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Abstract. Apocynum  venetum is a traditional medicine 
that is rich in polyphenols. Apocynum venetum polyphenol 
extract (AVP) contains the active substances neochlorogenic 
acid, chlorogenic acid, rutin, isoquercitrin, astragaloside and 
rosmarinic acid. In the present study, the preventive effect of 
AVP against D‑galactose‑induced oxidative stress was studied 
in a mouse model. The sera, skin, livers and spleens of mice 
were examined using hematoxylin and eosin staining, reverse 
transcription‑quantitative PCR and western blot analysis. The 
biochemical results showed that AVP improved the thymus, 
brain, heart, liver, spleen and kidney indices in a mouse model 
of oxidative stress. AVP was also able to reverse the reduction 
in levels of superoxide dismutase (SOD), glutathione peroxi-
dase and glutathione, and increased the levels of nitric oxide 
and malondialdehyde identified in the serum, liver, spleen and 
brain of mice exposed to oxidative stress. Pathological obser-
vations confirmed that AVP could inhibit oxidative damage 
to the skin, liver and spleen of mice caused by D‑galactose. 
Further molecular biological experiments also demonstrated 
that AVP increased the expression of neuronal nitric oxide 
synthase, endothelial nitric oxide synthase, Cu/Zn‑SOD, 
Mn‑SOD, catalase, heme oxygenase‑1, nuclear factor‑erythroid 
2‑related factor 2, γ‑glutamylcysteine synthetase and NAD(P)

H quinone dehydrogenase 1 and reduced the expression 
of inducible nitric oxide synthase in the liver and spleen of 
treated mice compared to controls. Notably, the preventive 
effect of AVP against D‑galactose‑induced oxidative damage 
in mice was better than that of the confirmed antioxidant 
vitamin C. In conclusion, AVP exhibited an antioxidant effect 
and the AVP‑rich Apocynum venetum may be considered a 
plant resource with potential antioxidative benefits.

Introduction

Apocynum venetum L. (A.  venetum), a genus of the plant 
family Apocynaceae, is distributed throughout the temperate 
regions of Eurasia and North America (1). The dried leaves 
of A. venetum are used as treatments in traditional Chinese 
medicine (TCM) and also as a tea. A. venetum leaves have 
been suggested to lower cholesterol and blood pressure, and 
are prescribed in TCM for sedation, as antidepressants and 
as anti‑anxiety treatments, due to the reported action of 
A. venetum on the nervous system (2). A. venetum has also 
been reported to exert an antioxidative effect, the mechanism 
of which is thought to be related to free radical scavenging 
and diuresis (2‑5). The polyphenols found in A. venetum leaves 
potentially represent a new class of active ingredients (2).

Oxidative stress is an endogenous process that gradu-
ally damages the body. Oxidative stress aggravates various 
diseases, including hypertension, type 2 diabetes mellitus, 
atherosclerosis and dementia  (6‑8). Excessive redox‑active 
species and free radicals can also cause oxidative damage of 
biological macromolecules, which leads to oxidative stress 
in the body. Oxidative stress promotes the production of 
hydrogen peroxide in mitochondria, which in turn increases 
oxidative damage (9). Redox regulation is an important focus 
in the study of oxidative stress. Maintaining the redox balance 
and regulating redox‑related genes are important strategies to 
alleviate oxidative stress (10).

D‑galactose is a commonly used aging‑inducing agent in 
research that can be used to establish animal models of oxida-
tive stress. A small amount of D‑galactose can be converted 
to glucose and metabolized by the body. However, excessive 
D‑galactose leads to a disordered cellular metabolism, alters 
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the activity of oxidase in tissues and cells, and produces a large 
number of superoxide anions and oxidative products, which 
results in oxidative damage to both the structure and func-
tion of biological macromolecules (11). The oxidation model 
of D‑galactose has been established to verify the antioxidant 
effect of antioxidant active substances. This model has been 
utilized in the research and development of antioxidant health 
products (12).

A previous study indicated that plant polyphenols have 
antioxidant and free radical scavenging capacities, due to 
their structural characteristics. The phenolic hydroxyl struc-
ture, particularly the ortho‑phenolic hydroxyl in catechol 
or pyrogallol, is easily oxidized to a quinone structure; this 
makes it capable of capturing free radicals, such as reactive 
oxygen species (2). This structure can reduce or prevent the 
oxidation reaction in tissues by binding to lipid free radicals 
produced in oxidation (13). Plant polyphenols have also been 
shown to exert antioxidative effects in animals and humans in 
clinical studies (14,15). Plant polyphenols act as antioxidants 
via increases in the activities of three important antioxidant 
enzymes: Superoxide dismutase (SOD), glutathione (GSH) 
peroxidase (GSH‑Px) and catalase (CAT) (16).

In the present study, A. venetum polyphenol extract (AVP) 
was extracted and was administered to mice subjected to 
D‑galactose‑induced oxidative stress. The effects of AVP on 
the serum and tissues of oxidized mice were observed, and 
the mechanism of AVP‑induced prevention of oxidation was 
studied through the detection of oxidative stress‑related genes. 
This study provides a theoretical basis for further research into 
the use of AVP as a medical treatment.

Materials and methods

Extraction of AVP. Briefly, 500 g A. venetum (Huake Ecology 
Agriculture & Forestry Technology Co., Ltd.) was crushed 
into a fine powder. Ethanol solution (50 ml; volume ratio: 45%) 
was added to the powder for mixing and extraction at 90˚C 
for 30 min using a vortex shaker (TRS 140, Shanghai Brave 
Construction Development Co., Ltd; Shanghai Dam Industrial 
Co., Ltd.). After three rounds of extraction and the mixing, 
the pH of the extract was adjusted to 6.0 using 2.877 mol/l 
HCl. A mixed precipitant of AlCl3 (30 g) and ZnCl2 (60 g) 
was added (in a volume of 800 ml) to the extract for precipita-
tion, followed by centrifugal separation at 1,700 x g for 10 min 
at 25˚C. Hydrochloric acid (volume ratio: 12%; 1 l) was added 
to the precipitate after centrifugation. The supernatant was 
separated using a separating funnel, and then, 100 ml ethyl 
acetate was added twice for extraction by vortex shaker. The 
extract was then subjected to rotary evaporation to obtain 
AVP, as previously reported (17).

High‑performance liquid chromatography (HPLC). HPLC 
was performed using the Ultimate 3000 system (Thermo 
Fisher Scientific, Inc.). The reference substances neochloro-
genic acid, chlorogenic acid, rutin, isoquercitrin, astragaloside 
and rosmarinic acid (20  mg of each substance; Shanghai 
Yuanye Bio‑Technology Co., Ltd.) were weighed and added 
to methanol at a chromatographic level of 2 ml. The reference 
substances were dissolved by full oscillation and reference 
substance reserve solutions were obtained. The two mobile 

phase solvents were: Mobile phase A, 0.5% acetic acid water; 
mobile phase B, acetonitrile. The flow rate was 0.5 ml/min. 
Accucore™ C18 chromatography columns (particle size 
2.6 µm; dimensions, 4.6x150 mm; Thermo Fisher Scientific, 
Inc.) were used. The injection volume was 10  µl and the 
column temperature was 30˚C. The detection wavelength was 
328 nm and the gradient conditions 0‑30 min, 12‑45% (phase 
B); 30‑35 min, 45‑100% (phase B); 35‑40 min, 100% (phase B) 
were used to determine the components of the AVP.

Animal oxidation experiment. A total of 50 specific‑ 
pathogen‑free‑grade Institute of Cancer Research mice (age, 
6 weeks; weight, 25±2 g; 25 male and 25 female) were allowed 
1 week to adapt to a temperature of 25±2˚C and a relative 
humidity of 50±5%. All mice received a normal diet and food 
and water were freely available. The mice were then divided 
into the following five groups: Control group, model group, 
AVP low‑concentration (AVP‑L) group, AVP high‑concentra-
tion (AVP‑H) group, and vitamin C (Vc) group. There were 10 
mice (5 male and 5 female) per group. 

During the first 4 weeks, mice in the model group and the 
control group received normal diet and drinking water, and 
each mouse received 0.2 ml saline per day by gavage. Mice 
in the AVP‑L and AVP‑H groups were treated with AVP 
at 50 or 100 mg/kg once per day by gavage. Mice in the Vc 
group were treated with Vc (Hefei Bomei Biotechnology Co., 
Ltd.) at 100 mg/kg daily by gavage. After 4 weeks, mice in 
the groups other than the control group were intraperitone-
ally injected with D‑galactose (Hefei Bomei Biotechnology 
Co., Ltd.) at a concentration of 120 mg/kg once per day for 
6 weeks. At the same time, mice in the AVP‑L, AVP‑H and 
Vc groups were also treated with AVP and Vc once per day 
for 6 weeks by gavage, whereas mice in the model group and 
the control group received the equivalent dose of saline (12). 
At 10 weeks, all mice were sacrificed after 24 h of fasting. 
Mice were euthanized using cervical dislocation. Blood 
samples were collected from heart and liver tissues and 
stored until further experiments. The organ indices of the 
thymus, brain, heart, liver, spleen and kidney were measured, 
as follows: Organ index=organ mass (g)/body mass of mouse 
(kg) x100. These experiments followed a protocol approved 
by the Animal Ethics Committee of Chongqing Collaborative 
Innovation Center for Functional Food (approval no. 
200802002B).

Determination of nitric oxide (NO) and malondialdehyde 
(MDA) concentration, and SOD and GSH‑Px activity in 
serum and liver tissues. Mouse blood (0.1 ml) was centrifuged 
at 2,100 x g for 10 min at 25˚C and the serum was collected. 
The concentrations of NO (A012‑1‑2) and MDA (A003‑1‑2), 
and the activities of SOD (A001‑3‑2) and GSH‑Px (A005‑1‑2) 
in the serum were determined using their respective kits, 
following the instructions of the manufacturers (Nanjing 
Jiancheng Bioengineering Institute). In addition, a total of 
2 g liver and brain tissue was placed into a glass homogenate 
tube, 18 ml saline was added into the homogenate tube, and 
the homogenate was ground up and down at 2,100 r/min using 
a tissue masher (TENLIN‑C; Jiangsu Tianling Instrument 
Co., Ltd.) for 10 min to produce a 10% homogenate of liver 
and brain tissues. The concentrations of NO and MDA, and 
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the activities of SOD and GSH‑Px were determined in these 
homogenates, using the aforementioned kits.

Observation of skin, liver and spleen tissues. Approximately 
0.5 cm2 skin, liver and spleen tissues of mice were removed 
and fixed in 10% formalin solution for 48 h at 4˚C. Skin, 
liver and spleen tissues were dehydrated gradually through 
70,  80,  90% and anhydrous ethanol, and the tissues were 
paraffin wax embedded sectioned (10 µm) and permabilized 
for hematoxylin and eosin (H&E) staining for 25 min at 25˚C. 
Morphological changes in the tissues were observed (x100) 
under an optical microscope (BX43; Olympus Corporation). A 
section was prepared from the skin, liver and kidney of each 
mouse and 3 fields of view were imaged per section. 

Reverse transcription‑quantitative PCR (RT‑qPCR). The skin, 
liver and spleen tissues (0.1g) of mice were crushed using a 
tissue masher (TENLIN‑C, Jiangsu Tianling Instrument Co., 
Ltd.) RNAzol® (Sigma‑Aldrich; Merck KGaA) was used to 
extract total RNA from tissues, and the concentration of the 
extracted total RNA was diluted to 1 µg/µl. Subsequently, 
5 µl diluted total RNA solution was collected, and RT was 
conducted according to the instructions of the RT kit (Tiangen 
Biotech Co., Ltd.) to obtain the cDNA template at 25˚C. cDNA 
template (2 µl) was mixed with 10 µl SYBR Green PCR Master 
Mix (Thermo Fisher Scientific, Inc.) and 1 µl upstream and 
downstream primers (Table I). The reaction conditions were 
as follows: 95˚C for 60 sec, followed by 40 cycles of 95˚C for 
15 sec and 55˚C for 30 sec followed by a final step at 72˚C for 
35 sec. A StepOnePlus Real‑Time PCR system (Thermo Fisher 
Scientific, Inc.) was used for qPCR. GAPDH was used as an 
internal reference. The 2‑ΔΔCq method was used to determine 
the relative gene expression (18).

Western blotting. Liver tissue (100 mg) was homogenized in 
1 ml RIPA buffer (Thermo Fisher Scientific, Inc.) containing 
10  µl phenylmethylsulfonyl f luoride, and centrifuged 
at 6,700 x g at 4˚C for 5 min. The middle protein layer was 
taken to measure the protein concentration using a bicin-
choninic acid kit (Bio‑Rad Laboratories, Inc.). The samples 
were diluted to 50 µg/µl, mixed with sample buffer (4:1) and 
heated at 100˚C for 5 min. SDS‑PAGE (12%) was carried out 
and 10 µg of protein was loaded per lane and proteins were 
transferred onto a PVDF membrane. Membranes were blocked 
in TBS‑0.05% Tween (TBST) containing 5% skim milk for 
1 h at 25˚C. After blocking, the membrane was incubated 
at 25˚C for 2 h with primary antibodies against Cu/Zn‑SOD 
(cat. no. PA5‑270240; 1:1,000), Mn‑SOD (cat. no. LF‑MA0030; 
1:1,000) and beta‑actin (cat. no. MA5‑15739; 1:1,000). The 
membrane was then washed with TBST and incubated at 25˚C 
for 1 h with secondary antibody (cat. no. A32723; 1:500) (17). 
All antibodies were supplied by Thermo Fisher Scientific, Inc. 
SuperSignal™ West Pico Plus was used to visualize proteins 
by iBright FL1000 (both Thermo Fisher Scientific, Inc.). 
ImageJ version 1.44 (National Institutes of Health) was used 
for semi‑quantitative analysis of protein expression.

Statistical analysis. Serum and tissue experiments were 
conducted three times in parallel with each mouse, and the 
mean values were obtained. SAS® version  9.1 statistical 

software (SAS Institute, Inc.) was used to analyze the data. 
One‑way ANOVA followed by Tukey's test was used for 
multiple comparisons. P<0.05 (alpha level) was considered to 
indicate a statistically significant difference (19).

Results

AVP component analysis. Analysis by HPLC identified that 
AVP contained six known chemical constituents, namely 
neochlorogenic acid, chlorogenic acid, rutin, isoquerci-
trin, astragalin and rosmarinic acid (Fig. 1). Among them, 
isoquercitrin made up the greatest proportion, followed by 
neochlorogenic acid and chlorogenic acid (Table II).

Organ indices of mice. As shown in Table III, mice in the 
control group had the highest indices in the thymus, brain, 
heart, liver, spleen and kidney, whereas mice in the model 
group had the lowest organ indices. Both AVP and Vc signifi-
cantly increased organ indices when compared with the model 
group (P<0.05). The effect of AVP appeared superior to that of 
Vc at the same concentration. These data suggested that AVP 
could inhibit the decline of organ indices caused by oxidative 
stress‑induced tissue atrophy.

Levels of NO, SOD, GSH‑Px, GSH and MDA. As shown in 
Tables IV‑VII, mice in the control group exhibited the stron-

Table I. Primer sequences.

Gene name	 Sequence (5'‑3')

nNOS 	 Forward: ACGGCAAACTGCACAAAGC
	 Reverse: CGTTCTCTGAATACGGGTTGTTG
eNOS 	 Forward: TCAGCCATCACAGTGTTCCC
	 Reverse: ATAGCCCGCATAGCGTATCAG
iNOS 	 Forward: GTTCTCAGCCCAACAATACAAGA
	 Reverse: GTGGACGGGTCGATGTCAC
Cu/Zn‑SOD	 Forward: AACCAGTTGTGTTGTCAGGAC
	 Reverse: CCACCATGTTTCTTAGAGTGAGG
Mn‑SOD 	 Forward: CAGACCTGCCTTACGACTATGG
	 Reverse: CTCGGTGGCGTTGAGATTGTT
CAT	 Forward: GGAGGCGGGAACCCAATAG 
	 Reverse: GTGTGCCATCTCGTCAGTGAA
HO‑1	 Forward: ACAGATGGCGTCACTTCG
	 Reverse: TGAGGACCCACTGGAGGA
Nrf2	 Forward: CAGTGCTCCTATGCGTGAA
	 Reverse: GCGGCTTGAATGTTTGTC
γ‑GCS	 Forward: GCACATCTACCACGCAGTCA
	 Reverse: CAGAGTCTCAAGAACATCGCC
NQO1	 Forward: CTTTAGGGTCGTCTTGGC
	 Reverse: CAATCAGGGCTCTTCTCG
GAPDH	 Forward: AGGTCGGTGTGAACGGATTTG
	 Reverse: GGGGTCGTTGATGGCAACA

γ‑GCS, γ‑glutamylcysteine synthetase; CAT, catalase; eNOS, 
endothelial nitric oxide synthase; HO‑1, heme oxygenase‑1; iNOS, 
inducible nitric oxide synthase; nNOS, neuronal nitric oxide synthase; 
Nrf2, nuclear factor‑erythroid 2 related factor 2 NQO1, NAD(P)H 
quinone dehydrogenase 1; SOD, superoxide dismutase.
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gest SOD, GSH‑Px and GSH activity, and the lowest NO and 
MDA levels in the serum, liver, spleen and brain compared 
with the other groups. Mice in the model group had the 
lowest levels compared with the other groups. Following 
AVP treatment, SOD, GSH‑Px and GSH activities in mice 
were significantly increased compared with the model group 
(P<0.05), whereas NO and MDA levels were significantly 
decreased (P<0.05). The aforementioned indicators improved 
until they were close to those of the control group following 
AVP‑H treatment, and the effect was markedly better than 
that of Vc.

Observation of the mice livers and spleens. As shown in 
Fig. 2, the epidermal structure of normal mice was complete 
and clear, and the dermis was rich in collagen fibers. The 
boundary between the dermis and epidermis was clear and 
the number of fat vacuoles was normal. In the model group, 
the amount of collagen fibers in the skin was very low and 
numerous fat vacuoles were visible. The dermis was inflam-

matory cells infiltrated, and the boundary between the dermis 
and the epidermis was unclear. AVP treatment reduced the 
large number of fat vacuoles caused by D‑galactose, allevi-
ated the phenomenon of infiltration, and allowed the boundary 
between epidermis and dermis to remain clear.

Table II. Constituents of Apocynum  venetum polyphenol 
extract.

Substance	 Concentration (mg/ml)

Neochlorogenic acid	   9.98
Chlorogenic acid	   4.94
Rutin	   0.81
Isoquercitrin	 10.87
Astragalin	   0.78
Rosmarinic acid	   0.21

Figure 1. Constituents of Apocynum venetum polyphenol extract. (A) Standard chromatogram. (B) AVP chromatogram. 1, neochlorogenic acid; 2, chlorogenic 
acid; 3, rutin; 4, isoquercitrin; 5, astragalin; 6, rosmarinic acid; AVP, Apocynum venetum.
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As shown in Fig.  3, in the control group, hepatic cell 
chords were radially arranged around the central vein, with 
a regular morphology and uniformly sized hepatocytes. 
Aggregation of inflammatory cells could not be seen. In 
the model group, the hepatic cells were disordered, with 
irregular cellular morphology. The cellular boundaries in this 
group were unclear. Cells appeared swollen and several cells 
exhibited incomplete nuclei, while a large number of cells 
presented inflammatory infiltration. AVP treatment appeared 
to promote order of hepatocytes and neatly arranged hepatic 
cords, protected the hepatocytes from damage and allowed the 
cell structure to remain clear in mice subjected to oxidative 

stress. The hepatic morphology of oxidative stress‑treated 
mice became close to that of the normal group after AVP‑H 
treatment.

As shown in Fig. 4, the spleen tissues of normal mice 
were complete, the corticomedullary junction was clear and 
the cells were neatly arranged. In the model group, the spleen 
structure was unclear as the shape had become irregular. The 
red medullary sinus had expanded and was filled with a large 
number of red cells. The white medullary lymphocytes were 
reduced in number when compared with the control group, 
with narrowed red medullary cords and sparsely arranged 
cells. AVP effectively alleviated the changes in spleen tissue 

Table III. Organ indices of mice in each group (n=10).

Group	 Thymus index 	 Brain index	 Cardiac index	 Liver index	 Spleen index	 Kidney index

Normal	 0.29±0.04b	 5.13±0.22b	 3.57±0.19b	 23.12±1.13b	 1.65±0.11a	 4.50±0.30b

Model	 0.16±0.3	 3.34±0.20 	 1.95±0.19 	 17.17±0.97 	 1.00±0.10 	 2.79±0.17 

Vc	 0.23±0.02a	 4.43±0.20b	 2.88±0.09a	 20.90±0.90a	 1.45±0.10a	 3.89±0.15a

AVP‑L	 0.20±0.04a	 3.79±0.16a	 2.46±0.10a	 19.47±1.05a	 1.32±0.08a	 3.54±0.23a

AVP‑H	 0.26±0.02a	 4.75±0.22b	 3.14±0.16b	 21.92±0.98a	 1.54±0.08a	 4.13±0.17b

Values are presented as the mean ± standard deviation (N=10/group). aP<0.05 and bP<0.01 vs. the model group. Vc, mice treated with Vc 
(100  mg/kg); AVP‑L, mice treated with a low concentration of AVP (50  mg/kg); AVP‑H, mice treated with a high concentration of AVP 
(100 mg/kg). AVP, Apocynum venetum polyphenol extract; Vc, vitamin C.

Table IV. Levels of NO, SOD, GSH‑Px, GSH and MDA in the serum of mice (n=10).

Group	 NO (µmol/l)	 SOD (U/ml)	 GSH‑Px (U/ml)	 GSH (mg/l)	 MDA (nmol/ml)

Normal	 19.90±0.62b	 220.71±8.13b	 212.09±5.05b	 46.07±2.60b	 3.91±0.36b

Model	 60.83±1.04	 65.20±1.44	 73.39±3.11	 11.41±0.56	 41.60±1.29
Vc	 34.47±0.80b	 159.41±4.17b	 136.67±4.26a	 29.80±0.91a	 19.03±1.17b

AVP‑L	 47.89±0.40a	 97.60±3.41a	 102.97±3.32a	 20.69±0.71a	 28.61±1.33a

AVP‑H	 26.42±0.44b	 190.37±4.77b	 175.63±4.43b	 37.02±1.64b	 11.03±0.20b

Values are presented as the mean ± standard deviation (n=10/group). aP<0.05 and bP<0.01 vs. the model group. Vc, mice treated with Vc 
(100  mg/kg); AVP‑L, mice treated with low concentration of AVP (50  mg/kg); AVP‑H, mice treated with a high concentration of AVP 
(100 mg/kg). AVP, Apocynum venetum polyphenol extract; GSH, glutathione; GSH‑Px, glutathione peroxidase; MDA, malondialdehyde; NO, 
nitric oxide; SOD, superoxide dismutase; Vc, vitamin C.

Table V. Levels of NO, SOD, GSH‑Px, GSH and MDA in the liver of mice (n=10).

Group	 NO (µmol/l)	 SOD (U/ml)	 GSH‑Px (U/ml)	 GS (mg/l)	 MDA (nmol/ml)

Normal	 2.12±0.06b	 95.49±2.63b	 204.82±17.28b	 9.57±0.48b	 1.13±0.09b

Model	 9.34±0.17	 22.86±1.21	 71.20±5.18	 3.20±0.21	 8.95±0.20
Vc	 5.48±0.29a	 52.94±1.81a	 125.92±2.85a	 6.33±0.15a	 3.05±0.12a

AVP‑L	 7.26±0.29a	 34.92±1.95a	 89.89±1.85a	 4.59±0.26a	 5.49±0.33a

AVP‑H	 3.98±0.08a	 75.86±2.01b	 148.54±2.13b	 7.56±0.28b	 2.19±0.14b

Values are presented as the mean  ±  standard deviation (N=10/group). aP<0.05 and bP<0.01 vs. the model group. Vc, mice treated with 
Vc (100 mg/kg); AVP‑L, mice treated with low concentration of AVP (50 mg/kg); AVP‑H, mice treated with a high concentration of AVP 
(100 mg/kg). AVP, Apocynum venetum polyphenol extract; GSH, glutathione; GSH‑Px, glutathione peroxidase; MDA, malondialdehyde; NO, 
nitric oxide; SOD, superoxide dismutase; Vc, vitamin C.
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morphology caused by D‑galactose‑induced oxidative stress 
and led to normal spleen morphology. The histomorphological 
observations of the skin, liver and spleen indicated that AVP 
could inhibit the histopathological changes caused by oxida-
tion, and may serve a preventive and protective role. The effect 
of AVP exceeded that of the antioxidant Vc.

CAT, Cu/Zn‑SOD and Mn‑SOD expression in liver and 
spleen tissues of mice. As shown in Figs.  5  and  6, the 
expression levels of Cu/Zn‑SOD, Mn‑SOD and CAT were 
strongest in the liver and spleen tissues of mice in the 
control group compared with the other groups. Mice in the 
model group exhibited the opposite trend to the normal 
group; Cu/Zn‑SOD, Mn‑SOD and CAT expression was the 
lowest in the liver and spleen tissues of these mice compared 
with the other groups. After AVP and Vc administration, 
the expression levels of Cu/Zn‑SOD, Mn‑SOD and CAT 
were significantly increased in the liver and spleen tissues 
compared with the model group (P<0.05). Expression levels 
of these indicators in the liver and spleen tissues of oxidative 
stress‑induced mice became close to those of normal mice 
after AVP‑H treatment.

mRNA expression levels of neuronal nitric oxide synthase 
(nNOS), endothelial nitric oxide synthase (eNOS) and induc‑
ible nitric oxide synthase (iNOS) in the liver and spleen tissues 
of mice. As shown in Fig. 7, the mRNA expression levels of 

nNOS and eNOS in the liver and spleen tissues in the control 
group were significantly higher than those in the other groups 
(P<0.05), whereas iNOS expression was significantly lower 
compared with the other groups (P<0.05). D‑galactose‑induced 
oxidation significantly reduced nNOS and eNOS expres-
sion, and increased iNOS expression in the liver and spleen 
tissues of mice in the model group compared with the control 
group. AVP significantly inhibited the alterations in mRNA 
expression induced by D‑galactose (P<0.05) and normalized 
mRNA expression in the liver and spleen tissues of oxidative 
stress‑induced mice. The effect was better than that of Vc at 
the same concentration.

mRNA expression levels of heme oxygenase‑1 (HO‑1), nuclear 
factor‑erythroid 2‑related factor 2 (Nrf2), γ‑glutamylcysteine 
synthetase (γ‑GCS) and NAD(P)H quinone dehydrogenase 1 
(NQO1) in the liver and spleen tissues of mice. As shown in 
Fig. 8, the mRNA expression levels of HO‑1, Nrf2, γ‑GCS and 
NQO1 in the liver and spleen tissues were significantly higher 
in the control group than those in the other groups (P<0.05), 
whereas mice in the model group exhibited the weakest mRNA 
expression levels in the liver and spleen tissues. The expres-
sion levels of HO‑1, Nrf2, γ‑GCS and NQO1 in the liver and 
spleen tissues of mice were significantly increased following 
treatment with AVP and Vc compared with the model group 
(P<0.05); the upregulating effect of AVP‑H on these genes was 
stronger than that of AVP‑L and Vc.

Table VII. Levels of NO, SOD, GSH‑Px, GSH and MDA in the brains of mice (n=10).

Group	 NO (µmol/l)	 SOD (U/ml)	 GSH‑Px (U/ml)	 GS (mg/l)	 MDA (nmol/ml)

Normal	 4.62±0.21b	 127.26±6.32b	 166.39±7.52b	 13.89±0.45b	 0.42±0.11b

Model	 12.50±0.61	 35.10±1.25	 41.10±2.49	 2.17±0.18	 6.32±0.43
Vc	 7.15±0.19a	 79.36±2.89a	 115.25±5.88a	 8.33±0.37a	 1.57±0.10a

AVP‑L	 9.17±0.44a	 61.25±3.05a	 79.82±4.30a	 4.29±0.31a	 4.08±0.36a

AVP‑H	 6.03±0.32a	 92.65±4.86b	 137.86±5.38b	 11.27±0.32b	 0.79±0.12b

Values are presented as the mean  ±  standard deviation (N=10/group). aP<0.05 and bP<0.01 vs. the model group. Vc, mice treated with 
Vc (100 mg/kg); AVP‑L, mice treated with low concentration of AVP (50 mg/kg); AVP‑H, mice treated with a high concentration of AVP 
(100 mg/kg). AVP, Apocynum venetum polyphenol extract; GSH, glutathione; GSH‑Px, glutathione peroxidase; MDA, malondialdehyde; NO, 
nitric oxide; SOD, superoxide dismutase; Vc, vitamin C.

Table VI. Levels of NO, SOD, GSH‑Px, GSH and MDA in the spleens of mice (n=10).

Group	 NO (µmol/l)	 SOD (U/ml)	 GSH‑Px (U/ml)	 GS (mg/l)	 MDA (nmol/ml)

Normal	 1.56±0.06b	 81.32±2.18b	 117.59±8.06b	 6.68±0.20a	 0.55±0.07b

Model	 8.71±0.23	 18.24±0.89	 38.93±1.48	 2.00±0.15	 4.70±0.15
Vc	 5.52±0.12a	 48.38±2.12a	 69.69±3.27a	 4.23±0.15a	 2.13±0.07a

AVP‑L	 6.91±0.09a	 28.87±1.18a	 55.87±2.59a	 3.21±0.15a	 3.43±0.22a

AVP‑H	 4.20±0.16a	 70.69±2.22b	 92.62±2.67b	 5.37±0.20a	 1.12±0.05a

Values are presented as the mean  ±  standard deviation (N=10/group). aP<0.05 and bP<0.01 vs. the model group. Vc, mice treated with 
Vc (100 mg/kg); AVP‑L, mice treated with low concentration of AVP (50 mg/kg); AVP‑H, mice treated with a high concentration of AVP 
(100 mg/kg). AVP, Apocynum venetum polyphenol extract; GSH, glutathione; GSH‑Px, glutathione peroxidase; MDA, malondialdehyde; NO, 
nitric oxide; SOD, superoxide dismutase; Vc, vitamin C.
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Discussion

Organ weight and organ indices are indicators of the status of 
the animal body. Changes in organ weight and organ indices 
can reflect oxidative stress in the body; for example, when 
oxidative stress occurs, the thymus and brain will atrophy more 
obviously than other organs (20). The liver and kidneys are the 
main metabolic organs of mice. A decrease in organ weight and 
indices will directly affect the metabolic capacity of animals. 
Furthermore, the liver is also an important immune organ (17). 
A change in the hepatic index suggests that the immunity of 
the body has been affected (21). The spleen is related to the 
cellular immune system in the body and serves an important 
role in the immune mechanism. A decline in the quality of 
the spleen indicates atrophy of the organ, which can reduce 
its immune function (13). Therefore, determining the spleen 
index can directly reflect structural and functional changes 
in the organ, and therefore has importance for evaluating 
the successful establishment of a mouse model of oxidative 
stress (22). The results of this study indicated that D‑galactose 
could reduce the organ indices of mice under oxidative stress 
and AVP could alleviate the decrease of organ indices caused 
by D‑galactose, thus preventing oxidative stress in mice.

The increased release of excitatory amino acids, such 
as glutamic acid, activates NMDA receptors to induce Ca2+ 
influx. When intracellular Ca2+ concentration increases, 
activated NOS generates large amounts of NO, which accel-
erates Ca2+ influx and causes an overload of intracellular 
Ca2+, directly inhibiting mitochondrial energy production. 
Furthermore, the generation of free radicals O2

‑ and ·OH 
will be triggered, which aggravates the damage of brain 
cells (13). NO and O2

‑ react with each other to form peroxyni-
trite anions that decompose into highly toxic OH‑ and NO2

‑, 
which further accelerates cell death (23). Repeated infections 
in the body, even if not directly related to the central nervous 
system, can lead to synthesis of iNOS mRNA and can result 
in the production of a large amount of NO, which causes 
neuronal death in the hippocampus and memory damage, and 
accelerates the deterioration of aging neuronal lesions, such 
as those found in Alzheimer's disease (17). The synthesis 
of iNOS mRNA in the anterior pituitary and pineal glands 
produces NO, which can deteriorate the resistance to infec-
tions and reduce the production of melatonin, thus leading to 
brain aging (24). These studies support the hypothesis that 
the regulation of NO levels and the prevention of excessive 
NO serve a significant role in controlling aging. Studies 
have shown that eNOS in mouse aortic endothelial cells is 
significantly reduced under oxidative stress (17,19). eNOS 
can inhibit the aging of blood vessels caused by oxidative 
stress, as well as dilate and protect blood vessels (25). Under 
normal physiological conditions, the nervous system has 
mechanisms that precisely regulate NO production, release, 
diffusion and inactivation, mainly by regulating the activa-
tion and deactivation of nNOS. In addition to its important 
function in the nervous system, nNOS is also expressed 
in skeletal muscles, the myocardium and smooth muscle 
cells, where NO has an important role in regulating blood 
flow and muscle contraction (26). A decrease in the levels 
of nNOS leads to excessive NO production, which may lead 
to the occurrence of neurological diseases, such as cere-
bral ischemia injury, Alzheimer's disease and Parkinson's 
disease (27). The results of the present study suggested that 
AVP may possess the ability to influence the levels of NO, 
nNOS, eNOS and iNOS, helping to maintain these at normal 

Figure 2. Hematoxylin and eosin staining of mouse skin. Magnification, 
x100. Vc, mice treated with 100 mg/kg Vc; AVP‑L, mice treated with a low 
concentration (50 mg/kg) of AVP; AVP‑H, mice treated with a high concen-
tration (100 mg/kg) of AVP. AVP, Apocynum venetum polyphenol extract; 
Vc, vitamin C. Arrows indicate inflammed tissue.

Figure 3. Hematoxylin and eosin staining of mouse liver. Magnification, 
x100. Vc, mice treated with 100 mg/kg Vc; AVP‑L, mice treated with a low 
concentration (50 mg/kg) of AVP; AVP‑H, mice treated with a high concen-
tration (100 mg/kg) of AVP. AVP, Apocynum venetum polyphenol extract; 
Vc, vitamin C. Arrow indicates inflammed tissue.

Figure 4. Hematoxylin and eosin staining of mouse spleen. Magnification, 
x100. Vc, mice treated with 100 mg/kg Vc; AVP‑L, mice treated with a low 
concentration (50 mg/kg) of AVP; AVP‑H, mice treated with a high concen-
tration (100 mg/kg) of AVP. AVP, Apocynum venetum polyphenol extract; 
Vc, vitamin C. Arrow indicates inflammed tissue.
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Figure 5. Cu/Zn‑SOD and Mn‑SOD protein expression in the (A) liver and (B) spleen of mice. *P<0.05 and **P<0.01 vs. the model group. Vc, mice treated with 
100 mg/kg Vc; AVP‑L, mice treated with a low concentration (50 mg/kg) of AVP; AVP‑H, mice treated with a high concentration (100 mg/kg) of AVP. AVP, 
Apocynum venetum polyphenol extract; SOD, superoxide dismutase; Vc, vitamin C.

Figure 6. Cu/Zn‑SOD, Mn‑SOD and catalase mRNA expression in the (A) liver and (B) spleen of mice. *P<0.05 and **P<0.01 vs. the model group. Vc, 
mice treated with 100 mg/kg vitamin C; AVP‑L, mice treated with a low concentration (50 mg/kg) of AVP; AVP‑H, mice treated with a high concentration 
(100 mg/kg) of AVP. AVP, Apocynum venetum polyphenol extract; SOD, superoxide dismutase; Vc, vitamin C.
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levels and to avoid an imbalance of NO, nNOS, eNOS and 
iNOS due to oxidative stress.

SOD is a type of metal enzyme widely distributed throughout 
the biological world. It is a key line of defense against reactive 
oxygen species. SOD can be generally divided into three types 
depending on the metal co‑factors: Cu/Zn‑SOD, Mn‑SOD and 
Fe‑SOD. Cu/Zn‑SOD is an enzyme that can be predominantly 
found in the cytoplasm and chloroplast matrix of eukaryotic 
cells. In addition, Cu/Zn‑SOD is present in the blood and viscera 
of animals (17). Mn‑SOD predominantly exists in prokaryotic 
cells, eukaryotic cells and the mitochondrial matrix, whereas 
Fe‑SOD mainly exists in prokaryotic cells and plants (26). SOD 
has an effective role in the prevention and treatment of diseases 
associated with superoxide free radicals. When in excess, super-
oxide anion radicals cause oxidative stress; in addition, when 
SOD concentration is low, oxidative stress may be induced (27). 

Levels of Cu/Zn‑SOD and Mn‑SOD decrease when the body 
is under oxidative stress (28). CAT is an antioxidant enzyme, 
which is abundant in erythrocytes, the cells of numerous tissue 
types, mitochondria and the cytoplasm (29). During normal 
oxidative respiration, organisms constantly produce reactive 
oxygen species, which contain unpaired electrons, and can be 
removed by CAT, SOD, GSH‑Px and other enzymatic systems. 
As the first line of defense against reactive oxygen species, SOD 
converts O2

‑ into H2O2, whereas CAT increases the cellular 
oxygen content by catalyzing the decomposition of H2O2 into 
H2O (30). GSH is an important antioxidant in mammals that can 
scavenge free radicals produced in cells, thus alleviating cell 
membrane damage caused by the formation of reactive oxygen 
species during lipid peroxidation (31). GSH is either directly 
or indirectly involved in numerous microbial cell activities. 
Notably, GSH is able to build a strong defense against oxida-

Figure 7. nNOS, eNOS and iNOS mRNA expression in the (A) liver and (B) spleen of mice. *P<0.05 and **P<0.01 vs. the model group. Vc, mice treated with 
100 mg/kg Vc; AVP‑L, mice treated with a low concentration (50 mg/kg) of AVP; AVP‑H, mice treated with a high concentration (100 mg/kg) of AVP. AVP, 
Apocynum venetum polyphenol extract; eNOS, endothelial NOS; iNOS, inducible NOS; nNOS, neuronal NOS; NOS, nitric oxide synthase; Vc, vitamin C.
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tive stress together with related metabolic enzymes. One of the 
GSH reductions is composed of γ‑glutamate‑cysteine ligase 
(GSH1), GSH synthetase (GSH2), GSH reductase, GSH‑Px and 
NADPH. The interaction of various factors in the system can 
inhibit oxidative stress and slow down oxidation (32) MDA is a 
lipid peroxide formed by oxidation; the levels of MDA in vivo 
directly reflect the degree of oxidation (33). In this study, AVP 
significantly regulated the oxidation, increased the levels of 
SOD, CAT, GSH (GSH1 and GSH2) and GSH‑Px, and reduced 
the levels of MDA, thus effectively alleviating oxidative stress 
caused by D‑galactose in mice.

As a stress protein, HO‑1 is involved in anti‑inflammatory 
and antioxidative processes, in addition to heme metabo-
lism, and exerts strong protective effects on the cardiovascular 
and nervous systems. It has been reported that HO‑1 has an 

antioxidant efficacy in vascular diseases, such as athero-
sclerosis, myocardial ischemic injury and hypertension, as 
well as neurological diseases, such as Alzheimer's disease, 
Parkinson's disease and cerebral ischemic injury (34). Nrf2 
is important for the integrity of the vascular endothelium. 
A decline in Nrf2 function under oxidative stress is closely 
associated with the dysfunction of vascular endothelial cells. 
When the level of oxidative stress increases, Nrf2 is dissoci-
ated to promote the transcription and expression of HO‑1, 
SOD and CAT, thus improving the ability to scavenge oxygen 
free radicals in the body (35). Nrf2 also has the function of 
regulating γ‑GCS. Nrf2 is activated and promotes the expres-
sion of γ‑GCS when a large quantity of reactive oxygen 
species is generated, and γ‑GCS stimulates the synthesis 
and activation of GSH, which exerts an antioxidant role (36). 

Figure 8. HO‑1, Nrf2, γ‑GCS and NQO1 mRNA expression in the (A) liver and (B) spleen of mice. *P<0.05 and **P<0.01 vs. the model group. Vc, mice treated 
with 100 mg/kg Vc; AVP‑L, mice treated a low concentration (50 mg/kg) of AVP; AVP‑H, mice treated with a high concentration (100 mg/kg) of AVP. γ‑GCS, 
γ‑glutamylcysteine synthetase; AVP, Apocynum venetum polyphenol extract; HO‑1, heme oxygenase‑1; Nrf2, nuclear factor‑erythroid 2‑related factor 2; 
NQO1, NAD(P)H quinone dehydrogenase 1; Vc, vitamin C.
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When cells are subjected to oxidative stress, Nrf2 can 
uncouple from Keapl, which can be activated and transferred 
into the nucleus, bind to antioxidant response elements, regu-
late the expression of the downstream antioxidant enzyme 
gene NQO1, and enhance the tolerance of cells to oxidative 
stress. The Nrf2/NQO1 signaling pathway is known to be 
associated with oxidative stress, and active substances can 
exert their antioxidative effects by regulating the Nrf2/NQO1 
signaling pathway (37). In this study, AVP could upregulate 
the expression levels of oxidized Nrf2, and further enhance 
the expression of HO‑1, γ‑GCS and NQO1, thus protecting 
oxidized mice and preventing oxidative stress.

Phenolic compounds have phenolic hydroxyl groups, so 
they have a strong antioxidant effect, the phenolic hydroxyl 
group can provide hydrogen to react with free radicals to form 
inert products or more stable free radicals, thus interrupting or 
slowing down the chain reaction of free radicals (38). Studies 
have shown that the antioxidant activity of polyphenol is much 
better in a number of plants than that of Vc (39‑41). The differ-
ence in the antioxidant activity of plant polyphenol is not only 
due to the molecular structure, but also due to the different 
three‑dimensional conformation (42,43). A. venetum contains 
the active substance of AVP that has a strong antioxidant 
effect. This study also confirmed that the antioxidant effect of 
AVP was stronger than that of Vc at the same concentration; 
therefore, A. venetum could serve a preventive role against 
oxidative stress with its active ingredient AVP.

Neochlorogenic acid and chlorogenic acid are found in 
numerous types of TCM, and are reported to be beneficial 
in TCM treatment of inflammation and diabetes  (44,45). 
Chlorogenic acid has also been suggested to have an inhibitory 
effect on lung cancer, gastric cancer and colon cancer (46,47). 
In addition to the suggestion that it has anticancer effects, rutin 
is believed to enhance the anticancer effect of other drugs and 
active substances (oxaliplatin, paeonol) used in TCM (48,49). 
In vitro studies have indicated that isoquercetin has inhibitory 
effect on gastric cancer cell proliferation (50,51). Astragalin 
and rosmarinic acid have been suggested to possess antioxidant 
activity and are bioactive substances (52,53). AVP contains 
neochlorogenic acid, chlorogenic acid, rutin, isoquercitrin, 
astragalin and rosmarinic acid. It is unclear whether the effect 
of the mixture of these six substances is due to their respective 
effective effects or combined effects, and further research is 
needed to clarify their underlying mechanism of action.

The results of the present study suggested that AVP may 
prevent D‑galactose‑induced oxidation in mice, and may 
return serum, skin, liver and spleen indices of mice under 
oxidative stress to close to their normal state. This effect was 
stronger than that of the well‑known antioxidant Vc. In vivo 
experiments suggested that AVP is worthy of further study. 
The present preliminary study has begun to elucidate the 
mechanism of AVP activity; however, further human studies 
are required to verify its precise mechanism. In addition, the 
specific chemical composition of AVP needs to be further 
studied to clarify the direct relationship between the efficacy 
of AVP and its components.
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