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Abstract. It has been reported that oxidative stress plays 
a prominent role in diabetic macrovascular diseases. 
3,4‑Dihydroxyacetophenone (3,4‑DHAP) has been found to 
have a variety of biological activities. However, few studies 
have assessed the antioxidant capacity of 3,4‑DHAP and 
the underlying mechanisms. Thus, the aim of the present 
study was to explore the effects of 3,4‑DHAP on oxidative 
stress in human umbilical vein endothelial cells (HUVECs). 
HUVECs were pre‑treated with 3,4‑DHAP and then exposed 
to high glucose conditions. Cell viability and cytotoxicity 
were measured using an MTT assay. Reactive oxygen species 
(ROS) levels were measured using an inverted fluorescence 
microscope and a fluorescent enzyme labeling instrument. 
Protein expression levels of nuclear factor E2‑related factor 2 
(Nrf2), heme oxygenase‑1  (HO‑1), microtubule‑associated 
protein  1A/1B‑light chain  3 (LC3) and poly ADP‑ribose 
polymerase‑1 (PARP‑1) were measured using western blot‑
ting, and mRNA expression of Nrf2 and HO‑1 were measured 
through reverse transcription‑quantitative PCR (RT‑qPCR). 
Nrf2 nuclear translocation was evaluated using immunofluo‑
rescence analysis and autophagosomes were observed using 
transmission electron microscope (TEM). The results of the 
present study demonstrated that compared with the control 
group, cell viability of the high glucose group was reduced and 
cell cytotoxicity of the high glucose group was increased. ROS 
production in the high glucose group was clearly enhanced. 
In addition, high glucose upregulated Nrf2 and HO‑1 protein 

and mRNA expression levels. Nuclear translocation of Nrf2 
in the high glucose group was also increased. The formation 
of autophagosomes in the high glucose group was also higher 
than that in the control group. Furthermore, LC3‑II/LC3‑I 
and PARP‑1 protein expression levels were increased after 
treatment with high glucose. However, compared to the high 
glucose group, 3,4‑DHAP (10 µmol/l) significantly enhanced 
cell viability. 3,4‑DHAP markedly decreased the production 
of ROS, increased Nrf2 and HO‑1 protein and mRNA expres‑
sion levels, and promoted nuclear translocation of Nrf2 in 
HUVECs. In addition, 3,4‑DHAP promoted the formation of 
autophagosomes, and notably increased the protein expression 
levels of LC3‑II/LC3‑I and PARP‑1. Moreover, it was deter‑
mined that compared to the 3,4‑DHAP group, treatment with 
3,4‑DHAP and ML385 enhanced cell viability, and decreased 
ROS production, Nrf2 and HO‑1 protein and mRNA expres‑
sion levels, nuclear translocation of Nrf2, and LC3‑II/LC3‑I 
and PARP‑1 protein expression levels. Collectively, the 
results of the present study showed that 3,4‑DHAP protected 
HUVECs against oxidative stress via regulation of the 
Nrf2/HO‑1 pathway, by increasing autophagy and promoting 
DNA damage repair. 

Introduction

Type 2 diabetes mellitus (T2DM), one of the most common 
and fastest growing diseases worldwide, is an endocrine and 
metabolic disease. It is estimated that 693 million adults will 
have T2DM by 2045 (1). The vascular complications of T2DM 
are some of the most important and pressing concerns in 
patients (2). In addition, the leading cause of death in diabetic 
patients is cardiovascular disease. Atherosclerosis constitutes 
the primary pathological outcome following the development 
of macrovascular complications, and it causes the thickening 
and hardening of the arterial wall and narrowing of the 
vascular lumen (3). Inflammation underlies the pathogenesis 
of atherosclerosis, which is the most common cause of cardio‑
vascular disease (CVD) (4). The association between oxidative 
stress and inflammation has garnered growing interest in the 
study of the progression of the disease (5). Inflammation leads 
to increased ROS levels, which can induce oxidative stress (6). 
However, when the physiological antioxidant defense system 
is overwhelmed, excessive levels of ROS can lead to oxidative 
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stress (7). Therefore, there is an urgent need to discover novel 
treatments to prevent and treat the diabetes‑associated macro‑
vascular diseases.

High concentrations of glucose can promote apoptosis of 
endothelial cells, which is closely related to vascular complica‑
tions. In addition, high glucose conditions can not only cause 
metabolic disorders, but also produce excess quantities of 
oxygen‑free radicals, resulting in oxidative stress, which in‑turn 
results in toxic effects on endothelial cells, and this process 
plays an important role in the development of atherosclerosis, 
a vascular complication of diabetes. Therefore, in the present 
study HUVECs cultured under high glucose conditions were 
used as a model to study the antioxidant effect of 3,4‑DHAP.

Cellular antioxidant defense plays a crucial role in protecting 
against oxidative stress (8). Nuclear factor E2‑related factor 2 
(Nrf2) is the major transcriptional regulator of antioxidant 
gene expression  (9). Nrf2 participates in the pathogenesis 
of several diseases (10‑13). Under physiological conditions, 
Nrf2 forms a complex with Keap1, thereby mediating Nrf2 
proteasomal degradation and ubiquitination (14). However, 
when subjected to oxidative stress or other physiological 
stimuli, Nrf2 cannot interact with Keap1, resulting in Nrf2 
activation, nuclear translocation and transcription of down‑
stream genes of the Nrf2 transcription factor, including heme 
oxygenase‑1 (HO‑1) (15). Increased production of ROS disas‑
sociates Nrf2 from Keap1, and Nrf2 translocates to the nucleus 
in the dissociated form, where it results in transcription of 
several genes (16). Nrf2 protects cells against oxidative stress 
by activating several signaling pathways. HO‑1 is a critical 
antioxidant enzyme regulated by Nrf2 (17). Zhang et al (18) 
indicated that the Nrf2/HO‑1 signaling pathway was activated 
under conditions of increased ROS. Ci et al (19) demonstrated 
that farrerol decreased oxidative stress through activation of 
Nrf2 to induce HO‑1 expression. Mohammad et al (20) also 
showed that HO‑1 was upregulated in response to oxidative 
stress. Thus, the Nrf2/HO‑1 pathway has become a research 
hotspot in recent years.

Similar to the Nrf2 pathway, autophagy plays a role in 
cell homeostasis when stimulated by oxidative stress  (21). 
Autophagy, which includes macro‑autophagy, micro‑autophagy 
and chaperone‑mediated autophagy, is a process of regulated 
cellular degradation (22). During autophagy, autophagosomes 
‘swallow’ cytoplasmic proteins or organelles and fuse with 
lysosomes to form autophagic lysosomes, and the components 
of the autophagosome are degraded by the contained lysosomal 
hydrolases (23). Microtubule‑associated protein 1A/1B‑light 
chain 3 (LC3) is a marker of autophagy. It is primarily 
involved in the formation of autophagosomes. LC3 also plays 
a role in mitochondrial autophagy, regulating the quantity of 
mitochondria by eliminating them to minimal levels required 
to meet the immediate energy demands of the cell and prevent 
excessive ROS production (24). The autophagy of mitochon‑
dria is primarily initiated by PTEN‑induced putative kinase 1 
(PINK1). PINK proteins degrade cellular components through 
the actions of presenilin‑associated rhomboid‑like (PARL) 
under physiological conditions, whereas the function of PARL 
is inhibited when the mitochondria are damaged, and in this 
situation, PINK stabilizes and recruits Parkin, the E3 ligase, 
to initiate autophagy (25). Concurrently, the cytoplasmic form 
of LC3 (LC3‑I) binds to phosphatidylethanolamine to form 

LC3 phosphatidylethanolamine conjugate (LC3‑II), which 
is recruited to the autophagic membrane. The formation of 
autophagosomes is the basis of autophagy and affects the 
transformation of LC3‑I to LC3‑II (26). Hence, LC3 expression 
is accepted as a marker for autophagy. When the autophagic 
process is initiated, LC3‑I is transformed into LC3‑II and this 
commits the cell to undergoing autophagy (27). 

DNA, the genetic material of eukaryotic cells, is damaged 
every day by a variety of internal and external factors. When the 
DNA is damaged, DNA damage repair pathways are activated 
to ensure the stability of the genome. Reactive oxygen species 
(ROS) are a factor that can cause DNA damage. PARP is a 
DNA damage response sensor. PARP‑1, the cleavage substrate 
of caspase, is also involved in DNA repair, gene expression 
regulation, genomic stability and apoptosis (28,29). A previous 
study has shown that PARP‑1 plays crucial roles in DNA cell 
repair and survival using PARP‑1 knockout mice (30). Another 
study has also shown that PARP‑1 regulates DNA repair factor 
availability, and this is an attractive target in the study of 
cancer therapeutics (31). Pazzaglia and Pioli (32) showed that 
PARP exerted a protective role in DNA repair and regulated 
inflammatory processes. Moreover, it has been shown that 
autophagy may be cytoprotective in response to DNA repair, 
via regulation of PARP‑1 activation (33). Wang et al (34) deter‑
mined that farrerol could ameliorate hepatotoxicity induced by 
PARP‑1, and this was achieved through activation of Nrf2 and 
induction of autophagy. Therefore, whether 3,4‑dihydroxyace‑
tophenone (3,4‑DHAP) could protect HUVECs against high 
glucose‑induced damage via regulating PARP‑1 was assessed 
in the present study.

3,4‑DHAP is an active ingredient from Ilex glauca 
leaves and has a variety of beneficial biological activities, 
including anti‑inflammatory, antioxidative and cardioprotec‑
tive properties (35), and has been shown to suppress melanin 
production (36), inhibit platelet aggregation, promote coro‑
nary artery dilation and improve blood circulation (37). In 
our previous study, it was shown that 3,4‑DHAP reduced the 
levels TNF‑α secretion from RAW264.7 cells, thus exhibiting 
an anti‑inflammatory effect. It was also shown that 3,4‑DHAP 
decreased the levels of inflammation‑related indicators in a 
rabbit model of atherosclerosis induced by hypercholester‑
olemia (38). However, the effects of 3,4‑DHAP on oxidative 
stress and its underlying mechanism remain to be assessed. 
Therefore, the aim of the present study was to investigate 
whether 3,4‑DHAP could protect HUVECs against oxidative 
stress via regulation of the Nrf2/HO‑1 signaling pathway, 
and the effects on autophagy and DNA damage repair in this 
process.

Materials and methods

Reagents. 3,4‑DHAP was purchased from Jinan Luxin 
Chemical Technology Co., Ltd. Sulforaphane (SFN), an 
antioxidant reagent that was used as a positive control, was 
obtained from Sigma‑Aldrich; Merck KGaA. ML385, a novel 
and specific Nrf2 inhibitor, was purchased from Selleck 
Chemicals. ML385 is an inhibitor of Nrf2 activity and nuclear 
translocation, which has been confirmed to affect the expres‑
sion of downstream genes. The ROS assay kit, Nuclear and 
Cytoplasmic Protein Extraction Kit, double antibiotics, MTT 
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kit, DAPI and Fluorescent Mounting Media were obtained 
from Beijing Solarbio Science & Technology Co., Ltd. 

Cell culture. HUVECs were obtained from Shanghai Baili 
Biotechnology (produced by ATCC). The HUVECs used were 
an immortalized cell line. The cells were cultured in DMEM 
(Gibco; Thermo Fisher Scientific, Inc.) supplemented with 15% 
FBS (EVERY GREEN; Zhejiang Tianhang Biotechnology, 
Co., Ltd.) and 1% penicillin/streptomycin (Beijing Solarbio 
Science & Technology Co., Ltd.) at 37˚C, in a humidified 
incubator supplied with 5% CO2. HUVECs were randomly 
grouped according to the experimental design as follows: 
Control group, high glucose group, SFN group (SFN + high 
glucose), 3,4‑DHAP group (3,4‑DHAP + high glucose), and 
3,4‑DHAP + ML385 group (3,4‑DHAP + ML385 + high 
glucose). The cells were pretreated with SFN (20 µmol/l), 
3,4‑DHAP (10 µmol/l) or ML385 (0.25 µmol/l) for 6 h, then 
exposed to high glucose conditions (33.3 mmol/l) for 12 h.

MTT assay. For assessment of cell viability and cytotoxicity, 
an MTT assay was performed. The HUVECs were evenly 
plated on a 96‑well cell culture plate with ~5,000 cells/well 
and cultured at 37˚C for 24 h. HUVECs were pretreated with 
1, 10, 20, 50 or 100 µmol/l 3,4‑DHAP, after which, the OD values 
were measured. The cells were pretreated with 20 µmol/l SFN 
and 10 µmol/l 3,4‑DHAP for 6 h and then cultured at 37˚C 
with 33.3 mmol/l glucose for 12 h. Subsequently, to each well, 
10 µl MTT solution was added (5 mg/ml), and cells were incu‑
bated for a further 4 h. Finally, the supernatant was discarded, 
the resulting blue‑purple crystals were dissolved using 150 µl 
DMSO with shaking for 10 min. Using a microplate reader, 
the absorbance of each well was measured at 490 nm. Cell 
viability was calculated, and a histogram was created.

ROS activity. The ROS levels are the most commonly detected 
indicator of oxidative stress. HUVECs were plated in a 6‑well 
plate at a density of 1x105  cells/well. After treatment as 
described above, the cells were washed with PBS. DCFH‑DA 
was added to each well, and incubated at 37˚C for 30 min 
in dark. The ROS levels were measured using a fluorescent 
enzyme label instrument (Spectra Max M5; Molecular Devices 
LLC). Images were obtained using an Inverted Fluorescence 
Microscope (Olympus Corporation).

Western blot analysis. Total protein from cells in each group 
was collected using RIPA lysis buffer (Beijing Solarbio 
Science & Technology Co., Ltd.). The cytoplasmic and the 
nuclear proteins were separately acquired using a Nuclear and 
Cytoplasmic Protein Extraction Kit according to the manu‑
facturer's instructions. A BCA assay kit was used to measure 
the protein concentration. According to the protein concentra‑
tion, the amount of sample protein (40 µg) was calculated and 
separated by 10 or 12% SDS‑PAGE. When the electrophoresis 
had finished, a strip of gel was cut and this was used to transfer 
proteins to a PVDF film. The PVDF film containing the protein 
of interest was immersed in 5% skimmed milk powder at 37˚C 
for 2 h, washed three times with TBST (0.05% Tween‑20; 10 min 
each), and incubated with one of the following primary anti‑
bodies: Nrf2 (1:1,000; cat. no. SAB4501984; Sigma‑Aldrich; 
Merck KGaA), HO‑1 (1:25,000; cat. no. ab68477; Abcam), LC3 

(1:1,000; cat. no. ab192890; Abcam) and PARP‑1 (1:2,500; 
cat. no. ab32138; Abcam) at 4˚C overnight. Then the PVDF film 
was washed with TBST and incubated with a secondary anti‑
body: GAPDH (1:7,000; cat. no. AF1186; Beyotime Institute 
of Biotechnology) or H3 (1:2,000; cat. no. ab32356; Abcam) 
at 37˚C for 1 h. The PVDF film was treated with an enhanced 
chemiluminescence reagent (Beijing Solarbio Science & 
Technology Co., Ltd.), and the signals were visualized using a 
chemiluminescence detection system (FluorChem E; Protein 
Simple Ltd.). Quantitative expression of proteins was calcu‑
lated using ImageJ software (v1.8.0; National Institutes of 
Health).

Reverse transcription‑quantitative PCR (RT‑qPCR). According 
to the manufacturer's instructions, the RNA of HUVECs 
was extracted by lysing cells on ice using TRIzol® reagent 
(Beijing ComWin Biotech Co., Ltd.), and then reverse tran‑
scribed into cDNA using the ReverTra Ace qPCR RT Kit 
[cat. no. FSQ‑101; Toyobo (Shanghai) Biotech, Co., Ltd.]. qPCR 
was performed using SYBR® Green Real‑time PCR Master Mix 
(cat. no. QPK‑201; Toyobo (Shanghai) Biotech, Co., Ltd.) in a 
7500 Sequence Detection System. The thermocycling conditions 
were as follows: Initial denaturation at 95˚C for 60 sec; followed 
by 40 cycles at 95˚C for 15 sec, 60˚C for 15 sec and 72˚C for 
45 sec. The primer sequences used were: Nrf2 forward, 5'‑CCC​
AGC​ACA​TCC​AGT​CAG​AAA​CC‑3' and reverse, 5'‑AGC​CGA​
AGA​AAC​CTC​ATT​GTC​ATC​TAC‑3'; HO‑1 forward, 5'‑TGC​
CAG​TGC​CAC​CAA​GTT​CAA​G‑3' and reverse, 5'‑TGT​TGA​
GCA​GGA​ACG​CAG​TCT​TG‑3'; and GAPDH forward, 5'‑CAG​
GAG​GCA​TTG​CTG​ATG​AT‑3' and reverse, 5'‑GAA​GGC​TGG​
GGC​TCA​TTT‑3'. All mRNA expression levels were normal‑
ized to the housekeeping gene GAPDH. Relative expression was 
calculated using the 2‑ΔΔCq method (39).

Cellular immunofluorescence. After discarding the culture 
medium, the cells were washed with PBS three times (5 min 
each). Formaldehyde (2%) was added and cells were fixed 
at 37˚C for 30 min, after which, the solution was removed, cells 
were washed with PBS three times (5 min each) permeabilized 
using 0.3% Triton X‑100 at 37˚C for 15 min, washed as above, 
blocked using 10% goat serum at 37˚C for 2 h, incubated 
with the Nrf2 primary antibody (1:100; cat. no. SAB4501984; 
Sigma‑Aldrich) overnight at 4˚C, washed, incubated with the 
secondary FITC‑conjugated antibody (1:100; cat. no. ZF‑0311; 
ZSGB‑BIO; OriGene Technologies, Inc.) in the dark at 37˚C for 
1 h, washed, stained with DAPI at 37˚C for 5 min, then washed 
again. The cell climbing piece (Thermo Fisher Scientific, Inc.) 
and coverslip were removed and sealed using the Fluorescent 
Mounting Media. Images were obtained using a fluorescence 
microscope (magnification, x10; Olympus Corporation). 

Assessment of autophagosome formation. After treating 
cells as described above, the cells were collected, centrifuged 
at  1,006.2  x  g for 10  min, fixed with 3% glutaraldehyde 
at 4˚C for 12 h, fixed with 1% osmic acid at 37˚C for 2 h, and 
embedded using pure embedding solution for 2 h. The samples 
were dehydrated in a series of increasing ethanol solutions, 
embedded and set in epoxy resin at different temperatures and 
for different lengths of times (37˚C for 12 h, 45˚C for 12 h and 
60˚C for 24 h). The embedded samples were cut into ultra‑thin 
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sections (70 nm), and then stained (3% uranium acetate for 
15‑30 min and lead citrate for 5‑10 min, at 37˚C). Finally, the 
images were captured using a transmission electron micro‑
scope (magnification, x5,000).

Statistical analysis. All data were analyzed using GraphPad 
Prism version 7.0 (GraphPad Software, Inc.). Results are 
presented as the mean ± SD. Unpaired Student's t‑tests were 
used for comparisons between two groups. Comparisons 
among multiple groups were analyzed using one‑way ANOVA 
followed by Tukey's post hoc test. P<0.05 was considered to 
indicate a statistically significant difference. 

Results

3,4‑DHAP increases cell viability and reduces cytotoxicity. 
The cell viability of HUVECs was assessed using an MTT 
assay. The basic principle is that the amber dehydrogenase in 
the mitochondria of living cells can reduce the exogenous MTT, 
causing it to crystallize and deposit the blue‑purple formazan, 
which is difficult to dissolve in water in living cells, while the 
dead cells have no such function. In Fig. 1A, compared with 
the control group, in cells treated with 10 µmol/l 3,4‑DHAP, 
the cell viability was increased (P<0.01); the cell viability of 
3,4‑DHAP when treated with 1, 20 and 50 µmol/l 3,4 DHAP 
was reduced (P<0.05); and the cell viability when treated with 
100 µmol/l 3,4‑DHAP was also reduced (P<0.001). Thus, 
10 µmol/l 3,4‑DHAP was selected for subsequent experi‑
ments. In Fig. 1B, the cell viability of the high glucose group 
was significantly reduced compared with the control group 
(P<0.001), and this demonstrated that a successful in vitro 
model of diabetes had been established. The cell viability was 
significantly increased after pretreatment with SFN (P<0.01) 
and 3,4‑DHAP (P<0.001), and there was significant difference 
between the SFN group and the 3,4‑DHAP group (P<0.01). 
Compared to the 3,4‑DHAP group, the cell viability in the 
3,4‑DHAP + ML385 group was reduced (P<0.05). These 
results indicated that 3,4‑DHAP could protect HUVECs from 
high glucose‑induced cell death.

3,4‑DHAP reduces ROS levels in HUVECs. Intracellular 
ROS levels were determined using a fluorescent enzyme 
labeling instrument. ROS levels were detected using the 
fluorescent probe DCFH‑DA. DCFH‑DA does not fluoresce 
itself and can pass through the cell membrane freely. After 
entering the cell, DCFH can be hydrolyzed by esterases 
in the cell to generate DCFH. DCFH cannot penetrate 
a cell membrane, making it easy to probe in loaded cells. 
Intracellular ROS can oxidize non‑fluorescent DCFH to 
generate fluorescent DCF, and the fluorescence of DCF can 
be detected to determine the levels of intracellular ROS (40). 
As shown in Fig. 2A, compared with the control group, the 
high glucose group exhibited significantly increased ROS 
production (P<0.001); compared with the high glucose 
group, SFN and 3,4‑DHAP group significantly reduced the 
production of ROS (P<0.001), but there was no significant 
difference between the SFN group and the 3,4‑DHAP group 
(P>0.05). Compared with the 3,4‑DHAP group, the ROS 
levels in the 3,4‑DHAP + ML385 group were increased 
(P<0.01). In Fig. 2B, compared with the control group, the 

high glucose group significantly increased fluorescence 
intensity (P<0.001); compared with the high glucose group, 
the SFN and 3,4‑DHAP groups significantly reduced the 
fluorescence intensity (P<0.01), but there was no significant 
difference between the SFN group and the 3,4‑DHAP group 
(P>0.05). Compared with the 3,4‑DHAP group, fluorescence 
intensity in the 3,4‑DHAP + ML385 group was increased 
(P<0.05). The fluorescent images also showed corroborating 
results (Fig. 2C). These findings suggested that 3,4‑DHAP 
could attenuate the oxidative stress induced by high glucose 
conditions in HUVECs.

3,4‑DHAP upregulates Nrf2 protein and mRNA expression 
levels. As shown in Fig. 3A and B, Nrf2 total protein expres‑
sion in the high glucose group was increased compared with 
the control group (P<0.001). Compared to the high glucose 
group, Nrf2 total protein expression was increased in the 
SFN group (P<0.05). Nrf2 total protein expression in the 
3,4‑DHAP group was also significantly increased compared 
to the high glucose group (P<0.01). The total Nrf2 protein 
expression in the 3,4‑DHAP group was higher than that in the 
SFN group, but there was no significant difference between 
these groups (P>0.05). Compared with the 3,4‑DHAP group, 
the total Nrf2 protein expression in the 3,4‑DHAP + ML385 
group was significantly reduced (P<0.05). In Fig. 3C, the 
mRNA expression level of Nrf2 in the high glucose group 
was increased compared with the control group (P<0.05). 
Compared with the high glucose group, Nrf2 mRNA expres‑
sion was increased in the SFN group (P<0.05). Nrf2 mRNA 
expression in the 3,4‑DHAP group was also significantly 
increased compared with the high glucose group (P<0.001). 
Nrf2 mRNA expression in the 3,4‑DHAP group was signifi‑
cantly higher than that in the SFN group, and the difference 
was significant (P<0.01). Compared to the 3,4‑DHAP group, 
the mRNA expression level of Nrf2 in the 3,4‑DHAP + 
ML385 group was significantly reduced (P<0.001). These 
findings indicated that 3,4‑DHAP could protect HUVECs 
against oxidative stress, and this may have been regulated by 
the Nrf2 pathway. 

3,4‑DHAP increases Nrf2 nuclear translocation. Nrf2 nuclear 
protein expression is shown in Fig. 4A. The nuclear transloca‑
tion of Nrf2 was reduced when cells were exposed to oxidative 
stress. As shown in Fig. 4B, compared with the control group, 
the high glucose group exhibited slightly increased Nrf2 
nuclear protein expression (P<0.05). Nrf2 nuclear protein 
expression increased when pretreated with SFN (P>0.05) and 
3,4‑DHAP (P<0.01) compared with the high glucose group, 
and the difference between the SFN and the 3,4‑DHAP group 
was also significant (P<0.05). Compared with the 3,4‑DHAP 
group, the nuclear expression of Nrf2 in the 3,4‑DHAP + 
ML385 group was decreased (P<0.001). In Fig. 4C and D, the 
fluorescence intensity of the high glucose group was higher 
than that of control group (P<0.001). Compared with the high 
glucose group, the fluorescence intensity of the SFN group 
was increased (P<0.05), the fluorescence intensity of the 
3,4‑DHAP group was significantly also increased (P<0.01), 
and the difference between the SFN and the 3,4‑DHAP group 
was also significant (P<0.05). Compared with the 3,4‑DHAP 
group, the fluorescence intensity in the 3,4‑DHAP + ML385 
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group was decreased (P<0.0001). These results showed that 
3,4‑DHAP exerted antioxidant effects by regulating Nrf2 
nuclear translocation.

3,4‑DHAP enhances HO‑1 expression. Fig.  5A shows the 
protein expression levels of HO‑1. As shown in Fig. 5B, HO‑1 
expression at the protein level in the high glucose group was 

Figure 1. 3,4‑DHAP increases cell viability and reduces cytotoxicity. (A) HUVEC viability following treatment with different concentrations of 3,4‑DHAP. 
(B) HUVEC viability in the different treatments groups. Data are presented as the mean ± SD of three repeats. *P<0.05, **P<0.01 and ***P<0.001. HUVEC, human 
umbilical vein endothelial cell; 3,4‑DHAP, 3,4‑dihydroxyacetophenone; HG, high glucose; SFN, sulforaphane.

Figure 2. 3,4‑DHAP reduces ROS activity in HUVECs. (A) ROS levels were measured using a fluorescent enzyme label instrument. (B) Mean gray values 
of ROS were measured using ImageJ software. (C) ROS were imaged using an inverted fluorescence microscope (magnification, x10). Data are presented 
as the mean ± SD of three repeats. *P<0.05, **P<0.01, ***P<0.001 and ****P<0.0001. 3,4‑DHAP, 3,4‑dihydroxyacetophenone; ROS, reactive oxygen species; 
HUVECs, human umbilical vein endothelial cells; HG, high glucose; SFN, sulforaphane.
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slightly increased compared with the control group (P<0.05). 
Compared with the high glucose group, HO‑1 protein expres‑
sion was enhanced in the SFN group (P<0.05). Compared 
with the high glucose group, 3,4‑DHAP group also exhibited 
significantly increased expression of HO‑1 (P<0.01). HO‑1 
expression in the 3,4‑DHAP group was higher than that in the 
SFN group, and there was no significant difference between 
the SFN and 3,4‑DHAP groups (P>0.05). HO‑1 expression in 
the 3,4‑DHAP + ML385 group was reduced compared with 
3,4‑DHAP group (P<0.001). As shown in Fig. 5C, the mRNA 
expression level of HO‑1 in the high glucose group was slightly 
increased compared with the control group (P<0.05). Compared 
with the high glucose group, HO‑1 mRNA expression levels 
were significantly increased in the SFN group (P<0.05) and in 
the 3,4‑DHAP group (P<0.001). HO‑1 mRNA expression in 
the 3,4‑DHAP group was higher than that in the SFN group, 
and there was a significant difference between the SFN and 
3,4‑DHAP groups (P<0.01). Compared to the 3,4‑DHAP group, 
the mRNA expression levels of HO‑1 in the 3,4‑DHAP + 
ML385 group was decreased (P<0.001). These findings further 
indicated that 3,4‑DHAP could protect HUVECs from oxida‑
tive stress by regulating the Nrf2/HO‑1 pathway.

3,4‑DHAP upregulates LC3 protein expression. LC3 is 
considered to the primary indicator of autophagy (41). Fig. 6A 
shows LC3 protein expression. As shown in Fig. 6B, the protein 
expression ratio of LC3‑II/LC3‑I in the high glucose group 
was increased compared with the control group (P<0.05). 
Compared with the high glucose group, the LC3‑II/LC3‑ratio 
was increased in the SFN group (P>0.05). Compared with 
the high glucose group, 3,4‑DHAP markedly increased the 
LC3‑II/LC3‑I protein ratio (P<0.01). The LC3‑II/LC3‑I ratio 
in the 3,4‑DHAP group was higher than that in the SFN group, 
and the difference was significant (P<0.01). Compared with 
the 3,4‑DHAP group, the 3,4‑DHAP + ML385 group exhibited 
a reduced LC3‑II/LC3‑I ratio (P<0.01). These findings suggest 
that 3,4‑DHAP can promote autophagy in response to oxida‑
tive stress induced by high glucose treatment in HUVECs. 

3,4‑DHAP promotes the formation of autophagosomes. 
Formation of autophagosomes was detected by TEM. Compared 
with the control group, the high glucose group exhibited a slight 
increase in autophagosome formation (P<0.05). However, the 
formation of autophagosomes was evidently increased after 
SFN (P<0.05) and 3,4‑DHAP (P<0.01) treatment compared 

Figure 3. 3,4‑DHAP upregulates Nrf2 protein and mRNA expression levels. (A) Nrf2 protein expression levels were measured by western blotting and 
(B) quantified using ImageJ software. (C) Nrf2 mRNA expression levels. Data are presented as the mean ± SD of three repeats. *P<0.05, **P<0.01 and 
***P<0.001. 3,4‑DHAP, 3,4‑dihydroxyacetophenone; Nrf2, nuclear factor E2‑related factor 2; HG, high glucose; SFN, sulforaphane.
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with high glucose group, and there was a significant difference 
between the SFN and 3,4‑DHAP groups (P<0.05). Compared 
with the 3,4‑DHAP group, the 3,4‑DHAP + ML385 group 
exhibited decreased formation of autophagosomes (P<0.01) 
(Fig. 7). The results further showed that 3,4‑DHAP could 
promote autophagy in response to oxidative stress.

3,4‑DHAP enhances PARP‑1 protein expression. PARP‑1 is a 
receptor for DNA damage response (42). Fig. 8A shows PARP‑1 
protein expression. As shown in Fig. 8B, the protein expression 
levels of PARP‑1 in the high glucose group were increased 
compared with the control group (P<0.01). Compared with 
the high glucose group, PARP‑1 protein expression was 
increased in the SFN group (P>0.05); 3,4‑DHAP also signifi‑
cantly increased PARP‑1 protein expression levels (P<0.001). 
PARP‑1 levels in the 3,4‑DHAP group were higher than those 
in the SFN group, and the difference was significant (P<0.01). 
Compared with the 3,4‑DHAP group, the protein expression 

levels of PARP‑1 in the 3,4‑DHAP + ML385 group were 
reduced (P<0.001). These findings further demonstrated that 
3,4‑DHAP could promote the response to cell damage via 
regulation of PARP‑1 expression.

Discussion

With the increasing adoption of unhealthy diets and improve‑
ments in living standards, the incidence of T2DM is increasing 
annually, posing a significant burden to the health and quality 
of life of individuals (43). Atherosclerosis, the most common 
complication of T2DM, is a chronic inflammatory disease (44). 
Endothelial dysfunction, the initial link in the early stage of 
atherosclerosis, is an early manifestation that occurs prior 
to the formation of atherosclerosis and affects the occur‑
rence and development of atherosclerosis. Endothelial cells 
can be damaged by several factors, such as oxidative stress, 
proinflammatory factors, hyperglycemia, hyperlipidemia 

Figure 4. 3,4‑DHAP promotes Nrf2 nuclear translocation. (A) Nrf2 nuclear protein expression levels were measured by western blotting and (B) quantified 
using ImageJ software. (C) Nrf2 protein expression levels in the cytoplasm and nucleus were imaged using an inverted fluorescence microscope (magnifica‑
tion, x10). (D) Mean gray values of ROS were measured using ImageJ software. Data are presented as the mean ± SD of three repeats. *P<0.05, **P<0.01, 
***P<0.001 and ****P<0.0001. 3,4‑DHAP, 3,4‑dihydroxyacetophenone; Nrf2, nuclear factor E2‑related factor 2; ROS, reactive oxygen species; HG, high glucose; 
SFN, sulforaphane.
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and hypertension (45). Oxidative stress is a state that arises 
following an imbalance between oxidation and antioxidation. 
Vascular oxidative stress promotes endothelial dysfunction 

and atherosclerotic progression (46). Oxidative stress induced 
by high glucose levels is a major factor in diabetic macroan‑
giopathy (47). Therefore, a model of diabetes was established 

Figure 6. 3,4‑DHAP upregulates LC3 protein expression. (A) LC3 protein expression levels were measured by western blotting and (B) the LC3II/LC3I ratio 
was quantified using ImageJ software. Data are presented as the mean ± SD of three repeats. *P<0.05 and **P<0.01. 3,4‑DHAP, 3,4‑dihydroxyacetophenone; 
LC3, microtubule‑associated protein 1A/1B‑light chain 3; HG, high glucose; SFN, sulforaphane.

Figure 5. 3,4‑DHAP upregulates HO‑1 protein and mRNA expression levels. (A) HO‑1 protein expression levels were measured using western blotting 
and (B) quantified using ImageJ software. (C) HO‑1 mRNA expression levels. Data are presented as the mean ± SD of three repeats. *P<0.05, **P<0.01 and 
***P<0.001. 3,4‑DHAP, 3,4‑dihydroxyacetophenone; HO‑1, heme‑oxygenase‑1; HG, high glucose; SFN, sulforaphane.
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using high glucose medium. The results also showed that there 
was a significant reduction in cell viability in cells cultured 
under high glucose conditions. 

ROS homeostasis in the majority of organisms is main‑
tained through the balance between ROS production and 
ROS scavenging (48). When there is an imbalance between 
generation and reduction of ROS, ROS levels are increased. 
Increased ROS levels leads to a disorder of the antioxidant 
system and accumulation of ROS, resulting in an oxidative 
stress (49). Excessive ROS levels notably alter the function of 
endothelial cells, such as causing metabolic imbalances and 
oxidative stress  (50), affecting mitochondrial morphology 
and function (51) and inducing autophagy and cell death (52). 
There are numerous studies that have suggested that the levels 

of ROS exert a potent effect in the occurrence of oxidative 
stress (53‑55). Similarly, in the present study, ROS production 
was markedly increased in the high glucose group compared 
with the control group.

ROS can be eliminated through antioxidant effects. 
Zhong et al (56) showed that the defense function of the cell 
was activated by the increase in ROS levels when cells were 
damaged, thus cellular antioxidant mechanisms are activated 
and upregulated to scavenge the ROS. Das et al (57) reported 
that persistent hyperglycemia impaired the pro‑oxidant 
and antioxidant balance, which in‑turn reduced antioxidant 
levels and increased ROS production under diabetic condi‑
tions. Wang et al (58) indicated that baicalein (BL) increased 
production of ROS or decreased the expression of antioxidant 

Figure 7. 3,4‑DHAP promotes the formation of autophagosomes. (A) Autophagosomes are captured by TEM and shown using a red arrow. (B) The number of 
autophagosomes was quantified using ImageJ software. Data are presented as the mean ± SD of three repeats. *P<0.05 and **P<0.01. 3,4‑DHAP, 3,4‑dihydroxy‑
acetophenone; TEM, transmission electron microscope; HG, high glucose; SFN, sulforaphane.
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proteins mediated by ROS, to promote cancer cell death. 
3,4‑DHAP, a compound extracted from Ilex glauca leaves, 
has physiological activities and beneficial effects for cardio‑
vascular diseases with relatively little toxicity and few side 
effects (38). It also has a therapeutic effect on coronary heart 
diseases, angina pectoris and pregnancy hypertension (59), 
and has been clinically adopted as a novel treatment for 
coronary heart diseases and angina pectoris. Wu et al (60) 
suggested that 3,4‑DHAP exerted anti‑inflammatory function 
on LPS‑activated macrophages. Lu and Chen (37) showed 
that 3,4‑DHAP could eliminate free radicals and increase 
resistance to lipid peroxidation to protect the function of the 
brain. The present study showed that 3,4‑DHAP increased cell 
viability and markedly reduced ROS levels compared with 
the high glucose group. Thus, 3,4‑DHAP was hypothesized to 
exhibit a potent antioxidant effect and to attenuate oxidative 
stress induced by high glucose in HUVECs.

It is well established that Nrf2 is the primary defense 
mechanism against cellular oxidative stress (61). When an 
antioxidant stimulates a cell, Nrf2 becomes decoupled from 
the cytoplasmic protein chaperone molecule Keap1 and enters 
the nucleus, where it binds to the antioxidant reaction element 
(ARE) to eliminate ROS (62). HO‑1, an important antioxidant 
enzyme, primarily catalyzes hemoglobin into ferrous iron, 
carbon monoxide and biliverdin. The degradation of the 
heme group is conducive in preventing its oxidative promo‑
tion. When Nrf2 is present in the nucleus, HO‑1 promoter 
activity is regulated by Nrf2. Furthermore, the activation 
of the Nrf2/HO‑1 pathway exerts a potent effect on cells, 
especially when under conditions of oxidative stress  (63). 
Martinez  et  al  (64) demonstrated that BML‑111 could 
increase Nrf2, HO‑1 and NQO1 expression levels to lower 
oxidative stress induced by ultraviolet radiation B (UVB). 
Piao et al (65) also showed that the Nrf2 and HO‑1 levels 
were upregulated after treatment with mangiferin (MF), 
suggesting that the antioxidant effects of MF were regulated 

by Nrf2/HO‑1. A previous study has shown that Nrf2 expres‑
sion is increased as well as its translocation to the nucleus, and 
this plays a pivotal role in its antioxidant effects (66). In the 
present study, Nrf2 and HO‑1 protein and mRNA expression 
levels in the 3,4‑DHAP group were higher than that in the 
high glucose group. The Nrf2 nuclear levels were enhanced 
in cells pretreated with 3,4‑DHAP when compared with the 
high glucose group. Thus, it was considered that 3,4‑DHAP 
may exert an antioxidant role by regulating the Nrf2/HO‑1 
pathway to eliminate excessive ROS.

 In addition, ML385, the Nrf2 activity inhibitor, could 
directly interact with the Nrf2 protein, binding to the Neh1 
binding region of Nrf2, thus preventing the establishment of the 
Nrf2‑mafg complex at ARE promoter sequences and in‑turn 
reducing transcriptional activity. In lung cancer cells, ML385 
targeted Nrf2 signaling, affected colony formation ability and 
the growth of cells, as well as Nrf2‑mediated functions (67). 
Liu et al (68) confirmed that the protective effects of isoliquiriti‑
genin on acute pancreatitis in mice were mediated through 
inhibition of oxidative stress and modulation of the Nrf2/HO‑1 
pathway. Thus, in order to determine whether 3,4‑DHAP exerted 
its antioxidant effects through the Nrf2/HO‑1 pathway, ML385 
was used to inhibit Nrf2. The results showed that compared with 
the 3,4‑DHAP group, the Nrf2 total and nuclear protein levels 
in the 3,4‑DHAP + ML385 group were decreased, the mRNA 
expression levels of Nrf2 in the 3,4‑DHAP + ML385 group were 
reduced, and the HO‑1 protein and mRNA expression levels in 
the 3,4‑DHAP + ML385 group were also reduced. These find‑
ings further suggested that 3,4‑DHAP protected HUVECs from 
oxidative stress induced by high glucose through the Nrf2/HO‑1 
pathway. However, HO‑1 is one of numerous downstream genes 
regulated by Nrf2; other downstream genes such as NQO1, 
GCLC, GCLM may have also participated in the oxidative 
protective mechanisms in the HUVECs treated with high 
glucose (69). The involvement of other genes will be assessed 
in future studies.

Figure 8. 3,4‑DHAP upregulates PARP protein expression levels. (A) PARP protein expression levels were measured using western blotting and (B) quantified 
using ImageJ software. Data are presented as the mean ± SD of three repeats. **P<0.01 and ***P<0.001. 3,4‑DHAP, 3,4‑dihydroxyacetophenone; PARP, poly‑ADP 
ribose polymerase; HG, high glucose; SFN, sulforaphane.



Molecular Medicine REPORTS  25:  199,  2022 11

Autophagy is a biological process in which damaged 
organelles, misfolded proteins and invading pathogens are 
enveloped in an intracellular double‑membraned structure and 
degraded. When stimulated by stressors such as starvation, 
hypoxia, infection and DNA damage (70), autophagy is further 
activated and plays a protective role by removing abnormal 
organelles (71). Growing evidence supports the notion that a 
series of biological factors and compounds can induce vascular 
endothelial cells to undergo autophagy to resist stress responses 
and protect the cell. Xu et al (72) found that rapamycin acti‑
vated autophagy and reduced DNA radiation damage of bone 
marrow blood cells through the STAT3 signaling pathway. 
However, when autophagy was over‑activated, it resulted in 
autophagic death (73). Studies have shown that treatment of 
endothelial cells with endostatin, an endogenous angiogenic 
inhibitor, induced autophagy and cell death (74,75). LC3 is 
a specific marker for autophagosome formation (76). LC3 
was previously considered to be involved in the regulation of 
microtubule assembly and disassembly. Subsequently, LC3 was 
found to exert specific autophagic effects. During the forma‑
tion of autophagosomes, LC3‑I is transformed into LC3‑II by 
binding to phosphatidylethanolamine. When the LC3‑II/LC3‑I 
ratio increases, this is indicative that autophagy has occurred. 
Qiao et al (77) found that the anticancer effects of TRAIL 
were increased following azithromycin treatment, which may 
be related to LC3‑mediated autophagy. A previous study has 
shown that aminoguanidine (AG) reduces the LC3‑II/LC3‑I 
ratio and ROS production to inhibit autophagy  (78). The 
autophagosome, a key structure in the process of autophagy, 
envelops damaged organelles or proteins and combines with 
lysosomes to generate an autophagolysosome. Liang et al (79) 
observed that autophagosomes were formed in the early stages 
of autophagy and matured in the later stages of autophagy. In 
the present study, the protein expression levels of LC3‑II/LC3‑I 
and the formation of autophagosomes in the high glucose group 
was slightly increased compared with the control group. This 
demonstrated that autophagy was activated when stimulated 
by oxidation. Furthermore, 3,4‑DHAP markedly enhanced 
LC‑3II/LC3‑I protein levels and the formation of autophago‑
somes compared with the high glucose group. Therefore, it 
was suggested that 3,4‑DHAP could protect HUVECs from 
oxidative stress by enhancing autophagy levels. 

The stability of genomic DNA is vital for the survival of 
individuals and the long‑term reproduction of species. When 
DNA damage occurs, cells need to activate the DNA damage 
repair mechanisms, and the cell cycle is arrested, preventing 
the cell in question from continuing mitosis. After the DNA 
damage is repaired, the cell cycle is resumed and the cell begins 
to undergo mitosis again (80). The working system of DNA 
damage repair includes sensors, mediators, signal transmitters 
and effectors (81). The receptors primarily involved in this 
process are PARP1/2, the 9‑1‑1 complex and the RAD17‑RFC 
complex (82,83). PARP‑1 is a multifunctional protein that 
post‑translationally modifies enzymes already present in the 
majority eukaryotic cells. PARP‑1 can sense DNA damage 
and is activated by identifying DNA fragments with structural 
damage. Studies have shown that PARP inhibitors cause an 
increase in DNA damage and prevent cells from repairing 
single‑stranded DNA breaks (84). Therefore, PARP‑1 plays 
a significant role in DNA damage repair and transcriptional 

regulation (85). Isakoff et al (86) discovered that DNA damage 
repair was blocked by PARP inhibitors, and the clinical 
activity of DNA‑damaging chemotherapy was enhanced when 
combined with these inhibitors. The results of the present 
study showed that 3,4‑DHAP markedly enhanced PARP‑1 
protein expression levels compared with the high glucose 
group. In short, these findings demonstrated that 3,4‑DHAP 
could promote DNA repair in HUVECs by regulating the 
expression of PARP‑1. 

An increasing number of studies have found that the 
mutual regulation between autophagy and Nrf2 is involved 
in modulation of ROS and other factors. ROS plays a critical 
role in autophagy. Pajares et al (87) found that Nrf2 regulated 
autophagy gene transcription in a mouse model of Alzheimer's 
disease. Feng et al (88) showed that activating the Nrf2 pathway 
could upregulate autophagy to protect LPS‑induced HK‑2 cell 
injury. In the present study, a possible association between Nrf2 
and autophagy was identified. Compared with the 3,4‑DHAP 
group, the protein expression levels of LC3‑II/LC3‑I were 
reduced in the 3,4‑DHAP + ML385 group. Therefore, it 
was hypothesized that Nrf2 may induce autophagy to repair 
damaged endothelial cells. Furthermore, autophagy was 
involved in the repair of damaged DNA in cells (89). Studies 
have suggested that PARP‑1 has a profound effect on autophagy 
and is an important indicator in the formation and maturation 
of autophagosomes (90). Rodríguez‑Vargas et al (91) showed 
that the production of ROS led to DNA damage and excessive 
activation of PARP‑1 when autophagy was induced by starva‑
tion. Thus, in the present study, it was hypothesized that there 
was a link between autophagy and DNA damage. The protein 
expression levels of PARP were reduced in the 3,4‑DHAP + 
ML385 group compared with the 3,4‑DHAP group. However, 
the mechanisms linking autophagy and Nrf2, and linking 
autophagy and DNA damage repair require further study to 
elucidate.

In the present study it was determined that 3,4‑DHAP 
treatment reduced ROS production, upregulated Nrf2 protein 
and mRNA expression, increased HO‑1 protein and mRNA 
expression, promoted Nrf2 nuclear translocation, increased 
LC3‑II/LC3‑I and PARP‑1 protein expression and promoted 
the formation of autophagosomes. At present, the preven‑
tion and treatment of T2DM and its complications are still a 
major problem to be solved in China. Clinically, drugs for the 
comprehensive treatment of diabetes and AS are still in short 
supply. The present study found that 3,4‑DHAP has an inhibi‑
tory effect on inflammatory response and oxidative stress. 
Therefore, 3,4‑DHAP may be the drug of choice for treatment. 
However, the current experimental study has limitations. We 
are currently investigating the protective effect of 3,4‑DHAp 
on HUVECs and its molecular mechanism, which needs to 
be verified in vivo. Regarding autophagy and DNA damage 
repair, only 3,4‑DHAP has been studied to regulate autophagy 
and DNA damage repair, and its mechanism needs to be 
further studied. In addition, the manner in which 3,4‑DHAP 
regulates Nrf2, autophagy and DNA repair is also a problem 
to be solved in the next experimental stage. In conclusion, the 
results suggest that 3,4‑DHAP possesses antioxidative prop‑
erties and was thus able to protect HUVECs from oxidative 
stress via regulation of the Nrf2/HO‑1 pathway, enhancing 
autophagy and promoting DNA damage repair. 
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