decrease. Dibucaine also 
made the Lo domains smaller at 25°C, although most mem-
branes were present without such raft-like domains at above 
25°C. In a similar microscopic experiment using liposomes 
prepared with DOPC, DPPC and cholesterol (2:2:1 molar 
ratio), lidocaine and tetracaine reduced the miscibility tem-
perature of ternary membranes at 10-20 mol% relative to 
liposomal lipids, but not binary membranes without choles-
terol (46). Both local anesthetics also decreased the line ten-
sion at the Lo/Ld phase boundary. Kinoshita et al performed 
FA experiments to reveal the effects of local anesthetics on 
raft-like Lo/non-raft Ld phase membranes by using LUVs that 
were prepared with DOPC, SM and cholesterol (16:43:41 
and 65:16:19 in molar ratio for Lo phase and Ld phase, re-
spectively) (47). Dibucaine disordered the lipid packing or in-
creased the fluidity of Lo phase membranes at 0.2 mM more 
potently than tetracaine, whereas dibucaine and tetracaine 
showed no significant effects on Ld phase membranes. How-
ever, these studies (43-47) used drug concentrations much 
higher than clinically and experimentally relevant ones (48) 
and the tested dibucaine and tetracaine are not widely used 
in clinical anesthesia.

Tsuchiya et al prepared small unilamellar vesicles (SUVs) 
with DOPC, POPE, SM, cerebroside (CB) and cholesterol 
(16.7:16.7:16.7:16.7:33.3 molar ratio); DOPC, SM and cho-
lesterol (33.3:33.3:33.3 molar ratio); and DOPC, POPE, 
POPS, SM and cholesterol (5:5:10:40:40 molar ratio) for raft 
model membranes, and POPC, POPE, POPS, 1-palmitoyl-
2-oleoylphosphatidylinositol (POPI), SM, cardiolipin and 
cholesterol (25:16:3:3:3:10:40 molar ratio) for reference 
biomimetic membranes (49,50). They treated these mem-
brane preparations with lidocaine, bupivacaine, ropivacaine 
and prilocaine at anesthetic and cardiotoxic concentrations, 
followed by FP measurements. All the tested anesthetics in-
teracted with raft model and biomimetic membranes to in-
crease the membrane fluidity at 50-200 μM with the relative 
potency being bupivacaine > ropivacaine > lidocaine > prilo-
caine (49). They were more effective in interacting with the 
reference membranes than the raft membranes. Biomimetic 
membranes showed different interactivity with the relative 
potency being R(+)-bupivacaine > racemic bupivacaine > 
S(–)-bupivacaine at 5-50 μM, being consistent with the rank 
order of their anesthetic and cardiotoxic effects (50). How-
ever, raft model membranes did not exhibit significant en-
antioselectivity as the reference biomimetic membranes. 
These results may suggest that lipid rafts are less likely to 
contribute at least to the enantioselective effects of local  
anesthetics.

Membranous receptor- and enzyme-acting drugs

Results of the literature search on the interaction of 
receptor-acting adrenergic and opioid drugs and enzyme- 
acting anti-inflammatory drugs with membrane lipid rafts 
and membranes are shown in Table III.

Beta-adrenergic blockers

Beta-blockers are perioperatively used to reduce the risk 
of myocardial ischemia, arrhythmia and cardiac morbidity 
during anesthesia. Lipid raft/caveola domains encompass β2-
adrenergic receptors, but not β1-adrenergic receptors for sig-
nal transduction (12,51). Mizogami et al prepared SUVs with 
POPC, SM, POPE, CB and cholesterol (1:1:1:1:2 molar ratio) to 
compare the membrane effects between different β-blockers 
at 0.2 and 1 mM by measuring FP (52). Nonselective pro-
pranolol most potently increased the fluidity of raft model 
membranes, followed by alprenolol and oxprenolol, but not 
β1-selective atenolol, metoprolol and esmolol. In a similar FP 
study using SUVs prepared with 33.3 mol% cholesterol and 
66.7 mol% phospholipids consisting of equimolar DOPC, SM, 
POPE and CB, nonselective propranolol and alprenolol in-
creased the fluidity of raft model membranes at 20-200 μM, 
whereas β1-selective landiolol and esmolol were not effective 
even at 200 μM (53). Nonselective β-blockers could reduce 
the activity of β2-adrenergic receptors by fluidizing the mem-
brane lipid rafts together with antagonizing β1-adrenergic re-
ceptors by interacting with β1-adrenergic receptor proteins, 
producing nonselective blockade of β-adrenergic receptors. 
In contrast, selective β1-blockers do not affect β2-adrenergic 
receptors through interaction with lipid rafts, thereby en-
hancing the selectivity for β1-adrenergic receptors.

Beta-blockers, particularly β1-selective agents, have been 
used for treating hypertension (54). Although the altered 
vascular signaling processes are implicated in hypertension, 
whether lipid rafts/caveolae are responsible for such patho-
genic events remains unclear (55), so no significant inter-
action between antihypertensive drugs and lipid rafts was 
found in the literature.

Alpha-adrenergic agonists

Alpha2-agonists with the sedative, analgesic, anesthetic-
sparing and sympatholytic activity are used as an adjuvant 
for anesthesia. Mizogami and Tsuchiya performed FP experi-
ments to investigate their effects on SUVs that were prepared 
with 33.3 mol% cholesterol and 66.7 mol% phospholipids 
(consisting of equimolar DOPC, SM, POPE and CB) to be raft 
model membranes and with cholesterol and phospholipids of 
different compositions to be neuro-mimetic and cardiomyo-
cyte-mimetic membranes (56). Dexmedetomidine interacted 
with the non-raft membranes to increase their fluidity most 
potently at 5-200 μM, followed by levomedetomidine and 
clonidine. However, these α2-agonists exerted much weaker 
effects on the raft model membranes so that dexmedetomi-
dine and levomedetomidine did not show large difference in 
membrane interactivity despite being significantly different 
in sedative activity between medetomidine enantiomers. 
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TABLE III - Interaction of membranous receptor- and enzyme-acting drugs with lipid raft membrane domains and membranes

Drug class Drug Membrane Induced membrane modification Reference

Adrenergic 
receptor-acting 
drug

Nonselective β-blockers 
(0.2 and 1 mM)

Selective β1-blockers  
(0.2 and 1 mM)

SUVs (POPC, SM, POPE, CB and 
cholesterol, 1:1:1:1:2 molar ratio)

Nonselective propranolol most 
potently increased the membrane 
fluidity, followed by alprenolol and 
oxprenolol, but not β1-selective 
atenolol, metoprolol and esmolol

52

Adrenergic 
receptor-acting 
drug

Nonselective β-blockers 
(20-200 μM)

Selective β1-blockers 
(20-200 μM)

SUVs (33.3 mol% cholesterol and 66.7 
mol% phospholipids of equimolar 
DOPC, SM, POPE and CB)

Nonselective propranolol and 
alprenolol increased the membrane 
fluidity, but not β1-selective landiolol 
and esmolol

53

Adrenergic 
receptor-acting 
drug

Alpha2-agonists 
 (5-200 μM)

SUVs (33.3 mol% cholesterol and 
66.7 mol% phospholipids (DOPC, SM, 
POPE and CB))

Dexmedetomidine increased the 
fluidity of non-raft membranes 
most potently, followed by 
levomedetomidine and clonidine, 
although the effects on raft model 
membranes were much weaker 
without showing large difference 
between medetomidine enantiomers

56

Opioid receptor-
acting drug

Rats injected with 
morphine (25 mg/kg, i.p.)

Rats injected with 
naloxone (2 mg/kg, i.p.)

Morphine (10 nM and 
10 μM)

Naloxone (1 nM)

Hippocampus and caudate 
membranes

Hippocampus and caudate 
membranes

Rat brain membrane preparations 

Rat brain membrane preparations

Increased the membrane fluidity 

Decreased the membrane fluidity 

Increased the membrane fluidity 

Reversed the membrane-fluidizing 
effects of 10 nM morphine

59

Opioid receptor-
acting drug

Codeine (0.1 M)

N-Methylcodeine (0.1 M)

DPPC MLVs Reduced the phase transition 
temperature

60

Opioid receptor-
acting drug

Etorphine (10 nM)

Mice injected with 
etorphine (5 μg/kg, s.c.)

Human embryonic kidney cells 
expressing μ-receptors

Hippocampi isolated after drug 
injection

Translated μ-receptors from lipid 
rafts to non-raft regions

61

Cyclooxygenase-
acting anti-
inflammatory 
drug

Aspirin (3 mM) DPPC bilayer membranes containing 
32.5 mol% cholesterol

Increased the membrane fluidity

Disrupted the membrane 
organization and prevented raft 
formation

63

Cyclooxygenase-
acting anti-
inflammatory 
drug

Aspirin (10 mol%) MLVs (70 mol% DMPC and 30 mol% 
cholesterol)

Bound to raft-like Lo phase domains 
and disturbed their organization

64

Cyclooxygenase-
acting anti-
inflammatory 
drug

Indomethacin (5 μM)

Naproxen (25 μM)

Aspirin (50 μM)

Ibuprofen (150 μM)

Baby hamster kidney cells Affected the organization of raft-like 
ordered lipid and protein membrane 
nanoclusters

65

CB = cerebroside; DMPC = 1,2-dimyristoylphosphatidylcholine; DOPC = 1,2-dioleoylphosphatidylcholine; DPPC = 1,2-dipalmitoylphosphatidylcholine; MLV = 
multilamellar vesicle; POPC = 1-palmitoyl-2-oleoylphosphatidylcholine; POPE = 1-palmitoyl-2-oleoylphosphatidylethanolamine; SM = sphingomyelin; SUV = 
small unilamellar vesicle.
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The mechanistic relevance of lipid rafts to the enantioselec-
tive effects of α2-agonists is inconclusive as Morris et al re-
ported that α1-adrenergic receptors, but not α2-adrenergic 
receptors, occupy membrane lipid rafts (57).

Opioid analgesics

Morphine and its related drugs act on inhibitory opioid 
receptors of μ, κ and δ subtypes expressed in nociceptive 
neuronal circuits. Mu-receptors responsible for the effects 
of opioid analgesics and antagonists are located within lipid 
raft/caveola membrane domains (58).

Heron et al performed in vivo experiments to inject rats 
with opioids intraperitoneally and in vitro experiments to 
subject membranes prepared from rat brains to the reaction 
with opioids, followed by FP measurements (59). Morphine 
increased the fluidity of hippocampus and caudate mem-
branes from rats injected at 25 mg/kg (i.p.) and the fluidity of 
the membrane preparations at 10 nM and 10 μM. In contrast, 
opioid antagonist naloxone decreased the membrane fluid-
ity of the same brain regions at 2 mg/kg (i.p.) and reversed 
the in vitro membrane-fluidizing effect of 10 nM morphine 
at 1 nM. Budai et al evaluated the effects of different opioids 
on DPPC multilamellar vesicles (MLVs) by DSC and electron 
paramagnetic resonance (EPR) spectroscopy (60). Codeine 
and N-methylcodeine reduced the phase transition tempera-
ture of DPPC membranes at 0.1 M. Zheng et al treated HEK 
(human embryonic kidney) 293 cells expressing μ-receptors 
with or subcutaneously injected mice with opioid agonists 
(61). SDGC cell fractions and hippocampus isolates demon-
strated that etorphine of 10 nM and 5 μg/kg (s.c.) translo-
cate μ-receptors from lipid rafts to non-raft regions as well as 
cholesterol-depleting MBC.

Anti-inflammatory drugs

Non-steroidal anti-inflammatory drugs are considered to 
exert therapeutic and adverse effects by inhibiting cyclooxy-
genase (COX)-2 and COX-1, respectively. COX-2 is localized in 
lipid raft/caveola membrane domains and associated with 
caveolin-1 (62).

Alsop et al studied the effects of aspirin on different 
DPPC/cholesterol bilayer membrane systems by Langmuir-
Blodgett, DSC and ND experiments (63). Aspirin (3 mM) 
increased the membrane fluidity of DPPC membranes con-
taining 32.5 mol% cholesterol, disrupted the membrane 
organization and prevented the formation of Lo phase lipid 
rafts. In the following neutron scattering experiments and 
molecular dynamics simulations, they prepared MLVs with 
70 mol% 1,2-dimyristoylphosphatidylcholine (DMPC) and  
30 mol% cholesterol to study the membrane effect of as-
pirin (64). Aspirin bound to raft-like Lo phase domains and 
disrupted their organization at 10 mol%. Zhou et al reported 
that 5 μM indomethacin, 25 μM naproxen, 50 μM aspirin 
and 150 μM ibuprofen acted on BHK (baby hamster kidney) 
cells to affect the organization of raft-like ordered lipid and 
protein membrane nanoclusters by interacting with plasma 
membranes (65).

Anticancer drugs

In addition to conventional mechanistic effects, antican-
cer drugs exhibit apoptosis-inducing activity. Lipid rafts con-
tribute to induction of the apoptosis selective for cancer cells 
(66). Alkylphospholipids, platinum(II) complex and antibiotics 
are presumed to act on lipid rafts as a membrane gateway 
to induce apoptosis (67). Alves et al recently published an 
excellent review on the biophysics of cancer cells and the rel-
evance of drug and membrane interaction to cancer therapy 
(68). Results of the literature search on the interaction of an-
ticancer drugs with membrane lipid rafts and membranes are 
shown in Table IV.

Alkylphospholipids

Ausili et al treated MLVs prepared with POPC, SM and 
cholesterol (1:1:1 molar ratio) with edelfosine at 10-20 mol% 
relative to membrane lipids, followed by DSC, XD and NMR 
analysis (69). Edelfosine altered the raft organization and in-
duced the appearance of a sharp phase transition at 20 mol%, 
suggesting a fluidity increase in membrane lipid rafts. When 
incubating with human acute T-cell leukemia (Jurkat T) cells, 
edelfosine colocalized in lipid rafts at concentrations higher 
than 20 mol%. 10-(Octyloxy) decyl-2-(trimethylammonium) 
ethyl phosphate (ODPC) with the cytotoxic activity against 
cancer cell lines inhibits the proliferation of leukemia cells by 
inducing apoptosis. Gomide et al prepared giant unilamellar 
vesicles (GUVs) with DOPC, SM and cholesterol (1:1:1 molar ra-
tio) to examine the effects of perifosine and ODPC on lipid rafts 
(70). In fluorescence microscopic observations, perifosine and 
ODPC disrupted membrane raft domains in GUVs so that the 
domains disappeared in less than 1 min after treatment at 100 
μM. Castro et al treated MLVs or unilamellar vesicles (ULVs) 
prepared with POPC, N-palmitoyl-SM and cholesterol (1:1:1 
molar ratio) with anticancer alkylphospholipids, followed by 
FA measurements (71). Edelfosine and miltefosine were dem-
onstrated to increase the fluidity of raft model membranes at 
5-10 mol% relative to membrane lipids. Wnętrzak et al studied 
the effects of synthetic phospholipid analog erucylphospho-
choline on raft-mimic Langmuir monolayers composed of SM 
and cholesterol (2:1 molar ratio) (72). Erucylphosphocholine 
increased the membrane raft fluidity at higher than 0.3 mol% 
relative to membrane lipids and weakened the interaction be-
tween cholesterol and SM. In a thermodynamic study using 
the same Langmuir monolayers, anticancer 2-hydroxyoleic acid 
increased the membrane fluidity of raft-mimic monolayers at 
higher than 0.1 mol% relative to membrane lipids (73).

Cisplatin

Cisplatin acts on plasma membranes to trigger the Fas 
death receptor pathway at a membrane level (74). Lacour 
et al treated human colon carcinoma (HT29) cells (7 × 105 
cells) with cisplatin at 5 μg/mL for 0.25-4 hours (75). The cells 
were subjected to 12-DSA (12-doxylstearic acid) spin label-
ing followed by EPR spectroscopic analysis or cell lysis with 
Triton X-100 followed by SDGC fractionation and immunoblot 
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TABLE IV - Interaction of anticancer drugs with lipid raft membrane domains and membranes

Drug class Drug Membrane Induced membrane modification Reference

Alkylphospholipid Edelfosine (≥20 mol%) MLVs (POPC, SM and cholesterol, 
1:1:1, molar ratio)

Human acute T-cell leukemia cells

Increased the fluidity of lipid rafts 

Colocalized in membrane lipid rafts

69

Alkylphospholipid Perifosine (100 μM)

ODPC (100 μM)

GUVs (DOPC, SM and cholesterol, 
1:1:1 molar ratio)

Disrupted membrane raft domains 70

Alkylphospholipid Edelfosine (5-10 mol%)

Miltefosine (5-10 mol%)

MLVs or ULVs (POPC, N-palmitoyl-SM 
and cholesterol, 1:1:1 molar ratio)

Increased the fluidity of raft model 
membranes

71

Alkylphospholipid Erucylphosphocholine 
(≥0.3 mol%)

Raft-mimic Langmuir monolayers 
(SM and cholesterol, 2:1 molar ratio)

Increased the membrane raft fluidity 
and weakened the interaction 
between cholesterol and SM

72

Alkylphospholipid 2-Hydroxyoleic acid  
(≥0.1 mol%)

Raft-mimic Langmuir monolayers 
(SM and cholesterol, 2:1 molar ratio)

Increased the membrane raft fluidity 73

Platinum(II) 
complex

Cisplatin (5 μg/mL) Human colon carcinoma cells Increased the membrane fluidity, 
which was inhibited by 10 μg/mL 
nystatin pretreatment

Translocated CD95 into lipid rafts, 
which was prevented by 10 μg/mL 
nystatin pretreatment

75

Platinum(II) 
complex

Cisplatin (25 μM) Human colon carcinoma cells Increased the membrane raft fluidity 
and induced apoptosis, which was 
inhibited by cholesterol (30 μg/mL) 
and monosialoganglioside-1 (80 μM)

76

Antibiotic Azithromycin (132 μM) SUVs (DOPC, SM and cholesterol, 
1:1:1 molar ratio)

Increased the fluidity of raft-like 
membranes

77

Antibiotic Daunorubicin  
(40-75 μM)

LUVs (DMPC, SM and cholesterol, 
7:1.5:1.5 molar ratio)

Decreased the fluidity of raft-like 
membranes

78

Antibiotic Doxorubicin (40-75 μM) LUVs (DMPC and SM, 8:2 molar 
ratio or DMPC, SM and cholesterol, 
7:1.5:1.5 molar ratio)

Increased the fluidity of binary 
membranes, but not ternary 
membranes

79

DMPC = 1,2-dimyristoylphosphatidylcholine; DOPC = 1,2-dioleoylphosphatidylcholine; GUV = giant unilamellar vesicle; LUV = large unilamellar vesicle; MLV = 
multilamellar vesicle; ODPC = 10-(octyloxy) decyl-2-(trimethylammonium) ethyl phosphate; POPC = 1-palmitoyl-2-oleoylphosphatidylcholine; SM = sphingomy-
elin; SUV = small unilamellar vesicle; ULV = unilamellar vesicle.

analysis. Cisplatin increased the fluidity of plasma mem-
branes as soon as 0.25 hours after the treatment, although 
its membrane effect was inhibited by pretreating with cho-
lesterol sequestering nystatin at 10 μg/mL. The cell exposure 
to cisplatin for 4 hours induced the translocation of CD95 
(cluster of differentiation 95 known as Fas receptor) into lipid 
rafts, which was prevented by nystatin pretreated at 10 μg/
mL. Rebillard et al treated human colon carcinoma (HT29) 
cells growing in the exponential phase with cisplatin at  
25 μM for 1-72 hours (76). They isolated lipid rafts by SDGC 
and performed EPR spectroscopic analysis after 12-DSA spin 
labeling. Cisplatin treatment for 1 hour increased membrane 
raft fluidity and that for 72 hours induced apoptosis. Such ef-
fects were inhibited by membrane-stabilizing cholesterol (30 
μg/mL) and monosialoganglioside-1 (80 μM).

Anticancer antibiotics

Berquand et al treated SUVs prepared with DOPC, SM 
and cholesterol (1:1:1 molar ratio) with macrolide antibiotic 

azithromycin (77). FP analysis revealed that azithromycin 
increases the fluidity of a hydrophobic region of raft-like 
membranes at 132 μM. In FA experiments of Alves et al (78), 
anthracycline antibiotic daunorubicin (40-75 μM) decreased 
the fluidity of raft-like membranes of LUVs prepared with 
DMPC, SM and cholesterol (7:1.5:1.5 molar ratio), while 
this antibiotic was more effective in decreasing the mem-
brane fluidity of LUVs prepared without cholesterol. Alves et 
al also investigated the effects of doxorubicin on LUVs pre-
pared with DMPC and SM (8:2 molar ratio) or with DMPC, 
SM and cholesterol (7:1.5:1.5 molar ratio) by measuring FA 
(79). Doxorubicin increased the fluidity of binary membranes 
at 40-75 μM, but not raft-like ternary membranes containing  
cholesterol.

Phytochemicals

A variety of phytochemicals (bioactive components 
in plants) such as flavonoids exhibit a broad spectrum of 
pharmacological activity including antioxidant, antitumor, 
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anti-inflammatory, analgesic, antimicrobial, cardioprotec-
tive, anti-allergic and antiplatelet ones. Many of them with 
the amphiphilic structure share the property to interact with 
artificial and biological membranes. The membrane interac-
tivity of phytochemicals was recently reviewed by Tsuchiya 

(80), especially the interaction of flavonoids with lipid rafts by 
Tarahovsky et al (81) and their induced changes in membrane 
fluidity by Selvaraj et al (82). Results of the literature search 
on the interaction of phytochemicals with membrane lipid 
rafts and membranes are shown in Table V.

TABLE V - Interaction of phytochemicals with lipid raft membrane domains and membranes

Drug class Drug Membrane Induced membrane modification Reference

Flavonoid Quercetin (10 μM)

EGCG (10 μM)

Cyanidin (10 μM)

SUVs (phospholipids (POPC and 
SM) and cholesterol by varying the 
composition 55-80 mol% and 20-45 
mol%)

Quercetin decreased the 
membrane fluidity most potently, 
followed by cyanidin and EGCG

84

Flavonoid Quercetin (30 μM) Human colon cancer cells  
(HT-29, SW-620 and Caco-2)

Enhanced TRAIL efficacy to induce 
apoptosis by accumulating death 
receptors in membrane lipid rafts

85

Flavonoid Quercetin (10 and 100 μM)

Luteolin (10 and 100 μM)

Mouse macrophages Suppressed the accumulation 
of lipid rafts to inhibit TNF-α 
production

86

Flavonoid Quercetin (2-16 μM) SUVs (DMPC plus 20 or 33 mol% 
cholesterol)

Increased the fluidity of raft model 
membranes

87

Flavonoid EGCG (5-100 μM) SUVs (5 mol% cholesterol and 95 
mol% POPC or DOPC)

Decreased the fluidity of binary 
membranes

88

Flavonoid EGCG (5-20 μg/mL) Human colon carcinoma cells Reduced the membrane resistance 
to Triton X-100 by decreasing 
ordered membrane domains

89

Flavonoid EGCG (5 μM) Human prostate cancer cells Inhibited DiIC16 accumulation 
in lipid ordered domains and 
disrupted lipid rafts

90

Flavonoid EGCG (5-20 μM) Human multiple myeloma cells Induced lipid raft clustering and 
apoptotic cell death

91

Flavonoid Dimeric procyanidin  
(0.05-1 μg/mL)

Human acute T-cell leukemia cells Increased the membrane fluidity 92

Flavonoid Hexameric procyanidin  
(10 μM)

Human colon cancer cells Decreased the membrane fluidity, 
although the membrane interactivity 
was lost by MBC (2.5 mM)

Prevented the lipid raft disruption 
induced by MBC or deoxycholate

93

Stilbenoid Resveratrol (10-80 μM) LUVs (egg phosphatidylcholine, SM 
and cholesterol, 1:1:1 molar ratio)

Formed the ordered membrane 
domains and enhanced the 
membrane resistance to Triton X-100

94

Anthraquinonoid Emodin (1-5 mol%)

Aloin (1-5 mol%)

MLVs composed of DMPC Reduced the phase transition 
temperature

95

Anthraquinonoid Emodin (10-50 μg/mL) Human umbilical vein endothelial 
cells

Disrupted lipid rafts 96

Terpenoid Ginsenosides Rb2, Rc, Rd, 
Re, Rf, Rg1, Rg2 and Rh2  
(50 μM)

HeLa cells Increased the membrane fluidity

Reduced the raft-marker protein 
concentration in lipid rafts

98

Terpenoid Saikosaponin A (3-12 μM) Mouse macrophages Inhibited LPS-induced cytokine 
expression and Toll-like receptor 
localization in lipid rafts, and reduced 
membrane cholesterol levels

99

DMPC = 1,2-dimyristoylphosphatidylcholine; DOPC = 1,2-dioleoylphosphatidylcholine; EGCG = (–)-epigallocatechin-3-gallate; LPS = lipopolysaccharide;  
LUV = large unilamellar vesicle; MBC = methyl-β-cyclodextrin; MLV = multilamellar vesicle; POPC = 1-palmitoyl-2-oleoylphosphatidylcholine; SM = sphingomy-
elin; SUV = small unilamellar vesicle; TNF = tumor necrosis factor; TRAIL = TNF-related apoptosis-inducing ligand.
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Flavonoids

Considering the distribution and accumulation in lipid 
bilayers, representative flavonoid quercetin and (–)-epigal-
locatechin-3-gallate (EGCG) possibly alter membrane fluidity 
and order, making or breaking raft-like domains (83). Tsuchiya 
and Mizogami compared the effects of different flavonoids 
on SUVs that were prepared with phospholipids (POPC and 
SM) and cholesterol by varying their compositions 55-80 
mol% and 20-45 mol%, respectively (84). FP data indicated 
that quercetin interacts preferentially with the hydropho-
bic region of membranes to decrease the fluidity at 10 μM 
most potently, followed by cyanidin and EGCG. Psahoulia 
et al investigated the mechanism underlying an apoptosis- 
enhancing effect of quercetin by treating human colon can-
cer cells (HT-29, SW-620 and Caco-2) with quercetin at 30 μM 
(85). While tumor necrosis factor (TNF)-related apoptosis-
inducing ligand (TRAIL) contributes to apoptosis induction, 
quercetin enhanced the TRAIL efficacy to induce apoptosis 
by accumulating death receptors in membrane lipid rafts. In 
a cell culture study of Kaneko et al, quercetin and luteolin 
suppressed the accumulation of lipid rafts at 10 and 100 μM 
to inhibit TNF-α production in mouse macrophages (86). 
They also suggested that these flavonoids change mem-
brane fluidity. Ionescu et al prepared SUVs with DMPC plus 
20 or 33 mol% cholesterol to form the Lo phase and examine 
the membrane effect of quercetin (87). FP measurements 
showed that quercetin increases the fluidity of raft model 
membranes at 2-16 μM.

Tsuchiya treated SUVs consisting of 5 mol% cholesterol and 
95 mol% POPC or DOPC with several catechins, followed by 
FP measurements (88). Of the tested catechins, EGCG most 
potently interacted with binary membranes to decrease their 
fluidity at 5-100 μM. Adachi et al stained human colon carci-
noma (HT29) cells with fluorescent DiIC16 (1,1’-dihexadecyl-
3,3,3’,3’-tetramethylindocarbocyanine perchlorate) that is 
preferentially incorporated into the ordered membranes, and 
then treated the cells with EGCG at 5-20 μg/mL to analyze its 
membrane effects by fluorescent confocal microscopy (89). 
EGCG reduced the membrane resistance to Triton X-100 at 
as little as 5 μg/mL, possibly by decreasing the content of or-
dered membrane domains. Duhon et al exposed human pros-
tate cancer (DU145) cells to DiIC16 in the presence or absence 
of 5 μM EGCG, followed by fluorescence microscopic analysis 
(90). EGCG inhibited the accumulation of DiIC16 in lipid-ordered 
domains and disrupted lipid rafts. Tsukamoto et al treated hu-
man multiple myeloma (U266) cells with EGCG at 5-20 μM for 
3 hours and at 10 μM for 1-3 hours (91). Fluorescence reso-
nance energy transfer and fluorescence microscopic assays 
indicated that EGCG dose- and time-dependently induces lipid 
raft clustering and apoptotic cell death.

Procyanidins contained in fruits and vegetables are oligo-
meric flavonoids with the anticancer activity. Verstraeten 
et al treated human acute T-cell leukemia (Jurkat T) cells  
(6 × 104 cells) with cocoa procyanidins and measured FP (92). 
Dimeric procyanidin increased the fluidity of plasma mem-
branes in a concentration-dependent manner at 0.05-1 μg/
mL. In the following experiment, they incubated human co-
lon cancer (Caco-2) cells with 10 μM hexameric procyanidin 
in the absence or presence of 2.5 mM MBC (93). In contrast 

to dimeric procyanidin, hexameric procyanidin decreased 
the fluidity of plasma membranes, although its membrane 
interactivity was lost by cholesterol-depleting MBC. This pro-
cyanidin also prevented lipid raft disruption induced by MBC 
or deoxycholate (cholesterol depletion/redistribution).

Stilbenoids

Resveratrol present in grape skins and seeds has antican-
cer, antioxidant and cardioprotective property. Neves et al 
treated LUVs prepared with egg phosphatidylcholine, SM 
and cholesterol (1:1:1 molar ratio) with 10-80 μM resvera-
trol to investigate the effects on raft model membranes by 
three different methods (94). Resveratrol induced the phase 
separation and formed the ordered membrane domains at 
concentrations higher than 10 μM. Such effects were more 
pronounced in the presence of cholesterol and SM. Resvera-
trol was also effective at 80 μM in enhancing the membrane 
resistance to Triton X-100.

Anthraquinonoids

Pharmacological effects of aloe are attributed to anthra-
quinonoid component emodin and aloin (barbaloin). DSC ex-
periments of Alves et al demonstrated that emodin interacts 
with MLVs composed of DMPC to reduce the phase transi-
tion temperature at 1-5 mol% more potently than aloin (95). 
Meng et al investigated the mechanism underlying a vascular 
anti-inflammatory effect of aloe by treating human umbilical 
vein endothelial cells grown to approximately 90% conflu-
ence with emodin (96). Emodin (10-50 μg/mL) inhibited the 
expression of proinflammatory cytokines and chemokines 
induced by 0.1 μg/mL lipopolysaccharide (LPS). Similar to 
 cholesterol-depleting MBC (5-12.5 mM), emodin (10-50 μg/mL)  
disrupted lipid rafts that are relevant to the cell activation 
by LPS. Lipid raft disruption associated with integrin signaling 
pathway is also responsible for the inhibitory effects of emo-
din on tumor cell adhesion and spreading (97).

Terpenoids

Triterpenoid glycosides from Panax ginseng and triter-
penoid saponin derivatives from Radix bupleuri have anti- 
inflammatory and anticancer activity. Yi et al treated HeLa cells 
with different ginsenosides at 50 μM and stained the cells with 
carboxy Laurdan, followed by fluorescence microscopy and 
generalized polarization imaging (98). Ginsenosides Rb2, Rc, 
Rd, Re, Rf, Rg1, Rg2 and Rh2 increased the fluidity of plasma 
membranes as well as cholesterol-depleting MBC (10 mM). 
When fractionating the HeLa cells by SDGC, ginsenoside Rh2 
and MBC reduced the concentration of raft-marker proteins in 
the raft fraction, indicating that they disrupt lipid rafts. These 
effects of ginsenoside Rh2 were reversed by cholesterol over-
loading (20 μg/mL). In a cell culture study of Wei et al (99), 
3-12 μM saikosaponin A inhibited the expression of cytokines 
in primary mouse macrophages stimulated by 0.1 μg/mL LPS. 
Such inhibitory effects were attenuated by replenishment of 
84 μg/mL cholesterol, while 3-12 μM saikosaponin A reduced 
cholesterol levels in macrophage membranes. Saikosaponin A 
(3-12 μM) and MBC (10 mM) also inhibited the LPS-induced 
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localization in lipid rafts of Toll-like receptors that play a cru-
cial role in the innate immune system.

Conclusions

Results of the literature search indicate that different 
classes of drugs interact with raft model membranes and cel-
lular membrane lipid rafts in addition to interacting directly 
with membrane receptors, ion channels and enzymes. They 
could physicochemically modify membrane lipid rafts to be 
a platform for functional proteins and the membranes sur-
rounding such raft domains, affecting the organizational 
integrity of lipid rafts with the subsequent alteration of re-
ceptor, channel and enzyme activity, thereby producing phar-
macological effects. With respect to the induced membrane 
modification, raft-acting drugs are characterized as ones to 
decrease membrane fluidity, induce Lo phase or order plasma 
membranes, leading to lipid raft formation; and ones to in-
crease membrane fluidity, induce Ld phase or reduce phase 
transition temperature, leading to lipid raft disruption. Tar-
geting lipid raft membrane domains would open a new way 
for drug design and development.

Given the critical role of lipid rafts/caveolae in cellular 
signal transduction, odontology may be the promising field 
to which a raft-targeting concept is applied. Anticancer drugs 
interact with membrane lipid rafts to affect their physico-
chemical property and organizational integrity in association 
with apoptosis induction. Lipid raft membrane domains are 
responsible for cancer cell adhesion and migration, and the 
levels of cholesterol-rich lipid rafts are elevated in cancer 
cells compared with normal counterparts (100,101). While 
phytochemicals interact with membrane lipid rafts and regu-
late raft formation (83,85), such interactivity is responsible 
for their diverse bioactivities including apoptosis induction. 
Among raft-targeting compounds, alkylphospholipids and fla-
vonoids could be a novel type of anticancer drug.

Since an outbreak of atypical pneumonia was first re-
ported in Wuhan (China) in December 2019, novel corona-
virus or severe acute respiratory syndrome coronavirus 2 
(SARS-CoV-2) infections have spread worldwide, causing a 
global pandemic of coronavirus disease 2019 (COVID-19). 
SARS-CoV-2 spike proteins have a strong binding affinity to 
human angiotensin-converting enzyme 2 (ACE2) (102). Host 
cell ACE2 receptors, which are a cell-specific target of and 
responsible for the cellular entry of SARS-CoV-2, are localized 
in lipid rafts (103). Cholesterol-rich membrane domains are 
essential for the spike proteins to interact with ACE2 recep-
tors efficiently (104) and cellular cholesterol levels are closely 
associated with COVID-19 lethality (105). Agents that specifi-
cally disrupt ACE2-localizing lipid rafts and deplete raft cho-
lesterol may be a drug to reduce SARS-CoV-2 infectivity and 
COVID-19 severity.

Abbreviations
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