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Objective: The aim was to investigate the role and potential mechanism of geranylgerany-

lacetone (GGA) in the development of atherosclerosis, and to explore the role of heat shock

protein 22 (HSP22) in mediating GGA effect.

Methods: Human coronary artery endothelial cell (HCAEC) was used for in vitro study.

RNA interference was applied to suppress HSP22 in the cells. Cellular apoptosis and

intracellular level of reactive oxygen species (ROS) were detected by flow cytometer, and

proteins of HSP22, NF-κB, eNOS, and ICAM-1 were assessed by immunoblotting.

HSP22-/-//ApoE-/-, and HSP22+/+//ApoE-/- mice were used to investigate the effect of GGA

in the animal model of atherosclerosis. Atherosclerotic lesion of the mice aortas was

evaluated by Oil Red O staining and H&E staining.

Results: GGA significantly inhibited HCAEC apoptosis in response to oxidized-LDL (ox-LDL),

but stimulated HSP22 synthesis in the cells. Transfection of HSP22-siRNA in the cells resulted in

complete blockage of the GGA effect on apoptosis. GGA also significantly inhibited ROS, NF-κB,

and ICAM-1 in the cells transfected control siRNA, but not in the cells transfected with HSP22-

siRNA. Atherosclerotic plaque in the aorta was significantly less in the wild type (WT) animals

treated with GGA as stained either by Oil Red O or by H&E staining, but not in the HSP22-KO

mice. GGA significantly inhibited expression of NF-κB and ICAM-1 in theWTmice, but not in the

HSP22-KO mice.

Conclusion: GGA-induced HSP22, and inhibited ox-LDL-induced apoptosis as well as

expression of NF-κB and ICAM-1 in the HCAECs. GGA also attenuated formation of

atherosclerotic plaques in mice aorta. Suppression of HSP22 by siRNA resulted in blockage

of the GGA inhibition on apoptosis or stimulation on NF-κB and ICAM-1. These findings

suggested that GGA protects endothelial cells from injury in response to ox-LDL and block

atherosclerotic development in mice aorta through induction of HSP22.
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Introduction
Geranylgeranylacetone, GGA, also known as Teprenone, is an anti-ulcer drug that

can protect gastric mucosa from variety kinds of insults. GGA is rapidly absorbed

and widely distributed in variety kinds of organs including gastrointestinal tract, liver,

and kidney.1 GGA could antagonize gastric ulcers through the following mechan-

isms: 1) Regulating the cellular metabolism of gastric mucosa; 2) Improving micro-

circulation through augmenting the synthesis of prostaglandin (PG), nitric oxide

(NO), but inhibiting endothelin-1 (ET-1) synthesis; 3) Eliminating oxygen-free
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radicals, and suppressing infiltration of inflammatory cells

and inflammatory reaction.2,3 Studies also demonstrated that

GGA could protect variety types of tissues from injury

through induction of heat shock proteins (HSPs) in the

milieu of oxidative stress, hypoxia, or ischemia.3–8

Vitamin A-like structure of GGA may contribute to its

protective effect in response to variety insult.3

In addition to its anti-ulcer9 and anti-depressant effect,10

recently, it has been reported that GGA may have preventive

and therapeutic effect in the cardiovascular system due to its

induction of HSPs including HSP70/HSP72, HSP90, HSP27,

and HSP22. In this regard, Ooie et al,8 reported that GGA

protects myocardium from ischemia-reperfusion injury

through HSP72 induction, and Shinohara et al,11 further

demonstrated that protective effect of GGA in the ische-

mia-reperfusion injury was through improving the function

of themitochondria. GGA-induced HSPs are also involved in

preventing arrhythmia or atrial fibrillation by prolonging

action potential duration.12–14 Role of GGA in the develop-

ment of atherosclerosis, however, has not been extensively

studied although Yamamoto et al,15 have reported that GGA

inhibited IL-1ß-induced iNOS expression in vascular smooth

muscle cells through HSP70 induction and its regulation on

NF-κB activation.

HSPs are highly conservative proteins. Currently, sev-

eral members of HSP family proteins including HSP60,

HSP70, HSP90, and small HSP (HSP27 and HSP22) have

been found to be associated with cardiovascular diseases

including atherosclerosis. In this regard, we have pre-

viously reported that HSP22 prevent atherosclerosis.16

HSP22 is a serine/threonine kinase with molecular weight

of 22 kDa, a small heat shock protein (sHSP).3,17 As a

molecular chaperone, HSP22 interacts with a broad range

of unfolded proteins and regulates cellular apoptosis,18,19

and by which mechanism, it has cytoprotective effect on

myocardial cells.20,21

Chronic inflammation plays an important role in the

pathogenesis of atherosclerosis. Oxidized-LDL (ox-LDL)

initiates endothelial injury and inflammation, which leads

to the development of atherosclerosis. It has been reported

that HSP22 could partially block ox-LDL-induced

endothelial injury and apoptosis through activating ERK

but inhibiting p38 MAPK.22,23 Therefore, we hypothesized

that GGA may protect endothelial cells from ox-LDL-

induced injury through HSP22 induction. To test this,

treatment on the in vitro cell culture and clinically relative

animal model of atherosclerosis were used to investigate

the effect of GGA on HSP22 induction and its role in the

intervention of atherosclerosis.

Materials and methods
This research was approved by the Ethics Committee of

The Second Affiliated Hospital of Nanchang University.

All methods were carried out in accordance with relevant

guidelines and regulations. All applicable international,

national, and/or institutional guidelines for the care and

use of animals were followed. Cell culture and treatment

human coronary artery endothelial cells (HCAECs) were

purchased from the Shanghai Yu Bo Biological

Technology Co. Ltd. (Shanghai, China). Cells were cul-

tured with human endothelial cell growth medium (RPMI

1640 supplemented with 10% fetal calf serum), passages 4

and 5 were used for the experiments.

GGA solution was purchased from Eisai, Japan

(Tokyo, Japan). GGA capsule was purchased from Eisai

China Inc. (Shanghai, China).

The cells were treated as followings. Group 1: vehicle

control; Group 2: GGA treatment: HCAECs were treated

with GGA at varying concentrations (0, 0.01, 0.1, 1.0, 10,

and 100 µmol/L) in 4 mL culture medium for 12 hrs;

Group 3: HSP22 intervention group: cells were transfected

with siRNA specifically targeting HSP22 (see detail

below); Group 4: HSP22 intervention + GGA treatment.

Cells were also treated with 80 µg/mL ox-LDL for

24 hrs.

Transfection of siRNA: HCAECs were grown in six-

well plate to 30–50% confluent. Lipofectamine 2000 (4 µL

in 200 µL serum-free medium) was mixed with FAM-

siRNA (8 µL in 200 µL serum-free medium) and sit in

room temperature for 20 mins. The mixture of lipofecta-

mine and FAM-siRNA were then added into the six-well

plate, in which additional 1,600 µL/well serum-free med-

ium was applied so that the final volume was 2 mL/well.

Cells were transfected for 18–24 hrs.

Animals and treatment: ApoE knockout (ApoE-/-) male

C57BL/6 mice, aged 8–10 weeks, weighed 20–24 g, were

purchased from the Suzhou Aiermet Technology Co. Ltd.

(Suzhou, China). HSP22//ApoE knockout (HSP22-/-//

ApoE-/-) male C57BL/6 mice, aged 8–10 weeks, weighed

20–24 g, were established by Beijing Vitalstar

Biotechnology Co. Ltd. (Beijing, China). Sixteen mice in

each phenotype were used. All animals were housed in the

SPF grade animal facility of Nanchang University,

Institution of Translational Medicine. Animals were fed

Gong et al Dovepress

submit your manuscript | www.dovepress.com

DovePress
Drug Design, Development and Therapy 2019:132620

http://www.dovepress.com
http://www.dovepress.com


with either ordinary diet or high fat diet (0.15% choles-

terol, 21.0% fat, 20.0% protein, and 50.0% carbohydrate)

for 12 weeks and treated with or without GGA (400 mg/

(kg.d)) through gavage for the first 8 weeks.

Before the GGA treatment, blood samples were col-

lected from the venous sinus. At the end of the 12-week

experiments, mice were fastened for 12 hrs before scarifi-

cation. Animals were anesthetized by intraperitoneal injec-

tion of 10% chloral hydrate (0.07–0.09 mL). Blood was

collected from the venous sinus followed by heart perfu-

sion with clean PBS. Arteries from aorta down to common

iliac bifurcation were harvested and fixed with formalde-

hyde or frozen with liquid nitrogen.

Apoptosis analysis by flow cytometry: HCAECs were

harvested by trypsinization. Cell pellets were washed once

with cold PBS, and suspended with 300 µL binding buffer.

Cells were then allowed to react with annexin V-FITC (5 µL)

at dark for 15 mins. Propidium iodide (5 µL) was applied for

5 mins before the assay, and 200 µL binding buffer was

added right before the cytometry assay.

Assay of the reactive oxygen species (ROS): HCAECs

were washed three times with PBS. DCFH-DA probe at 10

µM in culture medium was added and incubated for 30–60

mins. Cells were then harvested by trypsinization followed

by washing with PBS two times. ROS was assessed by

flow cytometry.

Oil Red O staining of the arteries: The arteries were

harvested and fixed with formaldehyde as aforementioned.

Tissues were dehydrated with isopropanol for 3 mins

followed by staining with Oil Red O (100 mg Oil Red O

powder was dissolved in 10 mL isopropanol at 60°C water

bath for 40 mins, 10 mL ddH2O was then added and

filtered through paper filter) for 3 hrs in the dark. Tissues

were then washed with 85% isopropanol three times, 3

mins each time, followed by washing with PBS. Lipid

staining by the Oil Red O in the arteries was observed

and photographed.

Immunoblotting: The arteries were harvested, frozen with

liquid nitrogen, and stored at −80°C as aforementioned. After

weighing, the tissues were cut in small pieces and minced in

the buffer (100 µL per 10mg tissue) plus cocktail of proteinase

inhibitor (1:100). Protein extraction buffer was then added

(one kit per 500 µL minced tissue solution, ApplyGen,

Beijing, China), mixed and sat at room temperature for 10

mins. After centrifuging at 4°C, 10,000 g for 10 mins, super-

natant was discarded, and proteins at the middle layer were

harvested. Samples were air dried at room temperature, and

3% SDS (2–5 µL/mg tissue) was added and shaking overnight

at 4°C. After centrifuging at 4°C, 12,000 g for 5 mins, super-

natant was harvested and diluted with 5 x loading buffer

(Solarbio, Beijing, China) so that the final concentration was

1 x loading buffer. After boiling for 10 mins, the samples were

aliquoted and stored at −20°C. Protein concentration was

determined by BCA methods following the manufacturer's

instruction (Bio-Rad, Beijing, China). Proteins were separated

by 10% SDS-PAGE gel and transferred to PVDF membrane.

After blocking with 5% milk in TBST buffer, primary anti-

bodies were added and incubated at 4°C overnight. After

washing, 2nd antibodies were applied for 1 hr at room tem-

perature. Blotting bandswere visualizedwith ECL reagent and

photographed (Beyotime, Beijing, China). Density of the blot-

ting bands was analyzed by Image Lab software (GelDoc,

Bio-Rad, Beijing, China).

Statistical analysis: GraphPad Prism 5.0 software was

used to perform statistical analysis. Normal distribution was

examined by Kolmogorov–Smirnov method. Data were

expressed by mean ± SD. Paired Student's t–test was used

to analyze the data with equal variance, and Wilcoxon rank

sum test was used to analyze the data with unequal var-

iance. One-way ANOVAwas used for comparison of multi-

ple groups. P-value <0.05 was considered as significant.

Results
Effect of GGA on HCAEC viability in

response to ox-LDL
ox-LDL-induced apoptosis of HCAECs as evidenced by posi-

tive Annexin-V (31.78±3.27%, Figure 1A and B). While

GGA at lower concentrations (0.01 and 0.01 µmol/L) had no

effect on ox-LDL-induced HCAEC apoptosis, 1.0 µmol/L

GGA significantly blocked ox-LDL-induced HCAEC apopto-

sis (23.99±2.03%, Figure 1A and B, P<0.05 compared to ox-

LDL only). At higher concentration of GGA (100 µmol/L),

however, apoptosis of HCAEC was significantly enhanced

(Figure 1A and 1B, P<0.01 compared to ox-LDL only).

Effect of GGA on HSP22 and NF-B

expression
As shown in Figure 2, in the presence of ox-LDL (80 µg/

mL), GGA stimulated HSP22 proteins in a concentration-

dependent manner (0.01–100 µmol/L, Figure 2A and C).

By semi-quantification of immunoblotting, it was found

that HSP22 level in response to ox-LDL plus GGA was

significantly increased: 0.231±0.025 of ox-LDL alone vs

0.364±0.058 of 1.0 µmoL/L GGA plus ox-LDL (P<0.05,

Figure 2B and D).
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In contrast to the effect on HSP22, in the presence

of ox-LDL (80 µg/mL), GGA significantly inhibited

NF-kB (p65) levels in HCAECs (Figure 3A and B).

Semi-quantification of immunoblotting revealed that

p65 NF-kB level in response to ox-LDL plus GGA

was significantly decreased: 0.781±0.092 of ox-LDL
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Figure 1 Effect of GGA on the ox-LDL-induced apoptosis of HCAEC. (A) Representative histogram of flow cytometry. HCAECs were treated with varying concentrations

of GGA in the presence of ox-LDL (80 µg/mL). Cells were then harvested and Annexin-V was assessed by flow cytometry as described in the Materials and methods section.

(B) Concentration-dependent effect of GGA on HCAEC apoptosis. Vertical axis: percentage of apoptosis (%); horizontal axis: concentration of GGA (µmol/L). Data

presented were an average of three separate experiments. *P<0.05, **P<0.01 compared to control.

0
0.0

1
0.1 1.0 10

.0
10

0.0

GGA(µmol/L)+ox-LDL(80µg/ml)

1.0

0.5
**

*37

22

65

37

C

A

D

B

GAPDH

GAPDH

NF-kB

HSP22

0.4

0.3

0.2

0.0

0.1

N
F-

K
B

/G
A

P
D

H
H

S
P

22
/G

A
P

D
H

0.8

0.6

0.4

0.2

0.0
0

0.0
1 0.1 1.0 10

.0
10

0.0

GGA(µmol/L)+ox-LDL(80µg/ml)

0.01 0.1 1.0 10.0 100.0

0.01 0.1 1.0 10.0 100.0
GGA(µmol/L)+ox-LDL(80µg/ml)

GGA(µmol/L)+ox-LDL(80µg/ml)

Figure 2 Concentration-dependent effect of GGA on HSP22 expression in response to ox-LDL exposure. (A) Representative data of immunoblotting to HSP22. HCAECs

were treated and immunoblotting was performed as described in the Materials and methods section. Data presented were one representative data from at least three

separate experiments. (B) Semi-quantitative comparison of the GGA effect on HSP22 expression. Vertical axis: relative level of HSP22 over GAPDH; horizontal axis: varying

concentrations of GGA in the presence of ox-LDL. *P<0.05; **P<0.01.
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alone vs 0.595±0.068 of 1.0 µmol/L GGA plus ox-LDL

(P<0.01, Figure 3B).

Effect of HSP22 suppression on HCAEC

viability in response to ox-LDL and GGA
HCAECs were transfected with siRNA targeting HSP22 or

non-specific control siRNA 24 hrs prior to exposure to 80 µg/

mL ox-LDL. Following the transfection of HSP22-siRNA

(Figure S1), HSP22 expression was significantly suppressed

in the presence or absence of GGA (Figure 3A), and inhibitory

effect of GGA on ox-LDL-induced apoptosis of HCAECswas

significantly blocked (23.99±2.03% of control-siRNA vs

33.24±4.85% of HSP22-siRNA, P<0.05, Figure 3B and C).

Effect of HSP22 suppression on ROS

levels in the HCAECs
ROS level in response to ox-LDL and GGA in the cells

transfected with HSP22-siRNA or control-siRNA was

assessed by flow cytometry. As shown in Figure 4, ROS

level was significantly reduced in response to GGA in the

cells transfected with control-siRNA (308.0±23.52 of ox-

LDL alone vs 218.0±26.21 of GGA + ox-LDL, P<0.05,

Figure 4A). In the cells lacking HSP22, however, ROS

level was significantly increased in response to ox-LDL

exposure (381.7±56.22 of the cells transfected with con-

trol-siRNA vs 422.7±41.26 of the cells transfected with

HSP22-siRNA, P<0.05, Figure 4B).
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Effect of HSP22 suppression on the

expression of NF-kB, endothelial NOS

(eNOS), and ICAM-1
Immunoblotting revealed that NF-kB level was significantly

reduced in the cells treated with GGA (0.595±0.068) com-

pared to that in the control cells (0.781±0.092, P<0.05,

Figure 5A and B). Suppression of HSP22 resulted in a sig-

nificant increase of NF-kB expression not only in the absence

of GGA (1.042±0.102, P<0.05 compared to control, Figure

5A and B), but also in the presence of GGA (0.805±0.090,

P<0.05 compared to the cells transfected with HSP22-

siRNA, Figure 5A and B).

Similarly, expression of ICAM-1 was significantly

inhibited by GGA (0.447±0.061 of control vs 0.305

±0.064 of GGA treated cells, P<0.05, Figure 5C and D).

Suppression of HSP22 by siRNA could significantly block

GGA inhibition on ICAM-1 expression (0.589±0.045 of

HSP22-siRNA vs 0.571±0.127 of HSP22-siRNA + GGA,

P<0.05, Figure 5C and D).

In contrast, while GGA could slightly but not signifi-

cantly increased expression of eNOS in the cells trans-

fected with control-siRNA (0.438±0.053 of control vs

0.556±0.065 of GGA treated cells, P>0.05, Figure 5E

and F), in the cells transfected with HSP22-siRNA, how-

ever, effect of GGA on eNOS expression was significantly

blocked (0.381±0.092 of GGA treated cells transfected

with control-siRNA vs 0.406±0.048 of GGA treated cells

transfected with HSP22-siRNA, P<0.05, Figure 5E and F).

In order to further explore the effect of GGA in the

formation of atherosclerosis, effect of GGA on HSP22, NF-
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Materials and methods section. a: vehicle control, b: GGA (1.0 µmol/L), c: cells transfected with HSP22-siRNA, d: cells transfected with HSP22-siRNA +GGA. Data

presented were one representative of at least three separate experiments. (B) Pooled data of the effect of GGA on ROS level in HCAEC following HSP22 suppression.

Vertical axis: Geo mean ROS level; horizontal axis: cell treatment. *P<0.05 compared to control, #P means HSP22-siRNA +GGA compared to HSP22-siRNA.

Gong et al Dovepress

submit your manuscript | www.dovepress.com

DovePress
Drug Design, Development and Therapy 2019:132624

http://www.dovepress.com
http://www.dovepress.com


kB, ICAM-1, and eNOS expression was also investigated in

the HSP22-knockout (as shown in Figure S2) and wild type

(WT) mice. Similar to the findings of in vitro study, GGA

significantly stimulated HSP22 expression in the aorta WT

animals (0.297±0.090 of control vs 0.593±0.080 of GGA,

P<0.05, data not shown), while expression of NF-kB in the

animal aorta was significantly reduced in the WT animals

treated with GGA (0.630±0.070 of control vs 0.357±0.090 of

GGA treatedWTmice, P<0.05, Figure 6A and B), which was

slightly increased in the HSP22-KO mice treated with GGA

(0.703±0.133, Figure 6A and B). Expression of ICAM-1 was

significantly inhibited by GGA in the WT animals (0.183

±0.031 of control vs 0.113±0.031 of GGA treated WT mice,

P<0.05, Figure 6C and D), which was also slightly increased

in the HSP22-KO mice treated with GGA (0.297±0.090 of

HSP22-KO with GGA treatment, Figure 6C and D).
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GGA only.
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Expression of eNOS, however, was not affected by GGA in

either WT mice (0.263±0.040 of control vs 0.277±0.040 of

GGA treated WT mice, P>0.05, Figure 6E and F) or HSP22-

KO mice (0.263±0.04 of control vs 0.160±0.046 of GGA

treated WT mice, P>0.05, Figure 6E and F) although eNOS

expression was significantly reduced in the HSP22-KO mice

compared with WT mice (P<0.05, Figure 6E and F).

Pathologic findings in animal aorta
Animal models were used to further explore the role

HSP22 in mediating GGA effect. Plasma lipoprotein levels

at baseline as well as after high-lipid diet were measured

in the animal models. While total cholesterol, triglycer-

ides, LDL, and HDL were increased in the animals after

high-lipid diet (Table 1) compared to that of baseline
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Table 1 Lipoprotein level after high lipid diet (mmol/L, n=9)

WT WT+GGA KO KO+GGA

TC 20.84±1.43 21.10±1.09 20.86±1.10 20.79±0.57

TG 2.21±0.02 1.98±0.07 2.12±0.09 1.93±0.04

LDL-C 13.65±0.78 12.75±0.58 13.34±1.72 13.50±1.54

HDL-C 0.48±0.01 0.51±0.04 0.53±0.03 0.49±0.12

Abbreviations: TC, total cholesterol; TG, triglycerides; LDL, low-density lipopro-

tein; HDL, high-density lipoprotein.
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(Table 2), there was no significant difference between the

WT animals and HSP22-KO animals regardless of GGA

treatment.

Effect of GGA on the WT and HSP22-KO mice was

further examined by Oil Red O staining and H&E staining

of the aorta tissues. As shown in Figure 7, Oil Red O staining

was observed in WT control and GGA treated as well as

HSP22-KO control and GGA treated animal arteries,

especially, in the aorta arch, abdominal aorta, and bifurcation

of aorta arch (Figure 7A). Relative area of positive Oil Red O

staining vs whole artery area (%) comparison indicated that it

was significantly less in the animals treated with GGA (WT:

6.82±0.83%, HSP22-KO: 7.16±2.29%, respectively) com-

pared to the animals without GGA treatment (WT: 12.42

±1.49%, HSP22-KO: 13.70±0.86%, respectively, P<0.01 in

both comparison, Figure 7B).

H&E staining of the aortic arches indicated that ather-

osclerotic plaques were found in all animals, which were

composed of fibrous cap and inflammatory cells or foam

cells (Figure 8). Under higher magnification, rougher sur-

face of the fibrous cap, accumulated inflammatory cells or

foam cells under the cap, accumulated cholesterol crystal

and necrotic tissues, damaged inner elastic membrane, and

disrupted intimal smooth muscle cells and tissue were

observed in the animals of WT (Figure 8(A), A/a) or

HSP22-KO mice (Figure 8(A), C/c). In contrast, animals

Table 2 Baseline of lipoproteins in the animal plasma (mmol/L, n=8)

WT WT+GGA KO KO+GGA

TC 5.05±0.44 5.19±0.58 5.35±0.57 5.63±0.72

TG 1.64±0.32 1.72±0.09 1.57±0.10 1.70±0.10

LDL-C 3.52±0.27 3.06±0.34 2.94±0.21 3.05±0.23

HDL-C 0.57±0.08 0.58±0.03 0.61±0.06 0.61±0.08

Abbreviations: TC, total cholesterol; TG, triglycerides; LDL, low-density lipopro-
tein; HDL, high-density lipoprotein.
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treated with GGA had a smoother surface of the fibrous

cap, less cholesterol crystal or necrotic tissues, mild

damage to inner elastic membrane, and fairly normal

intima and smooth muscle cell distribution (Figure 8(A),

B/b and Figure 8(A), D/d). Compared to the WT animals,

the area of atherosclerotic plaque was significantly less in

the WT animals treated with GGA (WT + GGA) 41.80

±3.05 of WT vs 29.21±5.46 of WT + GGA, P<0.05,

Figure 8(B)). In contrast, area of atherosclerotic plaque

was significantly increased in the HSP22-knockout (KO)

animals (48.24±2.40, P<0.05, Figure 8(B)) compared with

that of WT animals. Treatment with GGA in the HSP22-

knockout mice (KO + GGA) resulted in a significant

reduction in the area of atherosclerotic plaque (35.82

±3.67) compared to that of HSP-22-KO animals (48.24

±2.40, P<0.05, Figure 8(B)). However, GGA treatment did

not make difference in the area of plaque between the wild

type (WT + GGA) and HSP22-knockout (KO + GGA)

mice (P>0.05, Figure 8(B)).

Discussion
In the current study, effect of GGA in the development of

atherosclerotic plaque in animals as well as endothelial

cell injury in response to ox-LDL in the cell culture was

invested. It was found that GGA-induced HSP22 in both in

vitro cell culture and in vivo animal models, and that GGA

inhibited ox-LDL-induced apoptosis as well as expression

of NF-κB and ICAM-1 in the HCAECs. GGA also atte-

nuated formation of atherosclerotic plaques in mice aorta.

Suppression of HSP22 by siRNA resulted in blockage of

the GGA inhibition on apoptosis or stimulation on NF-κB
and ICAM-1.

GGA or Teprenone is a pharmaceutical drug used for

the treatment of gastric ulcers.24,25 GGA is rapidly

a

B

A
a1

c1 d

*

*
#

d1

b b1

c

60

40

20

0

W
T

W
T+G

GA KO

KO+G
GA

P
er

ce
nt

ag
e 

of
 p

la
qu

e 
ar

ea
 (%

)

Figure 8 Comparison of plaque size in the arteries of wild type and HSP22-knockout mice. Animals were treated with GGA and arteries were harvested, fixed, and H&E

stained as described in the Materials and methods section. (A) Representative image of atherosclerotic plaque stained with H&E. (B) Semi-quantitative evaluation on the

effect of GGA on atherosclerotic plaque size in the arteries of wild type and HSP22-knockout mice. Vertical axis: percentage of plaque area, horizontal axis: wild or HSP22-
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absorbed without metabolizing by liver or kidney, and

widely distributed in variety kinds of organs including

gastrointestinal tract, liver, and kidney.1 Mechanisms of

GGA in the treatment of gastric ulcers included: 1)

Regulation on cellular metabolism of the gastric mucosa;

2) enhancement on the synthesis of PG, NO, but inhibited

ET-1 synthesis, and thus improved micro-circulation; 3)

elimination of oxygen free radicals, and suppression of

inflammatory cell infiltration and inflammatory reaction.2,3

Recently, accumulating evidence indicated that, through

inducing HSPs, GGA may have protective or therapeutic

effect in the cardiovascular diseases as well.12–14,26 In this

regard, it has been demonstrated that GGA could protect

myocardium from ischemia-reperfusion-induced injury, pre-

vent atrial fibrillation, and protect heart from interstitial

fibrosis and enlargement.8,11–14

Study of GGA on atherosclerosis, however, was

limited.26 In this content, it has been reported that GGA

could inhibit iNOS activation in the smooth muscle cells

through inhibiting IL-1ß but stimulating HSP70 in the

cells,21,27 and thus GGA could protect the cells from

injury. Consistent with these studies, in vitro cell culture

of the current study demonstrated that GGA significantly

inhibited ox-LDL-induced apoptosis of HCAECs, suggest-

ing GGA could protect the endothelial cells from ox-LDL-

induced injury. Furthermore, the current study of animal

models demonstrated that GGA reduced lipid deposition

as evidenced by Oil Red O staining, and that GGA could

not only inhibit formation of the atherosclerotic plaque in

the aorta and abdominal arteries, but also stabilize the

atherosclerotic plaques as evidenced by H&E staining of

the aorta and abdominal arteries.

The current study further invested potential mechan-

isms of GGA protection of arteries from ox-LDL-induced

atherosclerosis. Studies have indicated that GGA is an

inducer of several isoforms of HSP proteins,5–7 which is

associated with the vitamin A-like structure of the GGA.

Therefore, we anticipated that GGA might protect arteries

from the development of atherosclerosis through inducing

HSP proteins including HSP70/HSP72, HSP90, HSP27,

and HSP22.

HSP proteins are highly conservative proteins. Members

of HSP family include HSP110, HSP90, HSP70, HSP60,

HSP40, sHSPs, and ubiquitin.2,22,23,28 Many of HSP family

proteins perform chaperone function by stabilizing new pro-

teins to ensure correct folding or by helping to refold proteins

that are damaged by the cell stress.29 It has been known that

HSP60, HSP70, HSP90, and sHSPs may be associated with

the development of atherosclerosis, and that HSP70, HSP90

and sHSPs (HSP22 and HSP 27) may have a protective role

in the development of atherosclerosis. In this regard, HSP22

has been reported to have protective effect in

atherosclerosis.26 Consistently, we found that GGA-induced

HSP22 expression in the HCAECs in a concentration-depen-

dent manner, and that GGA could significantly block ox-

LDL-induced apoptosis of HCAECs. Suppression of HSP22

by siRNA resulted in up-regulation of NF-kB, ICAM-1, and

ROS level, and significantly blocked protective effect of

GGA on ox-LDL-induced endothelial cells damage.

Furthermore, GGA-induced HSP22 expression and

inhibited NF-kB and ICAM-1 expression in mice arteries,

and by which mechanism GGA inhibited formation of

atherosclerosis. However, this protective effect of GGA on

the development of atherosclerosis was not significantly

affected in the HSP22-knockout mice, suggesting HSP22

may not be involved in mediating the protective of GGA in

the formation of atherosclerosis in the mice. While the

mechanisms remain to be further investigated, discrepancy

between the results of in vitro (HSP22 mediating GGA

effect on endothelial cells) and in vivo (HSP22-KO could

not block GGA effect) studies on the role of HSP22 in

mediating GGA effect suggested that molecules other than

HSP22 might also be involved in mediating GGA effect in

the development of atherosclerosis.

Studies have indicated that chronic inflammation plays

an important role in the development of atherosclerosis.27,30

In the current study, therefore, we explored NF-kB and

ICAM-1 expression in response to GGA. We found that

GGA significantly inhibited expression of NF-kB and

ICAM-1 expression in the WT mice, but not in the

HSP22-knockout mice, suggesting GGA may inhibit

inflammatory reaction through HSP22.

ROS is believed not only induce endothelial cell injury,

but also initiate inflammatory reaction and by which

mechanism it is involved in the development of

atherosclerosis.31 Here, we found that GGA significantly

inhibited ROS in the endothelial cells, which was attenu-

ated in the cells lacking HSP22, suggesting HSP22 med-

iates the inhibitory effect of GGA on ROS formation.

NO plays a role in regulating vascular function, smooth

muscle cell contractility, and inflammatory cells infiltra-

tion into the vascular wall.32 eNOS is one of the three

enzymes that synthesize NO. Studies demonstrated that

HSP90 is necessary for eNOS activation.33,34 In this

regard, vascular endothelial growth factor stimulated the

combination of HSP90, protein kinase B (Akt), and eNOS
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to form HSP90-eNOS-Akt complex, which leads to NO

synthesis.27 Here, we reported that GGA did not signifi-

cantly affect eNOS level although eNOS expression was

reduced in the HSP22-knockout mice, suggesting eNOS

may not be involved in mediating the GGA effect in the

development of atherosclerosis.

In the animal models of the current study, high-lipid

diet resulted in a significant increase of plasma lipopro-

teins. Interestingly, GGA could not block the increase of

lipoproteins in the animals regardless of WT or HSP22-

KO mice. These findings suggested that GGA could not

directly reduce lipoproteins. However, GGA could signifi-

cantly reduce area of atherosclerotic plaque in WT of the

animal models of atherosclerosis as evidenced by Oil Red

O staining and H&E histological staining, however, the

inhibitory effect of GGA on atherosclerotic plaque size

was not significantly attenuated in the HSP22-knockout

mice, suggesting HSP22 may not be associated with the

atherosclerotic plaque formation.

Taken together, the current study demonstrated that

GGA-induced HSP22 in HCAECs in vitro cell culture

of HCAECs and in vivo animal artery tissues. HSP22

mediated the inhibitory effect of GGA on ox-LDL-

induced apoptosis of HCAECs as well as expression

of NF-kB and ICAM-1 expression in HCAECs.

Consistent with the in vitro cell culture results, studies

with animal models of atherosclerosis also revealed

that GGA significantly inhibited NF-kB and ICAMP-1

expression in WT mice, but not in the HSP22-knockout

mice. Furthermore, GGA significantly reduced the size

of atherosclerotic plaque in the WT animals, but not in

the HSP22-knockout mice. These findings suggested

that HSP22 mediate the effect GGA on ox-LDL-

induced apoptosis and inflammation of the endothelial

cells, and by which mechanism, GGA may modulate

the development and stability of atherosclerosis.
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Figure S1 Representative image of HSP22 suppression by siRNA. HCAECs were transfected with HSP22-siRNA or non-specific siRNA as described in the Materials and

methods section. Level of HSP22 was examined by immunoblotting as described in the Materials and methods section.
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Figure S2 HSP22 expression in wild type and HSP22-knockout mice. (A) Representative image of HSP22 expression in wild type and HSP22-knockout mice. (B) Effect of
GGA on HSP22 expression in wild type and HSP22-knockout mice.
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