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Abstract
Hyperuricemia, which contributes to vascular endothelial damage, plays a key role in mul-

tiple cardiovascular diseases. This study was designed to investigate whether C1q/tumor

necrosis factor (TNF)-related protein 3 (CTRP3) has a protective effect on endothelial

damage induced by uric acid and its underlying mechanisms. Animal models of hyperuri-

cemia were established in Sprague-Dawley (SD) rats through the consumption of 10%

fructose water for 12weeks. Then, the rats were given a single injection of Ad-CTRP3 or

Ad-GFP. The animal experiments were ended twoweeks later. In vitro, human umbilical

vein endothelial cells (HUVECs) were first infected with Ad-CTRP3 or Ad-GFP. Then, the

cells were stimulated with 10mg/dL uric acid for 48 h after pretreatment with or without a

Toll-like receptor 4 (TLR4)-specific inhibitor. Hyperuricemic rats showed disorganized inti-

mal structures, increased endothelial apoptosis rates, increased inflammatory responses

and oxidative stress, which were accompanied by reduced CTRP3 and elevated TLR4

protein levels in the thoracic aorta. In contrast, CTRP3 overexpression decreased TLR4

protein levels and ameliorated inflammatory responses and oxidative stress, thereby improving the morphology and apoptosis of

the aortic endothelium in rats with hyperuricemia. Similarly, CTRP3 overexpression decreased TLR4-mediated inflammation,

reduced oxidative stress, and rescued endothelial damage induced by uric acid in HUVECs. In conclusion, CTRP3 ameliorates

uric acid-induced inflammation and oxidative stress, which in turn protects against endothelial injury, possibly by inhibiting

TLR4-mediated inflammation and downregulating oxidative stress.

Keywords: C1q/tumor necrosis factor related protein-3, uric acid, endothelial cell, Toll-like receptor 4, inflammation, oxidative

stress

Experimental Biology and Medicine 2022; 247: 174–183. DOI: 10.1177/15353702211047183

Introduction

It is well known that hyperuricemia is involved in various
cardiovascular diseases (CVDs), such as hypertension, cor-
onary artery disease, and ischemic stroke.1–3 A well-
functioning vascular endothelium plays a key role in the
protection of the cardiovascular system. Multiple studies
have suggested that high levels of uric acid could cause
damage to the vascular endothelium. A cross-sectional

survey reported that hyperuricemia was a strong predictor
of an increased risk of CVDs in women.4 Levels of serum
nitrites and nitrates were decreased in rats with hyperuri-
cemia induced by oxonic acid, and these levels were
reversed by the short-term effect of allopurinol.5

Similarly, benzbromarone prevented a reduction in nitric
oxide (NO) in human umbilical vein endothelial cells
(HUVECs) stimulated by uric acid.6 However, a method
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to improve uric acid-induced damage in the vascular endo-
thelium has not been well described.

Adipose tissue is the largest endocrine organ in our body
and can secrete a great variety of bioactive peptides known
as adipokines. C1q-tumour necrosis factor-related protein-
3 (CTRP3), a novel adipokine, is considered a paralogue in
a highly conserved family of adiponectins.7 It has been
demonstrated that CTRP3 can improve insulin sensitivity
and regulate glycolipid metabolism.8 More interestingly,
CTRP3 may have a potential protective effect against
CVDs. An observational study reported that exercise train-
ing could increase serum CTRP3 levels, which was posi-
tively associated with reduced arterial stiffness in middle-
aged and older adults.9 CTRP3 overexpression or recombi-
nant CTRP3 replenishment could inhibit cardiac fibrosis,
promote angiogenesis, improve cardiac function, and
increase the survival rates of mice with myocardial infarc-
tion.10,11 In addition, rats with diabetic cardiomyopathy
showed decreased myocyte death and restored cardiac
function with CTRP3-specific overexpression in cardio-
myocytes.12 However, the role of CTRP3 in uric acid-
induced endothelial damage remains elusive.

It is well established that both inflammation and oxida-
tive stress are involved in endothelial dysfunction. In our
previous study, uric acid caused toll-like 4 (TLR4)-related
inflammatory responses in the adipose tissue of rats with
hypertension.13 We also found that uric acid stimulated
oxidative stress in adipocytes.14 CTRP3 has been reported
to have anti-inflammatory and antioxidant effects.12

Therefore, our study was designed to determine whether
CTRP3 could protect against uric acid-induced endothelial
injury using hyperuricemic rats or HUVECs stimulated with
uric acid as models. We also tried to determine the potential
mechanisms, focusing on inflammation and oxidative stress.

Materials and methods

Animal model and experimental design

Animals. All of the animal experimental protocols were
approved by the Ethics Committee of Central Theater
Command General Hospital of the Chinese PLA and fol-
lowed the guidelines of the Care and Use of Laboratory
Animals of the National Institutes of Health. Twenty male
Sprague-Dawley (SD) rats (six to eightweeks old, 180 to
220 g) were purchased from Hunan SJA Laboratory
Animal Co., Ltd (Changsha, Hunan, China) and housed
under standard conditions. The rats were fed adaptively
for one week before the experiments.

Animal models. In recent years, the epidemic of hyperuri-
cemia parallels the increased consumption of foods that are
rich in fructose.15 Therefore, in the present study, 10% (w/
v) fructose (Juntai Biotech Co., Ltd, F8100, Wuhan, China)
water was used to establish an animal model of hyperuri-
cemia. Serum uric acid levels greater than 1.5mg/dL were
considered to indicate hyperuricemia in rats. The rats that
drank water without fructose served as controls. All rats
were fed a standard chow diet (HFK Bioscience, D12450B,
Beijing, China). At 12 weeks, the rats were given a single

caudal vein injection of adenoviruses expressing CTRP3
(Ad-CTRP3, Vigene Bioscience, 20180727005, Shandong,
China) or adenoviruses expressing green fluorescent pro-
tein (Ad-GFP, Vigene Bioscience, 20180912004, Shandong,
China) at a dose of 2� 109 p.f.u. per rat. Then, the rats were
divided into four groups (n¼ 5 each group): ‹ In the
normal control (NC) group, the rats drank water without
fructose and were infected with Ad-GFP; › in the CTRP3
group, the rats drank water without fructose and were
infected with Ad-CTRP3; fi in the high uric acid (HUA)
group, the rats drank 10% fructose water and were infected
with Ad-GFP; and fl in the HUA þCTRP3 group, the rats
drank 10% fructose water and were infected with Ad-
CTRP3. The experiment was ended at 14 weeks.

Measurements. At the end of the experiment, the rats
were anesthetized by intraperitoneal injection of 10% chlo-
ral hydrate. Blood samples were collected from the jugular
vein and centrifuged immediately at 1000 r/min for 20min.
Then, serum samples were stored at�80�C to measure NO,
tumor necrosis factor-a (TNF-a), interleukin-6 (IL-6),
hydroxyl radical scavenging activity, and malondialdehyde
(MDA). The thoracic aorta was isolated after the perivas-
cular adipose tissue was removed completely. After being
washed with prechilled PBS, thoracic aorta segments were
obtained and sampled. Aorta inflammation levels were
assessed with TNF-a and IL-6 mRNA as well as TLR-4 pro-
tein expression. Aorta oxidative stress levels were analyzed
with MDA and reactive oxygen species (ROS).
Hematoxylin-eosin (HE) and TUNEL staining were used
to assess the aorta morphology changes.

Cell culture and adenovirus transfection

HUVECs were purchased from Shanghai Institute of
Biochemistry and Cell Biology, CAS (China). The cells
were cultured in DMEM (Gibco, 1677149, USA) containing
10% fetal bovine serum (Gibco, 10099–141, USA) and 1%
penicillin-streptomycin (HyClone, DY14011, USA).
HUVECs at the exponential growth stage were seeded
onto six-well culture plates at a density of 5� 105 cells
per well. After 24 h, endothelial cells were infected with
Ad-CTRP3 or Ad-GFP at a dose of 2.56� 108 p.f.u. per
well. Then, 48 h later, infected cells were stimulated with
10mg/dL uric acid (Ultrapure, Sigma, U2625, USA) after
pretreatment with TAK242 (a TLR4-specific inhibitor, MCE,
HY-11109, USA) for 48 h, and these cells were divided into
the HUAþ TAK242 group or HUAþ CRPP3þTAK242
group. Cells stimulated with uric acid without TAK242 pre-
treatment were divided into the HUA group or
HUAþCTRP3 group. Infected cells without uric acid stim-
ulation served as the NC group and CTRP3 control group.
At the end of the experiments, cells and supernatant were
collected for further measurements.

Measurement of biochemical indexes, hydroxyl radical
scavenging activity, and ROS

The thoracic aorta segments were mixed with PBS at a ratio
of 1:9 and ground with a glass homogenizer. Then, the
homogenate was centrifuged at 5000 r/min for 10min to
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obtain the tissue supernatant. The levels of uric acid in rat
thoracic aorta were measured with a commercial kit at an
absorbance of 690 nm (Jiancheng Bioengineering Institute,
C012-1, Nanjing, China). Serum uric acid levels were also
assessed with the same kit. The concentrations of NO in rat
serum and in the supernatants of cultured HUVECs were
measured at an absorbance of 550 nm (Jiancheng
Bioengineering Institute, A013-2, Nanjing, China). MDA
levels in rat serum and the thoracic aorta, as well as cul-
tured HUVECs, were measured at an absorbance of 532 nm
(Jiancheng Bioengineering Institute, A003-1, Nanjing,
China). In addition, hydroxyl radical scavenging activity
in rat serum was measured at 550 nm (Jiancheng
Bioengineering Institute, A018, Nanjing, China). All of
target parameters were measured using a Thermo
Scientific instrument (Multiscan MK3, USA) according to
the manufacturer’s instructions.

To determine ROS levels in the thoracic aorta, tissue
homogenate was incubated with 2,7-dichlorodihydrofluor-
escein diacetate (DCFH-DA, Jiancheng Bioengineering
Institute, E004, Nanjing, China), a fluorescent probe, for
30min at 37�C. Then, the fluorescence intensity was ana-
lyzed with a multiscan spectrum (Molecular Devices,
Flexstation3, USA) at an excitation wavelength of 485 nm
and an emission wavelength of 525 nm. Similarly, ROS
levels in cultured HUVECs were measured with a commer-
cial kit (Beyotime Institute of Biotechnology, S0063,
Shanghai, China). Briefly, cells were incubated with 5 lM
dihydroethidium for 20min at 37�C. The fluorescence
intensity was measured using a flow cytometer (cyto-
FLEX, Beckman Coulter).

Aortic intima morphotype and vascular endothelial
apoptosis

HE staining was conducted to observe changes in the
intima morphotype in the thoracic aorta using a standard-
ized protocol. To determine the apoptosis rate of the endo-
thelium, thoracic aorta tissue were fixed with Carnoy
solution, embedded in paraffin, and then sectioned at a
thickness of 5 lm. Based on the manufacturer’s protocols,
aortic endothelium apoptosis was assessed with a commer-
cial kit (Roche Applied Science, 11684817910, Switzerland)
by a fluorescence microscope (BX-53, Olympus). Similarly,
HUVECs cultured in vitro were fixed with 4% paraformal-
dehyde for 25min. Endothelial apoptosis was analyzed in
the same way. The apoptosis rate of TUNEL-positive cells

relative to the total number of cells was calculated (5 visual
fields taken from each sample, 80–200 cells analyzed per
image). TUNEL-positive cells showed red fluorescence as
compared with normal cells with blue fluorescence.

Quantitative real-time reverse transcriptase–polymer-

ase chain reaction

Total RNA was extracted from thoracic aorta segments or
cell lysates using TRIzol reagent (Ambion, 15596026, USA).
First-strand cDNAwas synthesized from 2 lg of total RNA
with a RevertAid First Strand cDNA Synthesis Kit
(Vazyme, R101-01/02, China). Target genes and the house-
keeping gene glyceraldehyde-3-phosphate dehydrogenase
(GAPDH) were amplified with SYBR Green Master Mix
(Vazyme, Q111-02, China) using a real-time PCR system
(ABI QuantStudio 6, USA). The reaction conditions were
as follows: 50�C for 2min and 95�C for 10min, followed
by 40 cycles of 95�C for 30 s and 60�C for 30 s. All primers
used in the present study are shown in Table 1. The mRNA
expression of these target genes was normalized to
GAPDH.

Enzyme-linked immunosorbent assay and

Western blotting

The serum samples were centrifuged at 1000 r/min for
20min and carefully transferred to labeled EP tubes for
analysis. The levels of TNF-a (Elabscience Biotechnology
Co., E-EL-R0019c, Wuhan, China) and IL-6 (Elabscience
Biotechnology Co., E-EL-R0015c, Wuhan, China) in rat
serum were determined by commercial ELISA kits at an
absorbance of 450 nm using a Thermo Scientific instrument
(Multiscan MK3, USA). The protein expression levels of
CTRP3 and toll-like receptor 4 (TLR4) were measured
usingWestern blotting with the following primary antibod-
ies: rabbit anti-CTRP3 at a 1:1000 dilution (Abcam, ab36870,
UK), rabbit anti-TLR4 at a 1:1000 dilution (Abcam,
ab217274, UK), and rabbit anti-GAPDH at a 1:3000 dilution
(Abcam, ab9485, UK). Secondary antibodies were labeled
with HRP (1:50,000, Boster Biological Technology, BA1054,
Wuhan, China). Protein bands were measured with
BandScan software and normalized to the levels of
GAPDH.

Table 1. Primer sequences.

Gene name Forward primer Reverse primer

Rat-eNOS GGTATTTGATGCTCGGGACTGC GTGATGGCTGAACGAAGATTGC

Rat-TNF-a CCAGGTTCTCTTCAAGGGACAA GGTATGAAATGGCAAATCGGCT

Rat-IL-6 AGGATACCACCCACAACAGACC TTGCCATTGCACAACTCTTTTC

Rat-GAPDH CTGGAGAAACCTGCCAAGTATG GGTGGAAGAATGGGAGTTGCT

Hum-eNOS CCTGACAACCCCAAGACCTAC TAACATCGCCGCAGACAAAC

Hum-TNF-a CTCGAACCCCGAGTGACAAG TGAGGTACAGGCCCTCTGAT

Hum-IL-6 GGTCCAGTTGCCTTCTCCC GTGCCTCTTTGCTGCTTTC

Hum-GAPDH TCAAGAAGGTGGTGAAGCAGG TCAAAGGTGGAGGAGTGGGT

eNOS: endothelial nitric oxide synthase; TNF-a: tumor necrosis factor-a; IL-6: interleukin-6; GADPH: glyceraldehyde 3-phosphate

dehydrogenase.
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Statistical analysis

All values in this study are expressed as the means� stan-
dard deviation and were analyzed with SPSS software (ver-
sion 21.0; SPSS, IBM, Armonk, NY). The data were
analyzed with one-way ANOVA after the normal distribu-
tion tests. Then, a Bonferroni’s post hoc test was performed.
A P value less than 0.05 was defined as a statistically sig-
nificant difference.

Results

Effect of CTRP3 on uric acid levels and the aortic
endothelium in rats with hyperuricemia

CTRP3 protein expression in the thoracic aorta was mea-
sured to verify the efficacy of adenoviral infection (Figure 1
(a)). We found that CTRP3 protein levels were obviously
decreased in the thoracic aortas of hyperuricemic rats. Ad-
CTRP3 infection significantly increased CTRP3 protein
expression in the CTRP3 control group and HUAþ
CTRP3 group (Figure 1(a)). Moreover, both uric acid in
the thoracic aorta and serum uric acid were increased at
the end of the experiment in rats that drank 10% fructose
water (Figure 1(b) and (c)). Interestingly, CTRP3 overex-
pression significantly reduced uric acid levels in the
serum and thoracic aortas of rats with hyperuricemia
(Figure 1(b) and (c)). However, there was no difference in
body weight, average food intake, or water consumption in
hyperuricemic rats with or without CTRP3 overexpression
(data not shown).

Next, we observed the effect of CTRP3 overexpression
on intimal structure and endothelial apoptosis in the tho-
racic aorta. HE staining showed that, in rats with hyperuri-
cemia, the intima of thoracic aorta was disorganized and
discontinuous, some of which was partially ruptured and
detached (Figure 2(a)). According to the TUNEL assay, the
rats in the HUA group had higher endothelial apoptosis
rates in the thoracic aorta than rats in the NC group
(Figure 2(a) and (b)). Additionally, the rats that drank
10% fructose water showed dramatically decreased

endothelial nitric oxide synthase (eNOS) mRNA (Figure 2
(c)) expression in the thoracic aorta and slightly reduced
serum NO concentrations (Figure 2(d)) compared with
those of rats in the NC group. In contrast, CTRP3 overex-
pression significantly improved intimal structure, reduced
the endothelial apoptosis rate, and increased eNOS mRNA
in rats with hyperuricemia (Figure 2(a) to (c)). In addition,
serum NO concentrations showed an increasing trend in
hyperuricemic rats infected with Ad-CTRP3 (Figure 2(d)).
These data indicate that CTRP3 protects rats from aortic
endothelial damage induced by high uric acid.

CTRP3 improves inflammation and oxidative stress in
the thoracic aorta in rats with hyperuricemia

Then, we investigated the effect of CTRP3 overexpression
on inflammation in the thoracic aortas of hyperuricemic
rats. Rats in the HUA group showed higher levels of
serum TNF-a (Figure 3(a)) and IL-6 (Figure 3(b)) than
normal controls. Similarly, there was a significant increase
in the mRNA expression of TNF-a (Figure 3(d)) and IL-6
(Figure 3(e)) in the thoracic aortas of rats with hyperurice-
mia. However, hyperuricemic rats infected with Ad-CTRP3
showed significant reductions in the inflammatory
response (Figure 3(a), (b), (d) and (e)). No difference was
observed between normal controls and CTRP3 controls.
Additionally, we observed changes in TLR4 protein expres-
sion in the thoracic aortas of rats. TLR4 protein levels were
increased in rats with hyperuricemia compared with
normal controls (Figure 3(c)). In contrast, CTRP3 overex-
pression significantly reduced TLR4 protein levels in both
the CTRP3 group and HUAþCTRP3 group (Figure 3(c)).
These data suggest that CTRP3 improves uric acid-
induced inflammation possibly by inhibiting the TLR4 sig-
naling pathway.

Moreover, we assessed oxidative stress in the thoracic
aortas of rats. Compared with normal controls, rats in the
HUA group showed lower abilities to scavenge serum
hydroxyl radicals (Figure 4(a)) and higher serum MDA
concentrations (Figure 4(b)). In accordance, there was a

Figure 1. Effect of CTRP3 on uric acid levels in serum and thoracic aorta of rats with hyperuricemia. The SD rats drinking 10% fructose water for 12weeks were given a

single injection with Ad-CTRP3 or Ad-GFP. After twoweeks, the experiment was ended. (a) Western blot of CTRP3, n¼ 3; (b) serum uric acid, n¼ 5; (c) uric acid in

thoracic aorta, n¼ 5. *P< 0.05 compared with the control group; #P< 0.05 compared with the HUA group.

NC: normal control; CTRP3: C1q-tumor necrosis factor-related protein-3; HUA: high uric acid; GADPH: glyceraldehyde 3-phosphate dehydrogenase.
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significant increase in ROS and MDA concentrations in the
thoracic aortas of rats with hyperuricemia (Figure 4(c) and
(d)). However, CTRP3 overexpression significantly rescued
oxidative stress induced by high uric acid in the thoracic
aortas of rats (Figure 3(c) and (d)). These parameters did
not show any differences in the normal control group and
the CTRP3 group.

Reduced TLR4-mediated inflammation is involved in
the protective effect of CTRP3 on uric acid-induced
endothelial dysfunction in HUVECs

In vivo, we found that CTRP3 overexpression rescued
inflammation and protected the aortic endothelium in
rats with hyperuricemia. In vitro, using HUVECs cultured
in the presence of uric acid as a model, we tried to examine

Figure 2. Effect of CTRP3 on endothelium in thoracic aorta of rats with hyperuricemia. The SD rats drinking 10% fructose water for 12weeks were given a single

injection with Ad-CTRP3 or Ad-GFP. After twoweeks, the experiment was ended. (a) Representative images for HE staining and TUNEL assay in thoracic aorta;

(b) apoptosis rate of aorta endothelium, five images for each sample, 80–200 cells per image, n¼ 5; (c) eNOS mRNA levels, n¼ 3; (d) serum NO levels, n¼ 5. Scale

bar¼50 lm, *P< 0.05 compared with the control group; #P< 0.05 compared with the HUA group. (A color version of this figure is available in the online journal.)

NC: normal control; CTRP3: C1q-tumor necrosis factor-related protein-3; HUA: high uric acid.

Figure 3. Effect of CTRP3 on inflammation of aorta endothelium in rats with hyperuricemia. The SD rats drinking 10% fructose water for 12weeks were given a single

injection with Ad-CTRP3 or Ad-GFP. After twoweeks, the experiment was ended. (a) Serum TNF-a levels, n¼ 5; (b) serum IL-6 levels, n¼ 5; (c) Western blot of TLR4,

n¼ 3; (d) TNF-a mRNA levels, n¼ 3; (e) IL-6 mRNA levels, n¼ 3. *P< 0.05 compared with the control group; #P< 0.05 compared with the HUA group.

NC: normal control; CTRP3: C1q-tumor necrosis factor-related protein-3; IL-6: interleukin-6; TNF-a: tumor necrosis factor-a; HUA: high uric acid.
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the direct effect of CTRP3 on inflammatory cytokine
expression and endothelial function. In particular, we
focused on the role of TLR4 in this process. HUVECs
were infected with Ad-CTRP3 or Ad-GFP. Next, the
infected cells were incubated with 10mg/dL uric acid for
48 h. Some cells were pretreated with 1 lM TAK242 for 1 h
and then stimulated with 10mg/dL uric acid. The infected
cells incubated without uric acid stimulation served as
normal controls or CTRP3 controls.

First, we measured CTRP3 protein expression levels in
HUVECs. As shown in Figure 5(a), HUVECs incubated
with uric acid showed lower CTRP3 protein expression
than normal controls, and this level could be augmented
when cells were infected with Ad-CTRP3. For cells in the
HUA group, TAK242 pretreatment also led to increased
CTRP3 protein levels. Interestingly, there was a further
increase in CTRP3 protein expression when cells infected
with Ad-CTRP3 were pretreated with TAK242.

Then, we examined endothelial function and apoptosis
in HUVECs cultured in vitro. As shown in Figure 5(b) to
(d), HUVECs stimulated with uric acid had increased apo-
ptosis rates, reduced eNOS mRNA expression, and
reduced NO concentrations in the supernatant. These
effects could be partially abrogated by CTRP3 overexpres-
sion. Similarly, TLR4 inhibition also decreased apoptosis
and improved endothelial function in cells incubated
with uric acid. Moreover, CTRP3 overexpression in combi-
nation with TLR4 inhibition caused a greater improvement
in endothelial damage induced by uric acid than CTRP3
overexpression alone.

Next, we assessed the protective effect of CTRP3 on
TLR4-mediated inflammation induced by uric acid. As
shown in Figure 6(a), Ad-CTRP3 infection obviously
inhibited TLR4 protein expression in cells in the CTRP3
control group and HUAþCTRP3 group. TAK242 caused a
decrease in TLR4 protein expression in cells incubated
with uric acid. In addition, cells pretreated with
TAK242 and infected with Ad-CTRP3 showed a further
reduction in TLR4 expression compared with that of cells
infected with Ad-CTRP3 alone. These data demonstrated
that CTRP3 could suppress the expression of TLR4.
Accordingly, both CTRP3 overexpression and TLR4
inhibition reduced TNF-a and IL-6 mRNA levels in
uric acid-stimulated HUVECs (Figure 6(b) to (c)).
Additionally, CTRP3 amplified the anti-inflammatory
effect of TAK242 on HUVECs administered uric acid
(Figure 6(b) and (c)). Taken together, these data suggest
that TLR4-mediated inflammation suppression is
involved in the protective effect of CTRP3 on uric acid-
induced endothelial dysfunction in HUVECs.

CTRP3 mitigates oxidative stress induced by uric acid
in HUVECs

In vivo, oxidative stress in the thoracic aorta was prevented
by CTRP3 overexpression in rats with hyperuricemia. We
then tried to confirm these findings in HUVECs cultured in
vitro. HUVECs were transfected with or without Ad-CTRP3
and treated with 10mg/dL uric acid for 48 h. Ad-GFP- or
Ad-CTRP3-infected cells without any stimulation served as
controls. As shown in Figure 6(d) and (e), HUVECs in the

Figure 4. Effect of CTRP3 on oxidative stress of aorta endothelium in rats with hyperuricemia. The SD rats drinking 10% fructose water for 12weeks were given a

single injection with Ad-CTRP3 or Ad-GFP. After twoweeks, the experiment was ended. (a) Serum hydroxyl radical scavenging activity, n¼5; (b) serum MDA levels,

n¼5; (c) ROS levels in thoracic aorta, n¼ 5; (d) MDA levels in thoracic aorta, n¼ 5. *P< 0.05 compared with the control group; #P< 0.05 compared with the HUA

group.

NC: normal control; CTRP3: C1q-tumor necrosis factor-related protein-3; MDA: malondialdehyde; ROS: reactive oxygen species; HUA: high uric acid.
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HUA group showed higher ROS and MDA concentrations
than normal controls. Conversely, CTRP3 overexpression
dramatically inhibited oxidative stress induced by uric
acid in HUVECs. There was no significant difference in

the level of ROS and MDA between the normal group
and the CTRP3 group. These data suggest another mecha-
nism by which CTRP3 protects against uric acid-induced
endothelial dysfunction in vitro.

Figure 5. Effect of CTRP3 on HUVECs treated with high uric acid. HUVECs were infected with Ad-CTRP3 or Ad-GFP firstly. Then, the cells were stimulated with 10mg/

dL uric acid for 48 h after pretreated with or without TLR4-specific inhibitor for 30min. (a) Western blot of CTRP3; (b) apoptosis rate of HUVECs, five images for each

sample, 80–200 cells per image, n¼ 3; (c) eNOSmRNA levels; (d) NO concentrations in the supernate. *P<0.05 compared with the control group; #P< 0.05 compared

with the HUA group; &P< 0.05 compared with the HUAþCTRP3 group.

NC: normal control; CTRP3: C1q-tumor necrosis factor-related protein-3; HUA: high uric acid; GADPH: glyceraldehyde 3-phosphate dehydrogenase; HUVEC:

human umbilical vein endothelial cells.

Figure 6. Effect of CTRP3 on inflammation and oxidative stress in HUVECs treated with high uric acid. HUVECs were infected with Ad-CTRP3 or Ad-GFP firstly. Then,

the cells were stimulated with 10mg/dL uric acid for 48 h after pretreated with or without TLR4-specific inhibitor for 30min. (a) Western blot of TLR4; B. TNF-a mRNA

levels; (c) IL-6 mRNA levels; (d) ROS DCFA value; (e) intracellular MDA levels. n¼ 3 in each group; *P< 0.05 compared with the control group; #P< 0.05 compared with

the HUA group; &P< 0.05 compared with the HUAþCTRP3 group.

NC: normal control; CTRP3: C1q-tumor necrosis factor-related protein-3; HUA: high uric acid; GADPH: glyceraldehyde 3-phosphate dehydrogenase; HUVEC:

human umbilical vein endothelial cells.
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Discussion

In vivo, we found that CTRP3 overexpression in the thoracic
aorta could abolish the inflammatory response and rescue
oxidative stress. Thus, rats with hyperuricemia showed
improvements in aortic endothelial injury after CTRP3
infection. In vitro, HUVECs stimulated with uric acid
showed increased levels of proinflammatory cytokines,
augmented oxidative stress, and impaired endothelial
function, and these changes were partially restored by
CTRP3 overexpression. We also found that CTRP3 inhib-
ited TLR4-related inflammation both in vivo and in vitro.
Here, we demonstrated for the first time that CTRP3 pro-
tected against endothelial injury induced by uric acid, pos-
sibly by inhibiting TLR4-mediated inflammation and
downregulating oxidative stress.

CTRP3 is widely expressed in various tissues, such as
adipose tissue,16 the liver,17 and the heart.10 In the present
study, CTRP3 was found to be expressed in rat thoracic
aorta. The specific localization of CTRP3 in the vessel
remains unexplored and warrants further investigation in
the future. The protective effects of CTRP3 on the vascular
endothelium have been demonstrated in several experi-
mental studies. Akiyama et al. showed that CTRP3 acceler-
ated proliferation and migration in mouse endothelial
MSS31 cells.18 Another study by Chen et al. found that
CTRP3 significantly increased viability in mouse aortic
endothelial cells.19 In addition, there were several studies
indicating the antiapoptotic effects of CTRP3 on HUVECs
and mouse aortic endothelial cells stimulated with oxi-
dized low-density lipoprotein (ox-LDL)19 or high glucose.20

However, there are little data regarding the role of CTRP3
in endothelial injury induced by high uric acid. Our study
showed that, for rats with hyperuricemia, CTRP3 increased
eNOS mRNA expression in the thoracic aortas. Serum NO
concentrations showed an increasing trend without statis-
tical difference, which might be attributed to the presence
of some confounding factors in vivo. Additionally, CTRP3
reduced the aortic endothelial apoptosis rate and improved
intimal structure in hyperuricemic rats. Similarly, CTRP3
increased NO concentrations in the supernatant, and
caused increased eNOS mRNA levels coupled with a
reduced apoptosis rate in HUVECs stimulated by uric
acid. These data suggest that CTRP3 can improve uric
acid-induced endothelial injury.

Hyperuricemia has been reported to promote the
inflammatory response, thereby contributing to the occur-
rence and development of CVD.21 Aroor et al. reported that
mice with hyperuricemia had higher levels of proinflam-
matory cytokines and increased vascular stiffness, which
could be attenuated by uric acid-lowering treatment with
allopurinol.22 Moreover, poundmice, a model of hereditary
hyperuricemia, showed reduced inflammation in adipose
tissue and decreased blood pressure when administered
allopurinol.23 In contrast, CTRP3 plays an anti-
inflammatory role in a number of pathophysiologic set-
tings. CTRP3 inhibited proinflammatory cytokine
production in rats with diabetic cardiomyopathy.12

CTRP3 also attenuated the inflammatory response induced
by lipopolysaccharide (LPS) or a high-fat diet in mice.24,25

In addition, CTRP3 was found to reduce vascular cell adhe-
sion molecule-1 production in cultured human retinal
microvascular endothelial cells stimulated by high levels
of glucose and lipids.26 In line with these findings, we
found that CTRP3 decreased the expression of TNF-a and
IL-6 in both hyperuricaemic rats and HUVECs in the pres-
ence of 10mg/dL uric acid.

TLR4 is closely associated with various chronic low-
grade inflammatory diseases. It is interesting to examine
the interaction between CTRP3 and TLR4. Kopp et al.
reported that CTRP3 blocked the binding of LPS to its
receptor, TLR4/MD-2, in monocytes and adipocytes,27

indicating a negative regulatory role of CTRP3 in TLR4-
related inflammation. In the present study, we investigated
the direct effect of CTRP3 on TLR4 regulation in endothelial
cells. Our data showed that CTRP3 downregulated the pro-
tein expression of TLR4 in the thoracic aortas of rats with
hyperuricemia. An in vitro study demonstrated that in
HUVECs with high uric acid stimulation, TLR4 protein
levels were further decreased under the joint action of
Ad-CTRP3 infection and a specific inhibitor of TLR4.
These data indicate that the suppression of
TLR4-related inflammation induced by uric acid contrib-
utes to the protective effect of CTRP3 on the endothelium.
However, it was surprising that the protein expression of
CTRP3 was increased in the presence of a TLR4 inhibitor,
suggesting potential feedback regulation between CTRP3
and TLR4.

Uric acid is commonly considered a powerful antioxi-
dant in humans.28 However, in some cases, uric acid can be
converted into a pro-oxidant and subsequently contribute
to the development of CVD.29,30 Previous works from our
group and Sautin et al. reported that uric acid could pro-
mote the imbalance in prooxidative and antioxidant
enzymes31 and increase ROS production in adipose
tissue.32 Here, we also found that high levels of uric acid
led to oxidative stress in rats and endothelial cells cultured
in vitro. In recent years, multiple lines of evidence have
suggested that the beneficial effects of CTRP3 may be in
part due to its antioxidant action. CTRP3 knockdown
increased ROS levels in neonatal rat cardiomyocytes,12

while CTRP3 overexpression obviously reduced ROS and
MDA in retinal pigment epithelial cells in the presence of
high glucose.33 A very recent study verified the effect of
CTRP3 against oxidative stress in a rat model of brain
injury after intracerebral hemorrhage.34 Likewise, our
data also showed that CTRP3 abolished uric acid-induced
oxidative stress in rats and HUVECs.

In the present study, we also observed the relationship
between CTRP3 and serum uric acid levels for the first
time. The rats with hyperuricemia had lower CTRP3 pro-
tein expression in the thoracic aorta than the control rats. In
HUVECs stimulated with 10mg/dL uric acid, CTRP3 pro-
tein expression significantly decreased compared with
normal controls, indicating a directly inhibitory effect of
high uric acid on CTRP3. The above phenomena suggest
that uric acid may play a role in negative regulation of
CTRP3, but the specific mechanism remains unclear.
However, the uric acid levels in both the serum and thorac-
ic aorta were markedly decreased after CTRP3
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overexpression in hyperuricemic rats. It is well known that
insulin resistance reduces urinary uric acid excretion from
the kidney, which in turn causes elevated serum uric acid.35

It was hypothesized that CTRP3 improved insulin sensitiv-
ity, which decreased uric acid levels in rats.

In conclusion, our data indicate that CTRP3 inhibits
TLR4-related inflammation, attenuates oxidative stress,
and in turn improves uric acid-induced endothelial
dysfunction. CTRP3 may become a novel target for the pre-
vention and treatment of CVDs complicated with
hyperuricemia.
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