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Abstract. Atherosclerosis, as a common arterial disease 
with high morbidity rate, is reported to be closely associated 
with adventitia angiogenesis. The present study aimed to 
investigate the effect of tongxinluo (TXL) on angiogenesis 
in the carotid adventitia of hyperlipidemic rabbits and the 
underlying mechanism. A total of 90 experimental rabbits 
were randomly assigned into the following six groups (n=15 
per group): Normal group, model group, low-dose TXL group, 
moderate-dose TXL group, high-dose TXL group and atorv-
astatin group. The normal group was fed with a standard diet. 
The model and treatment groups were on a high cholesterol 
diet for 4 weeks. The serum lipid level of the model group 
was significantly higher compared with the normal group. 
TXL serum lipid level compared with the model group. 
Hematoxylin and eosin, and CD31 staining demonstrated that 
TXL inhibited adventitia angiogenesis in a dose-dependent 
manner. The dihydroethidium probe and fluorescence in situ 
hybridization results indicated that TXL reduced O2

- level and 
positive signal of gp91phox and p22phox mRNA in adventitia. 
Reverse transcription-polymerase chain reaction and western 
blot analysis determined that TXL treatment significantly 
downregulated the expression levels of the gp91phox, p22phox 
genes and the vascular endothelial growth factor (VEGF), 
vascular endothelial growth factor receptor-2 (VEGFR-2) 
proteins compared with the model group. TXL exhibited a 
dose-dependent inhibitory effect on angiogenesis in the carotid 
adventitia of hyperlipidemic rabbits. This may be associated 
with the downregulation of reactive oxygen species genera-
tion in the adventitia and the suppression of VEGF/VEGFR-2 
expression.

Introduction

With the rapid development of the global economy and the 
rising quality of life, the morbidity rate of atherosclerosis 
(AS) is increasing. Major cardiovascular and cerebrovascular 
diseases, including coronary heart disease (CHD), stroke and 
sudden death have become the leading cause of mortality 
worldwide. The progression of AS has been frequently inves-
tigated and various hypotheses on its pathogenesis have been 
proposed. However, the exact etiology and mechanism of 
this disease has not been fully elucidated. The hypothesis of 
‘inside‑out’ inflammation has been proposed by Ross, which 
suggests that AS is an ‘inside-out’ vascular inflammatory 
response (1-3). However, this theory fails to fully clarify the 
pathogenesis of AS. Furthermore, the anti‑inflammatory and 
lipid-reducing statin-based treatments, suggested therapy 
based on this theory may achieve an efficacy rate of 30‑40% 
in the treatment of atherosclerotic cardio-cerebral vascular 
diseases (4).

Previous studies have demonstrated that tunica adventitia 
contributes to the formation of the intimal lesion of AS. 
According to a previous study, angiogenesis in the arterial wall 
adventitia occurs at the stage of hyperlipidemia, prior to endo-
thelial dysfunction in great vessels (5). Additionally, clinical 
and experimental studies have demonstrated that neovascular-
ization is closely associated with the development of AS and 
that the degree of proliferation of the vasa vasorum in adven-
titia was positively associated with microvascular network 
expansion in the plaques (6,7). A previous study, which inves-
tigated the effect of the local application of pro-angiogenic, 
fibroblast growth factor 2 in the abdominal aortic adventitia 
of ApoE-/- mice, determined that the adventitia angiogenesis 
occurred prior to the development of AS and the quantity of 
vasa vasorum was proportional to the size of the plaque (8). 
In a pig model of hyperlipidemia, the use of thalidomide, an 
inhibitor of angiogenesis, effectively reduced the expression of 
the pro-angiogenic vascular endothelial growth factor (VEGF) 
protein, inhibited adventia angiogenesis in the coronary artery 
and delayed neointima formation (9). Additionally, previous 
studies have also suggested that inhibiting angiogenesis in 
the vascular wall may effectively impede AS (10-12). Thus, 
inhibiting neovascularization may represent a novel treatment 
for AS.

Tongxinluo (TXL) is a traditional Chinese medicine 
(TCM), which is composed of 12 Chinese medicines and 
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herbs, including ginseng, ground beetle (usually rich in chitin), 
leech, scorpion, centipede, cicada slough, red peony root, spina 
date seed, dalbergia wood and borneol. Its primary active 
ingredients include paeoniflorin, ginsenoside Rg1, ginsenoside 
Rb1 and jujubosides A and B (13). Approved by registration at 
the State Food and Drug Administration of China, in 1996, 
TXL has been used widely for the clinical treatment of CHD, 
angina and ischemic stroke. Evidence has previously demon-
strated that TXL protects the cardiovascular system and may 
reduce blood lipid levels, inhibit inflammation and oxidation, 
effectively attenuate plaque formation, stabilize vulnerable 
plaque and prevent plaque rupture (14). However, the molecular 
mechanism behind plaque stabilization and the AS-inhibitory 
effects of TXL remain unclear. This may be associated with 
the inhibitory effect on adventitia angiogenesis. The present 
study established a rabbit model of hyperlipidemia to investi-
gate the effects of TXL on angiogenesis in the early stage of 
AS and the underlying molecular mechanisms.

Materials and methods

Experimental animals. The present study was approved 
by the Animal Ethics Committee of Shandong Wendeng 
Central Hospital (Weihai, China). A total of 90 common New 
Zealand male white rabbits, aged 3-4 months, with an average 
weight of 2.0±0.2 kg (specific pathogen‑free grade, certificate 
no. 2009009), were purchased from the Experimental Animal 
Center of Shandong Luye Pharmaceutical Co., Ltd. (Yantai, 
China). The animals were housed in individual cages at a 
constant temperature (20‑36˚C) and humidity (40‑70%).

Modeling, grouping and medication. All experimental 
animals were fed adaptively for 7 days and then randomly 
assigned to the following treatment groups (n=15 per group): 
Normal group, model group, low-dose TXL group (TXL-L), 
moderate-dose TXL group (TXL-M), high-dose TXL group 
(TXL-H) and atorvastatin group. The normal group was fed 
with a standard diet for the duration of the study. The model 
group and medicine-treated groups were fed with a high 
cholesterol diet (1% cholesterol, 5% lard, 7.5% yolk powder 
and 86.5% basal feed). The feed was processed by the Hebei 
Laboratory Animal Center (Hebei, China). Each rabbit was 
fed with 120 g of feed each day for 4 weeks.

The TXL-L, TXL-M and TXL-H groups were given 
TXL superfine powder at 0.15, 0.30 and 0.6 g/kg/day; Yiling 
Pharmaceutical Co., Inc., Shijiazhuang, China), respectively. 
Considering the strong angiogenesis regulation effects of ator-
vastatin, the atorvastatin group was used as the positive control 
and was administered with atorvastatin by oral gavage at 
2.50 mg/kg/day (Lipitor Pfizer Pharmaceuticals, Ltd., Dalian, 
China). The treatments, at the aforementioned concentrations, 
were prepared and administered to the rabbits by oral gavage 
as 3 ml/kg body weight. Gavage administration was initi-
ated subsequently to grouping. The normal group and model 
groups were treated with 0.5% carboxy-methyl-cellulose 
sodium solution according to weight standard of 3 ml/kg. The 
experimental period was 4 weeks.

Specimen collection. Specimen collection for each group was 
performed at the end of the 4-week experimental period. Prior 

to sampling, animals were fasted for 12 h. All animals were 
sacrificed after an injection with 3% pentobarbital sodium 
(1 ml/kg) through the ear vein. Fasting blood samples were 
obtained via the abdominal aorta of the rabbits and used to 
determine the lipid levels in the blood serum. Subsequent 
to the removal of the right common carotid artery, which 
was washed in ice-cold normal saline, the attached connec-
tive tissues were removed with caution. One segment of the 
collected sample was fixed in 10% neutral formaldehyde 
solution, then embedded in paraffin for hematoxylin and eosin 
(HE) staining, immunohistochemical staining and in situ 
hybridization experiments. The procedure was performed 
under aseptic conditions. The remaining segment was frozen 
in liquid nitrogen for subsequent molecular biological assays. 
Additionally, the right common carotid arteries were removed 
from 1 in 3 randomly selected rabbits in each group and 
immediately processed into frozen sections in order to deter-
mine O2

- levels.

Determination of blood lipid levels. Enzymatic colorimetry 
and an automatic biochemical analyzer were used to detect 
serum total cholesterol (TC), triglyceride (TG), low density 
lipoprotein (LDL) and high density lipoprotein (HDL) levels. 
Determination of these physiological and biochemical param-
eters were measured by colorimetric enzyme kits, according 
to the manufacturer's protocol (Nanjing Jiancheng Bioengi-
neering Institute, Nanjing, China)

Morphological analysis and immunohistochemical staining. 
Subsequent to fixing of the specimen, 5 µm‑thick paraffin 
sections were prepared for HE staining and CD31 immuno-
histochemical staining. The EnVision immunohistochemical 
staining method was used to determine localization and expres-
sion of CD31 in carotid artery tissue. Following dewaxing, the 
5 µm‑thick carotid specimen section was placed in 3% H2O2 
solution to block endogenous peroxidase. The sample tissue 
was incubated with the CD31 primary antibody (cat. no. ab958; 
Abcam, Cambridge, UK) diluted to 1:200 with 5% BSA at 
4˚C overnight. Subsequently, the horseradish peroxidase 
(HRP)-labeled secondary antibody (cat. no. ab6785; Abcam; 
dilution, 1:1,000) was added to detect the primary antibody 
and 3,3'-diaminobenzidine color developing was performed. 
Hematoxylin was used to stain the cell nuclei. Finally, the 
tissue section was dehydrated, covered and observed under an 
optical microscope.

The microvessel density (MVD) count method, as 
described by Weidner et al (15), was used for MVD quanti-
fication analysis of the labeled CD31. Vascular endothelial 
cells were stained brownish-yellow by the secondary antibody 
conjugated to CD31. The isolated endothelial cell clusters 
were scored as a microvessels if they demonstrated a clear 
boundary with adjacent cells and the surrounding connective 
tissue, irrespective of the existence of vessel lumen. Initially, 
the whole section was observed under a microscope at x40 
magnification in order to select for a high-MVD concentra-
tion region. Subsequently, the microvessel quantities (Q) were 
counted in 5 high‑power fields at a magnification of x400 in a 
microscopic visual field and the cross‑sectional area (A; mm2) 
of the vascular wall was determined. The MVD (n/mm2) was 
calculated using the following formula: MVD=Q/A. The 
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average of the MVDs in the five high‑power fields was used as 
the MVD of the sample.

Detection of superoxide anion. In accordance with a 
previous study (16), dihydroethidium (DHE) fluorescence 
probe was used to detect O2 (•‑) and evaluate the level of 
reactive oxygen species (ROS) in the adventitia. Fresh tissues 
(20 mm) of common right carotid artery were taken from 
1 in 3 animals randomly selected from each group, quickly 
placed in optimal cutting temperature embedding medium, 
frozen and cut into 30 µm-thick sections by a freezing micro-
tome. The DHE probe was dissolved in dimethyl sulfoxide 
and then diluted with phosphate-buffered saline to a working 
solution of 10 µmol/l. DHE probe working solution (100 µl) 
was added onto the surface of the section, which was then 
promptly placed in a light‑tight wet box for 30 min at 37˚C, in 
order to oxidize DHE and generate ethidium bromide (EB). 
The EB binds to DNA in the cell nucleus to produce red 
fluorescence under UV light. Subsequently, unreacted probes 
were washed away and the sample was observed under a 
fluorescence microscope. Under excitation at a wavelength 
of 490 nm and an emission wavelength of 520 nm, the signal 
intensity of the red fluorescence was observed. Microscopic 
imaging analysis was adopted for image acquisition. 
Image-Pro Plus 6.0 (Media Cybernetics, Inc., Rockville, MD, 
USA) was used for the quantitative analysis of the fluores-
cence intensity of the image.

Fluorescence in situ hybridization. For the localization of 
the carotid artery the nicotinamide adenine dinucleotide 
phosphate [NAD(P)H] oxidase subunits p22phox and 
gp91phox mRNA were detected using in situ hybridization 
with fluorescein isothiocyanate (FITC)-conjugated DNA 
probes. The sequences of the probes used were as follows: 
p22phox, 5'-FITC+CCA GGA GCT TCA GCA CGG CGG TCA 
GGT AGCG-3'; and gp91phox, 5'-FITC+ACC ATT TTA TGA 
AAA GTG AGA TTT CTG‑3'. Carotid arterial tissue was fixed 
in 10% neutral formaldehyde solution an cut into 5 µm‑thick 
paraffin sections. Subsequent to dewaxing and air drying, 
the sections were soaked in proteinase K reaction solution 
(100 mmol/l Tris-HCL, 50 mmol/l EDTA and 1 µg/ml 
proteinase K), incubated in a 37˚C water bath for 20 min, 
rinsed 3 times with saline sodium citrate (SSC) buffer and 
dehydrated through an alcohol gradient. The sections were 
then placed in a staining jar containing denaturing solution 
(70% methanamide, 2X SSC and 0.1 mmol/l EDTA) and 
incubated at 75˚C for 8 min, simultaneously hybridization 
solution containing RNA probe (300 µl formamide, 12 µl 
50X Denhardt's solution, 120 µl 50% dextran sulfate, 10 µg/µl 
yeast tRNA, 10 µl RNA probe and 49 µl RNase-free deion-
ized water) was incubated at 75˚C for 8 min. The specimen 
area of each slide was covered with 50 µl hybridization mix 
solution, placed into a wet box and subjected to hybridiza-
tion in a 42˚C oven overnight. Subsequent to hybridization, 
the slide was eluted, dehydrated through an alcohol gradient 
and air‑dried. Signals were observed under a fluorescence 
microscope.

Reverse transcription‑polymerase chain reaction (RT‑PCR) 
analysis. The total RNA was extracted using RNAiso Plus 

TRIzol kit (Takara Bio, Inc., Dalian, China), according to 
the manufacturer's protocol. The cDNA was synthetized 
using PrimeScript RT reagent kit with gDNA Eraser (Takara 
Bio., Inc.) in a final volume of 20 µl. The reverse transcrip-
tion was programmed at 42°C for 2 min, followed by 37°C 
for 15 min and 85°C for 5 sec. Expression of the NAD(P)H 
oxidase subunits p22phox and gp91phox mRNA was deter-
mined by RT-PCR. Primers were synthesized by Generay 
Biotech Co., Ltd. (Shanghai, China). Primers for amplifica-
tion of p22phox, gp91phox and GAPDH were designed using 
published rabbit phagocyte sequences to amplify fragments 
of 77, 442 and 104 bp, respectively. Primer sequences were 
as follows: p22phox (NM_001082099), sense 5'-GTC GTG 
TGA CTG CCA CCT CTGA-3', antisense 5'-GAT GTC CAC TGT 
GTT TAC TGC AGG-3'; and  gp91phox (NM_001082100.1), 
sense 5'-CCA GTG CGT GCT GCT CAA CAAG-3', anti-
sense 5'-GTA CAA TTC GTT CAG CTC CAT GGA TG-3'. 
GAPDH (NM_001082253.1), used as an internal control, 
was amplified by the use of sense 5'-AGA GCA CCA GAG 
GAG GACG-3' and antisense, 5'-TGG GAT GGA AAC TGT 
GAA GAG-3' primers. The thermocycling conditions were as 
follows: 50˚C for 30 min, 94˚C for 2 min, 94˚C for 30 sec, 55˚C 
for 30 sec, and 72˚C for 2 min, followed by final extension at 
72˚C for 5 min. A total of 40 cycles were used for p22phox and 
gp91phox amplification.

Western blot analysis. Three samples from each group were 
analyzed. Carotid artery tissue (100 mg) was homogenized 
with tissue lysate solution. Subsequent to homogenization, 
centrifugation was performed at 12,000 x g at 4˚C to separate 
the supernatant. Protein concentration was measured by the 
Coomassie brilliant blue method. Equivalent protein extracts 
(30 µg) were obtained from each group, separated by 10% 
sodium dodecyl sulfate polyacrylamide gel and transferred 
onto polyvinylidene difluoride membrane via electrotransfer, 
blocked with 5% skim milk powder, reacted with VEGF 
antibody (cat. no. ab1316; Abcam, Cambridge, UK) and 
vascular endothelial growth factor receptor-2 (VEGFR-2) 
antibody (cat. no. b334966; Biorbyt, Cambridge, UK) and 
were incubated at 4˚C overnight and washed, and then 
reacted with corresponding HRP-labeled secondary antibody 
(cat. nos. ab6785 and ab6881; dilution, 1:5,000 and 1:10,000; 
both from Abcam) at room temperature for 90 min. 
Subsequently, the membrane was washed and enhanced 
chemiluminescence was used for color development. Another 
identical membrane was prepared with β-actin antibody 
diluents (cat. no. ab8227; dilution 1:1,000) as an internal 
control and processed by the aforementioned method. The 
Gel Doc 2000 UVP gel imaging system (UVP, LLC, Upland, 
CA, USA) was used for film scanning. Labwork (version 4.6) 
Analysis software (Media Cybernetics, Inc., Rockville, MD, 
USA) was used to perform gray value analysis of the target 
band and β-actin internal control. The ratio of ‘gray value of 
targeted protein signal intensity’ and ‘gray value of internal 
control β-actin signal intensity’ was calculated and repre-
sents the relative expression level of the protein of interest.

Statistical analysis. The statistical analysis software SPSS 
version 19.0 (IBM SPSS, Armonk, NY, USA) was used for 
data analysis. Continuous variable data were represented by 



ZHOU et al:  EFFECTS OF TONGXINLUO ON ADVENTITIAL ANGIOGENESIS 3835

the mean ± standard deviation. Prior to data analysis, normal 
distribution and homogeneity of variance were tested using 
D-test and F-test methods. For data with a normal distribution 
and homogenous variance, one-way analysis of variance was 
used for between‑group comparison and the least significant 
difference was used for pairwise comparison. Differences 
in data with normal distribution and heterogeneous variance 

were tested using Dunnett's method. P<0.05 was considered to 
indicate a statistically significant difference.

Results

Serum lipid levels. Blood serum TC, TG, LDL and HDL levels 
of the rabbits in the model group were significantly higher 

Table I. Changes in the blood lipid levels of the various treatment groups.

Group TC TG LDL HDL

Normal 4.66±1.09 1.89±0.55 0.68±0.23 1.05±0.40
Model 58.75±15.22a 4.23±1.26a 17.28±4.27a 2.98±0.75a

TXL-L 58.67±13.72 3.87±0.99 15.90±4.43 3.03±0.78
TXL-M 27.93±8.02c 2.83±0.96c 9.48±2.11b 3.32±0.61
TXL-H 25.71±10.24c 2.84±0.52c 7.80±3.45c 4.21±0.80c

Atorvastatin 17.43±5.49c 2.69±0.75c 7.26±1.41c 4.31±0.99c

aP<0.01 vs. normal group. bP<0.05, cP<0.01 vs. model group. n=8. Values are mmol/l, x ± s. TC, total cholesterol; TG, triglyceride; LDL-C, 
low-density lipoprotein; HDL-C, high-density lipoprotein; TXL, tongxinluo; L, low; M, medium; H, high.
 

Figure 1. HE staining and CD31 immunohistochemical staining from 3 rabbits in each group. (A) HE‑stained paraffin sections of the rabbit carotid arteries. 
Arterial wall changes with neointima and vasa vasorums are observed. Magnification, x200. (B) Representative micrographs demonstrating capillary den-
sity/CD31 in the different experimental groups. Magnification, x400. Arrows indicate the vasa vasorum in adventitia. (C) Quantitative analysis of capillary 
density in counts/mm2. Data are presented as the mean ± standard deviation.  #P<0.01 vs. normal. *P<0.01 vs. model. ▲P<0.05 vs. atorvastatin. HE, hematoxylin 
and eosin; TXL, tongxinluo; L, low; M, medium; H, high; MVD, microvessel density.

  A

  B

  C
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compared with those in the normal group (P<0.002; Table I). 
Serum TC, TG and LDL levels in the TXL-H (P<0.004), 
TXL-M (P<0.047) and atorvastatin (P<0.007) groups were 
significantly lower compared with the model group (Table I). 
HDL levels in the TXL-H group and atorvastatin group were 
significantly higher compared with the model group (P<0.002; 
Table I). No significant difference was identified between TC, 
TG, LDL and HDL levels in the TXL-H, TXL-M and atorvas-
tatin groups (Table I).

Density of vasa vasorum in carotid arterial wall. As illustrated 
in Fig. 1, outward from the lumen, there were HE-positively 
stained cells in the intima, tunica media and adventitia with 
internal and external elastic membranes of carotid artery as 
boundaries. The tissues from the normal group exhibited 
smooth intima, continuous and complete monolayer of endo-
thelial cells and a few vasa vasorum in the adventitia. In the 
model group, carotid neointima was formed and the quan-
tity of vasa vasorum in the adventitia was increased. In the 
TXL-H, TXL-M and atorvastatin groups, intimal hyperplasia 
was reduced and the quantity of vasa vasorum in the adventitia 
was reduced to varying degrees.

The CD31 immunohistochemical staining demonstrated 
several CD31-positive microvessels in the carotid arteries of 
the normal group. The quantity of vasa vasorum was greater in 
the model group compared with the normal group. The TXL-L, 
TXL-M, TXL-H and atorvastatin groups demonstrated 
different degrees of decline in the quantity of vasa vasorum 
in the adventitia. Quantitative analysis demonstrated that the 
MVD-positive labeling index in the model group tissues was 
significantly greater compared with the normal group tissues 
(P<0.006; Fig. 1C). The MVD-positive labeling indexes in the 
TXL‑H, TXL‑M and atorvastatin group tissues were signifi-
cantly lower compared with the model group tissues (P<0.003; 

Fig. 1C). The TXL‑H group exhibited a significant decrease in 
the MVD-positive labeling index compared with the atorvas-
tatin group (P<0.038; Fig. 1C).

Superoxide production. As demonstrated in Fig. 2A, low 
O2

- levels were detected in the carotid intima, tunica media 
and adventitia of the normal group. In the model group, all 
layers of vessels exhibited increased O2

- generation, primarily 
in the adventitia, the endothelium of vasa vasorum and the 
surrounding areas. Adventitia O2

- levels in the TXL-H, TXL-M, 
TXL-L and atorvastatin groups decreased to different extents.

According to quantitative analysis of fluorescence intensity, 
the model group exhibited significantly higher O2

- fluorescence 
intensity in the adventitia compared with the normal group 
(P<0.007; Fig. 2B). The TXL-H, TXL-M and atorvastatin 
groups exhibited significantly lower levels of O2

- fluorescence 
intensity in the adventitia compared with the model group 
tissues (P<0.002; Fig. 2B). The O2

- fluorescence intensity in 
the adventitia of the TXL‑H group was significantly lower 
compared with the atorvastatin group (P<0.041; Fig. 2B).

Localization and expression of NADPH oxidase subunits 
p22phox and gp91phox mRNA in carotid artery. According to 
the results of the in situ hybridization localization experiments 
presented in Fig. 3A and B, the weak p22phox gene hybridiza-
tion signal associated with its expression in carotid artery was 
confined to the adventitia in the normal group. The distribution 
of the gp91phox gene hybridization signal indicated that it was 
primarily expressed in the adventitia and to a lesser extent in 
the intima. However, the gp91phox gene hybridization signal 
detected in the adventitia was greater compared with p22phox. 
In all layers of the vessels in the model group, the p22phox 
and gp91phox gene hybridization signal associated with their 
expression was strongly positive and primarily distributed in the 

Figure 2. In situ detection of superoxide anion in carotid arteries. (A) Fluorescence micrographs of carotid arteries stained with the O2
- sensitive dye dihy-

droethidium (red fluorescence) were obtained at 28 days. Images of the carotid arteries were acquired at identical settings for each group. Each image is 
representative of results from 3 different animals. Magnification, x200. (B) Histogram of the quantitative analyses. Data are presented as the mean ± standard 
deviation.  #P<0.01 vs. normal group; *P<0.01 vs. model group; ▲P<0.05 vs. atorvastatin group. TXL, tongxinluo; L, low; M, medium; H, high. 

  B

  A
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intima and adventitia. No difference was identified between the 
expression of the p22phox and gp91phox genes in the TXL-L 
group and the model group. In the TXL-H, TXL-M and ator-
vastatin groups, the expression of p22phox and gp91phox were 
reduced in the adventitia.

For evaluating the effects of ROS induced NADPH oxidase 
were evaluated by analyzing, p22phox and gp91phox mRNA 
expression using RT-PCR analysis. It was determined that the 
p22phox and gp91phox mRNA expression levels in the model 
group were significantly higher compared with the normal group 
(P<0.001; Fig. 3C). No significant difference was identified 

between the expression levels of p22phox and gp91phox mRNAs 
between the TXL-L group and the model group (Fig. 3C). The 
p22phox and gp91phox mRNA expression levels in the TXL-H, 
TXL-M and atorvastatin groups were significantly reduced 
compared with the model group (P<0.005; Fig. 3C). There was 
a significant reduction in the p22phox and gp91phox mRNA 
expression levels in the TXL-H group compared with the atorv-
astatin group (P<0.019; Fig. 3C).

Relative protein expression levels of VEGF and VEGFR‑2. 
The model group exhibited significantly greater protein 

  A

  B

  C

Figure 3. Localization and expression levels of the NAD(P)H oxidase subunits p22phox and gp91phox mRNA in carotid arteries. Each image is representative 
of results from 3 animals. (A) p22phox mRNA were localized primarily in the adventitia of normal arteries and in the adventitia, media and neointima of 
injured arteries. (B) gp91phox mRNA were localized to the adventitia or the intima in normal arteries and to the adventitia, media or neointima in injured 
arteries, detected by in situ hybridization. Magnification, x200. (C) Expression levels of p22phox and gp91phox mRNA of NAD(P)H oxidase subunits analyzed 
by reverse transcription‑polymerase chain reaction in carotid arteries. Representative findings showing 77 and 442 bp products of p22phox and gp91phox 
mRNA. The histograms represent the ratios of the optical density of quantitative analyses. Densitometric analysis was performed, data are presented as 
the mean ± standard deviation of 3 experiments. #P<0.05 vs. normal group; *P<0.05, **P<0.01 vs. model group; ▲P<0.05 vs. atorvastatin group. NAD(P)H, 
nicotinamide adenine dinucleotide phosphate; TXL, tongxinluo; L, low; M, medium; H, high. 
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expression levels of VEGF and VEGFR-2 in the carotid 
artery compared with the normal group (P<0.003; Fig. 4). 
The TXL-H, TXL-M and atorvastatin groups demon-
strated significantly lower VEGF protein expression levels 
compared with the model group (P<0.004; Fig. 4). The 
relative VEGF protein expression level was significantly 
lower in the TXL-H group compared with the atorvastatin 
group (P<0.004; Fig. 4). Additionally, the relative expres-
sion level of the VEGFR-2 protein in the TXL-M group was 
significantly lower compared with the model group (P<0.031; 
Fig. 4). The VEGFR-2 expression levels in the TXL-H and 
atorvastatin groups were also significantly lower compared 
with the model group (P<0.008; Fig. 4). The expression levels 
of the VEGFR-2 protein in the TXL-H group were reduced 
compared with the atorvastatin group, however, no signifi-
cant difference was identified (Fig. 4).

Discussion 

AS is a common arterial disease that seriously threatens 
human health. Additionally, it is the pathological basis under-
lying the development of cardiovascular and cerebrovascular 
diseases. Previous studies have demonstrated that pathological 
angiogenesis in the arterial wall is frequently observed during 
the atherosclerotic process (17-20). Angiogenesis is an impor-
tant factor in the development of unstable atherosclerotic 
lesions (21). The results of the present study indicate that TXL 
inhibits adventitia angiogenesis. The moderate dose of TXL 
(TXL-M group) exerted an anti-angiogenic effect comparable 

with atorvastatin and the high-dose of TXL (TXL-H group) 
exhibited a greater anti-angiogenic effect when compared 
with atorvastatin, which was used as a positive control medi-
cine in the present study, as it regulates angiogenesis. Previous 
studies have reported that atorvastatin treatment may decrease 
angiogenesis and suppress formation of plaques (22-24). It is 
possible that the anti-AS mechanism of TXL is associated 
with its inhibitory effect on angiogenesis. This may be due 
to its ability to reduce blood perfusion and flow velocity 
in the vasa vasorum, decreasing the exchanged endothe-
lial area in vascular walls, thus preventing infiltration of 
pro-inflammatory and pro-arteriosclerotic blood components 
into the arterial wall; therefore, weakening the inflammatory 
reaction in the vascular wall (25-27). Anti-angiogenic treat-
ment with TXL may be an effective AS treatment strategy.

Previous studies have identified ROS as regulators of 
cellular signaling and survival, with cell signaling and 
disease being investigated in in vivo and in vitro studies. 
Additionally, ROS involvement has been identified in patho-
logical neovascularization (28-30). ROS may trigger various 
redox signaling pathways and lead to altered expression of 
angiogenesis-associated genes, migration and proliferation 
of endothelial cells, re-arrangement of the cytoskeleton (31) 
and the occurrence of tubular shape (32), which may further 
facilitate angiogenesis. The results of the present study 
indicated that compared with the model group, TXL treat-
ment decreased ROS levels in adventitia in a dose-dependent 
manner and downregulated expression of the pro-angiogenic 
factors involved in the VEGF/VEGFR-2 signaling pathway. 
This indicated that the possible mechanism of inhibition of 
angiogenesis by TXL treatment in hyperlipidemic rabbits is 
associated with reduced adventitia ROS generation and the 
resulting activation of the downstream VEGF/VEGFR-2 
signaling pathway. In angiogenesis, ROS may directly stimu-
late VEGF, which induces proliferation and migration of 
endothelial cells. Additionally, VEGF may activate NADPH 
oxidase, increase ROS generation (33), initiate VEGFR-2 
autophosphorylation, provoke endothelial cell proliferation 
and migration and lumen formation; therefore, TXL may 
inhibit a positive feedback pathway involved in oxidative 
stress during angiogenesis.

In order to determine the effect of ROS on angiogenesis 
in the arterial wall, the mRNA levels of the NADPH oxidase 
subunits were detected. NADPH oxidase is a crucial enzyme 
involved in endovascular ROS generation in cardiovascular 
diseases (34). As a combined enzyme agent with multiple 
subunits, it is composed of heterodimers that include the 
membrane subunits p22phox and gp91phox, and several cyto-
plasmic protein components, including p47phoX, p67phox, 
p40phox and a small G protein, Rac1. gp91phox and p22phox 
are the core of NADPH oxidase (35). A previous study deter-
mined that NADPH oxidase is an important regulator of 
angiogenesis (36). To the best of our knowledge, the effects 
of p22phox and gp91phox on pathological angiogenesis in 
the arterial wall at the early stage of AS development have 
not been widely reported. The present study determined 
that during neovascularization, the levels of p22phox and 
gp91phox mRNA adjacent to the vasa vasorum and the 
carotid artery were increased. TXL reduced the p22phox and 
gp91phox expression levels in the carotid artery and adventitia. 

Figure 4. Western blot analysis of angiogenic factors in carotid arteries. 
VEGF and VEGF-R2 expression levels were analyzed. (A) Representative 
western blots are presented for VEGF and VEGFR-2. Results are from 
3 independent experiments. (B) Histograms represent the ratios of the optical 
density of quantitative analyses. Data are presented as the mean ± standard 
deviation, and are expressed as the ratio to actin. #P<0.05 vs. normal group; 
*P<0.05, **P<0.01 vs. model group; ▲▲P<0.01 vs. atorvastatin group. VEGF, 
vascular endothelial growth factor; VEGFR-2, vascular endothelial growth 
factor receptor-2; TXL, tongxinluo; L, low; M, medium; H, high.
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  B
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These results indicated that p22phox and gp91phox may be 
important regulators of adventitia angiogenesis, and that TXL 
may reduce ROS generation by downregulating p22phox and 
gp91phox expression levels in adventitia. As demonstrated 
by a previous study, p22phox gene knock-out mice exhibited 
reduced tumor neovascularization (37). Additionally, during 
in vitro culture of endothelial cells, gene silencing of p22phox 
partially limited ROS generation, reduced peroxisome 
proliferator-activated receptor expression and inhibited angio-
genesis (37). In vitro experiments performed in a previous 
study determined that gp91phox was involved in endothelial 
cell proliferation, survival and that gp91phox gene silencing 
may influence endothelial cell morphology (38). Addition-
ally, the hind limb ischemia model determined that gp91phox 
gene knock-out mice exhibited a delayed increase in capillary 
density. This mechanism may be associated with the inhibited 
combination of gp91phox with actin, IQ motif containing 
GTPase activating protein 1 and Rac1 binding protein, and the 
promotion of endothelial cell migration (39). The current study 
has determined that TXL may suppress neovascularization 
through the downregulation of p22phox and gp91phox gene 
expression in the adventitia.

In conclusion, the present study identified that TXL may 
inhibit adventitia angiogenesis in hyperlipidemic rabbits. This 
is potentially associated with the downregulation of adventitia 
ROS generation and the VEGF/VEGFR-2 signaling pathway. 
Therefore, TXL may be a potential therapeutic agent for 
treating hyperlipidemia and inhibiting angiogenesis. However, 
no direct causal association was observed in the present study 
and whether the observed effect is the cause or consequence 
of the anti-AS function of TXL has not been fully determined. 
The current study was performed using rabbits; however, 
human clinical trials should be conducted in the future in 
order to elucidate the effect of TXL on AS.
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