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Abstract: Background: Clinical studies have shown that hyperuricemia is associated with many cardiovascular dis-
eases; however, the mechanisms involved remain unclear. In this study, we investigated the effect of uric acid on
cardiomyocytes and the underlying mechanism. Methods and results: H9c2 cardiomyocytes were treated with vari-
ous concentrations of uric acid. 3-Methyladenine (3-MA) or Compound C was added before treatment with uric acid.
The expression of myocardial hypertrophy-related genes was measured using polymerase chain reaction (PCR). The
cell surface area was calculated using Imagel Software. Western blotting was used to measure the protein levels.
Uric acid increased the gene expression of Nppa, Nppb, and Myh5, which are involved in myocardial hypertrophy,
and the relative cell surface area of cardiomyocytes in a dose-dependent manner. Consistently, the ratio of LC3II/I,
which is a biomarker of autophagy, increased dose-dependently, whereas the protein level of p62, a protein that is
degraded by autophagy, decreased. 3-MA, an autophagy inhibitor, rescued uric acid-induced myocardial hypertro-
phy. Treatment with uric acid increased the level of phosphorylated adenosine monophosphate kinase (AMPK), as
well as its downstream effector unc-51-like kinase (ULK1). Pharmacological inhibition of AMPK by Compound C at-
tenuated the uric acid-induced activation of autophagy and myocardial hypertrophy. Conclusions: Uric acid induces
myocardial hypertrophy by activating autophagy via the AMPK-ULK1 signaling pathway. Decreasing the serum uric
acid level may therefore be clinically beneficial in alleviating cardiac hypertrophy.
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Introduction

Uric acid is the end product of purine metabo-
lism in humans. Hyperuricemia is caused by
overproduction of uric acid in the liver, reduced
excretion of urate by the kidneys or a combina-
tion of the two [1]. In addition to acting as an
important antioxidant within the circulation [2],
uric acid may also function as a pro-oxidant
within cells, which is detrimental to organisms
[3]. Clinically, an elevated serum uric acid has
been reported to be positively associated with
various cardiovascular diseases and conditi-
ons, including heart failure, myocardial infarc-
tion, stroke, atrial fibrillation, and cardiovascu-
lar mortality [4-9].

The decreased viability and the increased
apoptosis of cardiomyocytes upon exposure to

uric acid may partly contribute to uric acid-relat-
ed cardiovascular diseases [10, 11]. In addi-
tion, compromised insulin signaling and insu-
lin resistance in cardiomyocytes following uric
acid treatment may also explain the increased
risk of cardiovascular diseases [12]. Further-
more, the level of voltage-gated potassium
channel subfamily 1 number 5 (Kv1.5) is stabi-
lized by uric acid, which may result in hype-
ruricemia-associated atrial fibrillation [13]. How-
ever, upon uric acid treatment, the cellular hy-
pertrophic changes remain unclear.

Using three-dimensional speckle tracking echo-
cardiography, the left ventricular mass index,
which is an indicator of left ventricular hyper-
trophy, was found to be increased in subjects
with hyperuricemia compared with that of he-
althy subjects. A higher left ventricular mass
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index was also observed in individuals with
both hyperuricemia and hypertension com-
pared to those with hypertension alone [14].
Specifically, the left ventricular mass index
was positively correlated with the serum uric
acid level [14]. These findings point to an un-
derlying hypertrophic effect of uric acid on car-
diomyocytes. Thus, in the current study, the
hypertrophic effect of uric acid on cardiomyo-
cytes was investigated in vitro.

Upon uric acid treatment, the levels of va-
rious intracellular enzymes are changed. For
example, adenosine monophosphate kinase
(AMPK) is an enzyme that is regulated by uric
acid [15-17]. As a central metabolic sensor
that governs energy metabolism in response
to alterations in nutrients and intracellular
energy levels [18], the enzymatic activity of
AMPK was either upregulated or downregulat-
ed upon uric acid treatment in hepatocytes,
pancreatic B cells, and macrophages [15, 16].
However, whether the activity of AMPK is re-
gulated by uric acid in cardiomyocytes is not
known.

Among the downstream substrates of AMPK,
ULK1 is activated and phosphorylated by
AMPK at Ser317, Serd67, Ser555, Thr574,
Ser637, and Ser777 [19]. Activation of ULK1
initiates the formation of autophagosomes,
which play a pathogenic role in cardiac hyper-
trophy [20]. Thus, in the present study, we
focused on the effects of soluble uric acid on
myocardial hypertrophy and further explored
the possible involvement of the AMPK-ULK1-
autophagy signaling pathway in uric acid-in-
duced myocardial hypertrophy. We report here-
in the potential risk of hyperuricemia, which
leads to cardiomyocyte hypertrophy through
activation of autophagy by the AMPK-ULK1 sig-
naling pathway.

Materials and methods
Reagents

Uric acid, 3-methyladenine (3-MA), Compound
C, and TRIzol reagent were purchased from
Sigma-Aldrich Chemicals (St. Louis, MO, USA).
Anti-AMPK, anti-phospho-AMPKa  (Thrl172),
anti-ULK1, and anti-phospho-ULK1 (Ser555)
antibodies were obtained from Cell Signaling
Technologies (Beverly, MA, USA). Anti-LC3B,
anti-p62, and anti-B-actin antibodies were pro-
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cured from Abcam (Cambridge, UK). Dulbecco’s
modified Eagle’s medium (DMEM), fetal bovine
serum (FBS; Australian origin), and penicillin-
streptomycin were purchased from Gibco (Gr-
and Island, NY, USA). The BCA protein assay
Kit, radioimmunoprecipitation assay lysis buf-
fer, phenylmethanesulfonyl fluoride (PMSF),
and hematoxylin-eosin were obtained from Be-
yotime Biotechnology (Shanghai, China). Phos-
STOP was procured from Roche (Basel, Swit-
zerland). The PrimeScript RT reagent kit (Per-
fect Real Time) was purchased from Takara
Biotechnology (Tokoyo, Japan). The PCR prim-
ers were synthesized by Sangon Biotechnology
(Shanghai, China). SYBR Green dye was obta-
ined from Yeasen Biotechnology Co. (Shanghai,
China).

Preparation of soluble uric acid

NaOH solvent was prepared by dissolving
400 mg NaOH in 10 ml ddH,O, then 150 mg
uric acid was added to the solvent and dis-
solved at 55°C. Different concentrations of
soluble uric acid were diluted with DMEM. The
pH of the solution was adjusted by adding
HEPES or carbon dioxide.

Cell culture and treatment

The in vitro experiments were conducted
with H9¢2 cardiomyocytes (Shanghai Cell Bank
of the Chinese Academy of Sciences, Shanghai,
China). The cells were cultured in DMEM sup-
plemented with 10% FBS, 1% HEPES, 100 U/ml
penicillin, and 100 mg/ml streptomycin. The
cells were incubated in a humidified atmo-
sphere containing 5% CO, at 37°C. To assess
myocardial hypertrophy, the cells were expos-
ed to various concentrations of uric acid (O, 5,
10, 15, or 20 mg/dl) for 48 hours upon rea-
ching 60-70% confluence. In experiments with
inhibitors, the cells were pretreated with 3-MA
(5 mM), an autophagy inhibitor, or Compound C
(5 uM), an inhibitor of AMPK, for 1 hour before
coincubation with 20 mg/dl uric acid.

Measurement of the cell surface

The cells were fixed for 15 min, stained with
hematoxylin-eosin for 1 min, visualized, and
photographed under a microscope (Olympus
Corp., Waltham, MA, USA). Image) software
(National Institutes of Health, Bethesda, MD,
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USA) was used to calculate the cell surface
area.

RNA extraction and real-time PCR analyses

Total RNA was extracted with TRIzol reagent
and then reverse transcribed into cDNA using
the PrimeScript™ RT reagent kit (Perfect Real
Time) (TaKaRa Biomedical Technology Co.,
Ltd., Beijing, China). Real-time PCR was per-
formed using SYBR Green dye with an Applied
Biosystems 7500 Real-Time System 9 (Applied
Biosystems, Foster City, CA, USA). Relative
gene expression was normalized to Gapdh by
using the AACT method.

Western blotting

The cells were harvested and lysed with
radioimmunoprecipitation assay lysis buffer
supplemented with phosSTOP solution and 1
mM PMSF. The protein concentration was
determined using a BCA protein assay Kkit.
Equal amounts of protein were loaded onto
an 8% or 12% SDS-polyacrylamide gel and
run at 80 V for 30 min, followed by 120 V for
60-90 min. Subsequently, the proteins were
transferred to a polyvinylidene difluoride mem-
brane (Millipore, Burlington, MA, USA), which
was subsequently blocked with 5% skim milk
for 1 hour at room temperature. The membrane
was incubated with a primary antibody over-
night at 4°C and then washed three times wi-
th Tris-buffered saline-Tween 20 (TBST). The
membrane was then incubated with a second-
ary antibody conjugated to horseradish peroxi-
dase for 1 hour at room temperature. After
washing the membrane with TBST, the immu-
noreactive signals were acquired by enhanced
chemiluminescence with a Tanon-5200-Multi
System (Tanon Co. Shanghai, China), and the
protein bands were quantified using Image)
software with normalization to B-actin.

Statistical analysis

All statistical analyses were conducted using
SPSS 22.0 (IBM, Armonk, NY, USA). Experi-
ments using cells were repeated independen-
tly at least three times. The data are present-
ed as the mean * standard deviation (SD).
Differences among the groups were determin-
ed by one-way analysis of variance (ANOVA). A
p-value < 0.05 was considered statistically
significant.
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Results

Uric acid induces myocardial hypertrophy in a
dose-dependent manner

Following exposure to uric acid, there was a sig-
nificant increase in the mRNA expression of
natriuretic peptide type A (Nppa), natriuretic
peptide type B (Nppb), and myosin heavy chain
7 (Myh7), which are biomarkers of myocardial
hypertrophy, and their mRNA levels increased
in a dose-dependent manner (Figure 1A).

To confirm the hypertrophic response to uric
acid, the cell surface area was examined. The
cell surface area increased significantly fol-
lowing treatment with 15 mg/dl or 20 mg/dI
uric acid (Figure 1B, 1C). These results indicate
that soluble uric acid induces myocardial
hypertrophy.

Uric acid induces autophagy in a dose-depen-
dent manner

Although normal autophagy is essential for cel-
lular homeostasis under physiological condi-
tions, pathological autophagy is associated
with cardiomyocyte hypertrophy [21-23]. To
investigate whether autophagy participates in
uric acid-induced myocardial hypertrophy, the
levels of autophagic biomarkers were mea-
sured. The expression of autophagy-related ge-
ne 5 (Atg5), which is essential for the formation
of autophagic vesicles, was upregulated in a
dose-dependent manner following uric acid
treatment (Figure 2A). Furthermore, the level of
LC3Il, which is a biomarker that reflects the
degree of autophagy, was increased dose-
dependently, whereas the level of p62, a pro-
tein that is degraded by autophagy, was
decreased (Figure 2B, 2C). These results indi-
cate that autophagy was induced upon uric
acid treatment in a dose-dependent manner.

Uric acid activates myocardial hypertrophy by
triggering the autophagy pathway

To determine whether uric acid-induced myo-
cardial hypertrophy is mediated by the autoph-
agy activation, 3-MA, an inhibitor of autophagy,
was used before treatment with uric acid to
block autophagy. Treatment with 3-MA attenu-
ated the uric acid-induced increase in the
MRNA expression of Nppa, Nppb, and Myh7
(Figure 3A). Consistently, the cell surface area
was reduced to a level comparable to that of
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Figure 1. Soluble uric acid induces H9c2 cardiomyocyte hypertrophy. H9c2 cardiomyocytes were treated with dif-
ferent concentrations of uric acid. A. Real-time PCR analysis of the mRNA expression of the hypertrophy-related
genes Nppa, Nppb and Myh7 after uric acid exposure. B. Cells were hematoxylin-eosin stained and visualized with
a microscope after uric acid exposure. Bars indicate for 20 um. C. And the cell surface areas were measured using
Imagel software. The data are expressed as mean = SD; *P < 0.05 and **P < 0.01 indicate significant differences

compared to the control group.

the control (Figure 3B, 3C). These data reveal
that uric acid-induced myocardial hypertrophy
is mediated by autophagy activation.

Uric acid activates the AMPK-ULK1 pathway

AMPK, a key protein that is involved in the
regulation of autophagy [20], is regulated by
uric acid [16]. To investigate whether uric acid
treatment was accompanied by AMPK-ULK1
pathway activation, western blotting was per-
formed at the indicated times. The phosphory-
lation of AMPK at Thr172 and ULK1 at Ser555
was significantly increased with prolonged
exposure of cells to uric acid (Figure 4A, 4B).

The AMPK-ULK1 pathway is involved in the
induction of myocardial hypertrophy through
autophagy

To explore whether uric acid-induced autopha-
gy was mediated by the AMPK-ULK1 pathway,
Compound C was used to inhibit AMPK activity.
The uric acid-induced increased expression of
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Atg5s was attenuated by preincubation with
Compound C (Figure 5A). Furthermore, the
increased LC3-Il/LC3-I ratio and decreased
p62 level were also normalized (Figure 5B,
5C). Correspondingly, Nppa, Nppb, and Myh7
expression was reduced (Figure 5D), and the
cell surface area decreased to a level compa-
rable to that of the control (Figure 5E, 5F).

Discussion

In the current study, we found that uric acid
treatment induced myocardial hypertrophy,
and the hypertrophic effect was enhanced wi-
th increasing concentrations of uric acid. We
also found that autophagy mediated uric acid-
induced myocardial hypertrophy. The AMPK-
ULK1 signaling pathway was responsible for
the activation of autophagy and subsequent
myocardial hypertrophy upon uric acid
treatment.

Here, we found that cardiomyocytes treated
with soluble uric acid underwent hypertrophic
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Figure 2. Soluble uric acid induces H9c2 cardiomyocyte autophagy. H9c2 cardiomyocytes were treated with differ-
ent concentrations of uric acid. A. Real-time PCR analysis of the mRNA expression of the autophagy related gene
Atgb after uric acid exposure. B. LC3I, LC3Il, and p62 protein levels in H9c2 cardiomyocytes with different concen-
trations of uric acid treatment were evaluated by western blotting. C. Densitometric analysis showed that uric acid
treatments gradually increased the ratios of LC3Il/LC3I and decreased the p62 expression in a dose-dependent
manner. The data are expressed as mean + SD; *P < 0.05 and **P < 0.01 indicate significant differences com-

pared to the control group.

changes. Myocardial hypertrophy is an initial
adaptive process of cardiomyocytes in re-
sponse to various internal and external chang-
es. With prolonged and abnormal stimulation,
this compensatory response eventually be-
comes irreversible [20, 24]. Maladaptive myo-
cardial hypertrophy leads to a decrease in car-
diac function and the development of heart
failure [25]. Thus, it is reasonable to hypothe-
size that longterm hyperuricemia is accompa-
nied by a decrease in left ventricular function.

Indeed, a high serum uric acid level (serum uric
acid > 8 mg/dl) is independently associated
with heart failure and left ventricular enlarge-
ment in individuals with hyperuricemia accom-
panied by early onset cardiovascular diseases
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[6]. Subjects with a mean disease duration
of 2.3 + 7.8 years of asymptomatic hyperurice-
mia showed a deterioration in the parameters
that reflected left ventricular function, such as
stroke volume, global longitudinal strain, and
global circumferential strain as reflected by
three-dimensional speckle tracking echocar-
diography [26]. More importantly, global cir-
cumferential strain, which is a marker that
increases with declining left ventricular func-
tion, was positively associated with the level
of serum uric acid in subjects with hyperurice-
mia either with or without hypertension [14,
26]. We found that the hypertrophic effect of
uric acid was dose-dependent, and that, the
effect was enhanced with increasing uric acid

Am J Transl Res 2020;12(5):1894-1903
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Figure 3. Soluble uric acid induces hypertrophy in H9c2 cardiomyocytes through activation of autophagy. H9c2
cardiomyocytes were treated with uric acid in the absence or presence of 5 mM 3-MA (pretreated for 1 hour). A.
Real-time PCR analysis of the mRNA expression of the hypertrophy related genes Nppa, Nppb, and Myh7. B. Cells
were hematoxylin-eosin stained and visualized with a microscope. Bars indicate for 20 um. C. The cell surface areas
were measured using ImageJ software. The data are expressed as mean + SD; *P < 0.05 and **P < 0.01 indicate
significant differences compared to the control group. UA, uric acid; 3-MA, 3-methyladenine.
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Figure 4. Soluble uric acid activates AMPK-ULK1 in H9¢2 cardiomyocytes. H9c2 cardiomyocytes were treated with
uric acid. A. Western blot analysis of the protein expression of phosphorylated of AMPK and ULK1 at different time
point of uric acid treatment. B. Densitometric analysis showed that uric acid increased the ratios of p-AMPK/AMPK
and p-ULK1/ULK1. The data are expressed as mean + SD; *P < 0.05 and **P < 0.01 indicate significant differ-
ences compared to the control group.

concentrations. Thus, it is reasonable to hy-
pothesize that the decline in left ventricular
function observed in subjects with hyperurice-
mia was mediated by uric acid-induced myocar-
dial hypertrophy.

Our results show that uric acid-induced my-
ocardial hypertrophy is mediated by autophagy.
Cardiac autophagy is regulated by various fac-
tors such as calorie restriction, pressure over-
load, and berberine treatment [27-29]. Ex-
cessive cardiac autophagy leads to cardiac
hypertrophy and heart failure [30]. Our findings
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uncover a new factor, uric acid, that stimulates
autophagy in cardiomyocytes and that activa-
tion of autophagy is responsible for myocardial
hypertrophy. The present study revealed a
pathogenic role of uric acid in cardiomyocytes
through elevated autophagy. Autophagy was
measured after 48 hours of stimulation by uric
acid. However, insufficient autophagy has been
observed after approximately 2 to 4 weeks in
a mouse model of pressure overload [31].
Thus, it is reasonable to hypothesize that long-
term stimulation with a high concentration of
uric acid may weaken the activation of auto-

Am J Transl Res 2020;12(5):1894-1903
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Figure 5. AMPK is involved in the activiation of autophagy induced by uric acid. H9c2 cardiomyocytes were treated
with uric acid in the absence or presence of 5 uM Compound C (pretreated for 1 hour). A. Real-time PCR analysis of
the mRNA expression of the autophagy related gene Atg5. B. LC3I, LC3Il, and p62 protein levels in H9¢2 cardiomyo-
cytes were evaluated by wetern blotting. C. Densitometric analysis showed that Compound C significantly attenuated
the increased ratios of LC3Il/LC3I and decreased p62 expression induced by uric acid. D. Real-time PCR analysis
of the mRNA expression of the hypertrophy related genes Nppa, Nppb, and Myh7. E. Cells were hematoxylin-eosin
stained and visualized with a microscope. Bars indicate for 20 um. F. The cell surface areas were measured using
ImageJ software. The data are expressed as mean + SD; *P < 0.05 and **P < 0.01 indicate significant differences
compared to the control group. UA, uric acid; CC, Compound C.

phagy, thereby leading to cardiac damage. cies upon uric acid treatment have been report-
Further in vivo studies are needed to test this ed to be responsible, at least in part, for the
hypothesis. activation of AMPK [15, 16]. However, in our
study, reactive oxygen species were not mea-
In this study, we found that uric acid pho- sured. But we observed a reduced level of ATP
sphorylated and activated AMPK. The activity (data not shown), which is an activator of AMPK,
of AMPK is either activated or inhibited by after treatment with uric acid. Thus, in cardio-
uric acid, depending on the cell type [15-17]. myocytes, depletion of ATP may underlie the
The phosphorylation and activation of AMPK uric acid-induced activation of AMPK.
at Thrl72 by uric acid has been reported in
pancreatic B cells and PMA-primed THP-1 After further analysis, we found that the in-
cells [17]. We found that uric acid also increa- creased AMPK activity in cardiomyocytes was
sed the activity of AMPK in H9¢c2 cardiomyo- responsible for the activation of autophagy, as
cytes. As an important pro-oxidant within the inhibition of AMPK by Compound C com-
cells, increased levels of reactive oxygen spe- pletely abolished the increased autophagy and
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Figure 6. Schematic diagram of the signaling pathway
involved in uric acid-induced myocardial hypertrophy.
Uric acid induces phosphorylation and activation of
AMPK, which further phosphorylates ULK1. Activa-
tion of ULK1 increases autophagy activity, which ulti-
mately contributes to myocardial hypertrophy.

subsequent myocardial hypertrophy. AMPK-me-
diated activation of autophagy occurred either
through the AMPK-mTORC1-ULK1 pathway or
the AMPK-ULK1 pathway [32]. We found in-
creased phosphorylation of ULK1 at Ser555, a
site that is directly phosphorylated by AMPK
[33], upon uric acid stimulation. Thus, in cardio-
myocytes, AMPK directly phosphorylated ULK1,
which further enhanced the autophagy up-
on uric acid stimulation.

It should be noted that it remains unclear
whether uric acid is directly transported into
cardiomyocytes to exert its effects. We exam-
ined the mRNA expression of some of the uric
acid transporters in H9c2 cardiomyocytes and
detected the expression of ABCG2, the product
of which is responsible for the excretion of uric
acid from tubular cells to lumens [34]. The
expression of Uratl and Glut9, whose products
are responsible for urate reabsorption [35, 36],
was undetectable (data not shown). Further in-
depth studies are needed to determine wheth-
er cardiomyocytes directly take up uric acid.
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There were several limitations in the current
study. First, H9c2 cardiomyocytes are a rat
myoblast-derived cell line, and the response
may differ from that of primary cardiomyocy-
tes upon stimulation. Thus, studies using pri-
mary cardiomyocytes are needed to confirm
the current findings. Second, phosphorylation
of raptor was not investigated. AMPK phos-
phorylates raptor, which inhibits the activity of
mTORC1, a negative regulator of ULK1 [37].
Thus, in addition to direct activation by AMPK,
it is not known whether the increased activity
of ULK1 was partly due to the inhibition of
mTORC1. Third, the levels of reactive oxygen
species were not measured. Therefore, wheth-
er the stimulation of AMPK was due to increas-
ed levels of reactive oxygen species were not
determined. Finally, autophagosomes were not
measured by electron microscopy in our study.
However, with the real-time PCR and western
blotting findings, we did find increased autoph-
agy activity upon uric acid treatment.

In conclusion, uric acid induced myocardial
hypertrophy through the activation of autopha-
gy. The increased activity of the AMPK-ULK1
signaling pathway was responsible for uric
acid-induced autophagy and subsequent myo-
cardial hypertrophy (Figure 6). Our findings
reveal a new mechanism by which a high con-
centration of uric acid influences cardiomyo-
cytes. Decreasing the serum uric acid level
may therefore be clinically beneficial for allevi-
ating cardiac hypertrophy. However, additional
in-depth studies are needed to uncover the
relationship between uric acid-induced myocar-
dial hypertrophy and cardiac function.

Acknowledgements

We thank Pro. Ning-Li Li (Shanghai Institute of
Immunology and Department of Immunology
and Microbiology, Shanghai Jiao Tong Univer-
sity School of Medicine) for her professional
help with the research design and manuscript
writing. This work was funded by the Natural
Science Foundation of Shanghai (grant number
187ZR1406400).

Disclosure of conflict of interest
None.

Address correspondence to: Lin-Di Jiang, De-
partment of Rheumatology, Zhongshan Hospital,

Am J Transl Res 2020;12(5):1894-1903



Uric acid and cardiomyocyte hypertrophy

Fudan University, Shanghai 200030, China. Tel:

+86-021-31582621; Fax:

+86-021-31582621,

E-mail: zsh-rheum@hotmail.com

References

(1]

(2]

(3]

(4]

(5]

(6]

(7]

(8]

(9]

[10]

(11]

Ragab G, Elshahaly M and Bardin T. Gout: an
old disease in new perspective - a review. J Adv
Res 2017; 8: 495-511.

Davies KJ, Sevanian A, Muakkassah-Kelly SF
and Hochstein P. Uric acid-iron ion complexes.
A new aspect of the antioxidant functions of
uric acid. Biochem J 1986; 235: 747-754.
Neogi T, George J, Rekhraj S, Struthers AD,
Choi H and Terkeltaub RA. Are either or both
hyperuricemia and xanthine oxidase directly
toxic to the vasculature? A critical appraisal.
Arthritis Rheum 2012; 64: 327-338.

Bos MJ, Koudstaal PJ, Hofman A, Witteman JC
and Breteler MM. Uric acid is a risk factor
for myocardial infarction and stroke: the
Rotterdam study. Stroke 2006; 37: 1503-
1507.

Fang J and Alderman MH. Serum uric acid and
cardiovascular mortality the NHANES | epide-
miologic follow-up study, 1971-1992. National
health and nutrition examination survey. JAMA
2000; 283: 2404-2410.

Dai XM, Wei L, Ma LL, Chen HY, Zhang ZJ, Ji ZF,
Wu WL, Ma LY, Kong XF and Jiang LD. Serum
uric acid and its relationship with cardiovascu-
lar risk profile in Chinese patients with early-
onset coronary artery disease. Clin Rheumatol
2015; 34: 1605-1611.

Kleber ME, Delgado G, Grammer TB, Sil-
bernagel G, Huang J, Kramer BK, Ritz E and
Marz W. Uric acid and cardiovascular events: a
mendelian randomization study. J Am Soc
Nephrol 2015; 26: 2831-2838.

Anker SD, Doehner W, Rauchhaus M, Sharma
R, Francis D, Knosalla C, Davos CH, Cicoira M,
Shamim W, Kemp M, Segal R, Osterziel KJ,
Leyva F, Hetzer R, Ponikowski P and Coats AJ.
Uric acid and survival in chronic heart failure:
validation and application in metabolic, func-
tional, and hemodynamic staging. Circulation
2003; 107: 1991-1997.

Zhang CH, Huang DS, Shen D, Zhang LW, Ma
YJ, Wang YM and Sun HY. Association between
serum uric acid levels and atrial fibrillation
risk. Cellular Physiol Biochem 2016; 38: 1589-
1595.

Li Z, Shen Y, Chen Y, Zhang G, Cheng J and
Wang W. High uric acid inhibits cardiomyocyte
viability through the ERK/P38 pathway via oxi-
dative stress. Cell Physiol Biochem 2018; 45:
1156-1164.

Yan M, Chen K, He L, Li S, Huang D and Li J.
Uric acid induces cardiomyocyte apoptosis via
activation of calpain-1 and endoplasmic retic-

1902

[12]

[13]

(14]

(15]

(16]

[17]

ulum stress. Cell Physiol Biochem 2018; 45:
2122-2135.

Zhi L, Yuzhang Z, Tianliang H, Hisatome |,
Yamamoto T and Jidong C. High uric acid in-
duces insulin resistance in cardiomyocytes in
vitro and in vivo. PLoS One 2016; 11:
e0147737.

Taufig F, Maharani N, Li P, Kurata Y, lkeda N,
Kuwabara M, Otani N, Miake J, Hasegawa A,
Tsuneto M, Shirayoshi Y, Ninomiya H, Saitoh T,
Nakai A, Yamamoto K and Hisatome I. Uric ac-
id-induced enhancements of Kv1.5 protein ex-
pression and channel activity via the Akt-HSF1-
Hsp70 pathway in HL-1 atrial myocytes. Circ J
2019; 83: 718-726.

Fang X, Pan C, Chen Y, Sun M, Zhang Z, Jiang L,
Wang X and Shu X. Assessment of subclinical
left ventricular changes in essential hyperten-
sive patients with hyperuricemia: a three-di-
mensional speckle-tracking echocardiography
study. Clin Exp Hypertens 2017; 39: 93-99.
Lanaspa MA, Cicerchi C, Garcia G, Li N, Roncal-
Jimenez CA, Rivard CJ, Hunter B, Andres-
Hernando A, Ishimoto T, Sanchez-Lozada LG,
Thomas J, Hodges RS, Mant CT and Johnson
RJ. Counteracting roles of AMP deaminase and
AMP kinase in the development of fatty liver.
PLoS One 2012; 7: e48801.

Luo C, Lian X, Hong L, Zou J, Li Z, Zhu Y, Huang
T, Zhangy, Hu Y, Yuan H, Wen T, Zhuang W, Cai
B, Zhang X, Hisatome |, Yamamoto T, Huang J
and Cheng J. High uric acid activates the ROS-
AMPK pathway, impairs CD68 expression and
inhibits OxLDL-induced foam-cell formation in
a human monocytic cell line, THP-1. Cell
Physiol Biochem 2016; 40: 538-548.

Zhang Y, Yamamoto T, Hisatome |, Li Y, Cheng
W, Sun N, Cai B, Huang T, Zhu Y, Li Z, Jing X,
Zhou R and Cheng J. Uric acid induces oxida-
tive stress and growth inhibition by activating
adenosine monophosphate-activated protein
kinase and extracellular signal-regulated ki-
nase signal pathways in pancreatic beta cells.
Mol Cell Endocrinol 2013; 375: 89-96.

Hardie DG, Ross FA and Hawley SA. AMPK: a
nutrient and energy sensor that maintains en-
ergy homeostasis. Nat Rev Mol Cell Biol 2012;
13: 251-262.

Mao K and Klionsky DJ. AMPK activates au-
tophagy by phosphorylating ULK1. Circ Res
2011; 108: 787-788.

Wang X and Cui T. Autophagy modulation: a po-
tential therapeutic approach in cardiac hyper-
trophy. Am Jm Physiol Heart Circ Physiol 2017;
313: H304-H319.

Knoll R and Marston S. On mechanosensation,
acto/myosin interaction, and hypertrophy.
Trends Cardiovasc Med 2012; 22: 17-22.

Am J Transl Res 2020;12(5):1894-1903


mailto:zsh-rheum@hotmail.com

[22]

(23]

[24]

[25]

[26]

[27]

[28]

[29]

Uric acid and cardiomyocyte hypertrophy

Yu L, Yang G, Weng X, Liang P, Li L, Li J, Fan Z,
Tian W, Wu X, Xu H, Fang M, Ji Y, Li Y, Chen Q
and Xu Y. Histone methyltransferase SET1 me-
diates angiotensin Il-induced endothelin-1
transcription and cardiac hypertrophy in mice.
Arterioscler Thromb Vasc Biol 2015; 35: 1207-
1217.

You J, Wu J, Zhang Q, Ye Y, Wang S, Huang J,
Liu H, Wang X, Zhang W, Bu L, Li J, Lin L, Ge J
and Zou Y. Differential cardiac hypertrophy and
signaling pathways in pressure versus volume
overload. Am J Physiol Heart Circ Physiol 2018;
314: H552-H562.

Lips DJ, deWindt LJ, van Kraaij DJ and
Doevendans PA. Molecular determinants of
myocardial hypertrophy and failure: alternative
pathways for beneficial and maladaptive hy-
pertrophy. Eur Heart J 2003; 24: 883-896.
Nam D and Reineke EL. Timing and targeting
of treatment in left ventricular hypertrophy.
Methodist Debakey Cardiovasc J 2017; 13:
9-14.

Zhang X, Lu Q, Zhang Z, Chen Y, Wang Y, Wang
Y, Li Z and Jiang L. Value of three-dimensional
speckle tracking echocardiography to assess
left ventricular function in hyperuricemia pa-
tients. Clin Rheumatol 2018; 37: 2539-2545.
Wohlgemuth SE, Julian D, Akin DE, Fried J,
Toscano K, Leeuwenburgh C and Dunn WA Jr.
Autophagy in the heart and liver during normal
aging and calorie restriction. Rejuvenation Res
2007; 10: 281-292.

Nakai A, Yamaguchi O, Takeda T, Higuchi Y,
Hikoso S, Taniike M, Omiya S, Mizote |,
Matsumura Y, Asahi M, Nishida K, Hori M,
Mizushima N and Otsu K. The role of autopha-
gy in cardiomyocytes in the basal state and in
response to hemodynamic stress. Nat Med
2007; 13: 619-624.

Huang Z, Han Z, Ye B, Dai Z, Shan P, Lu Z, Dai
K, Wang C and Huang W. Berberine alleviates
cardiac ischemia/reperfusion injury by inhibit-
ing excessive autophagy in cardiomyocytes.
Eur J Pharmacol 2015; 762: 1-10.

1903

[30]

(31]

(32]

(33]

[34]

[35]

(36]

(37]

Zhu H, Tannous P, Johnstone JL, Kong Y,
Shelton JM, Richardson JA, Le V, Levine B,
Rothermel BA and Hill JA. Cardiac autophagy
is a maladaptive response to hemodynamic
stress. J Clin Invest 2007; 117: 1782-1793.
Qin Q,QuC, NiuT, Zang H, Qi L, Lyu L, Wang X,
Nagarkatti M, Nagarkatti P, Janicki JS, Wang XL
and Cui T. Nrf2-mediated cardiac maladaptive
remodeling and dysfunction in a setting of au-
tophagy insufficiency. Hypertension 2016; 67:
107-117.

Kim J, Kundu M, Viollet B and Guan KL. AMPK
and mTOR regulate autophagy through direct
phosphorylation of Ulk1. Nat Cell Biol 2011;
13:131-141.

Bach M, Larance M, James DE and Ramm G.
The serine/threonine kinase ULK1 is a target
of multiple phosphorylation events. Biochem J
2011; 440: 283-291.

Sakiyama M, Matsuo H, Takada Y, Nakamura
T, Nakayama A, Takada T, Kitajiri S, Wakai K,
Suzuki H and Shinomiya N. Ethnic differences
in ATP-binding cassette transporter, sub-family
G, member 2 (ABCG2/BCRP): genotype combi-
nations and estimated functions. Drug Metab
Pharmacokinet 2014; 29: 490-492.

Leal-Pinto E, Cohen BE, Lipkowitz MS and
Abramson RG. Functional analysis and molec-
ular model of the human urate transporter/
channel, hUAT. Am J Physiol Renal Physiol
2002; 283: F150-163.

Kimura T, Takahashi M, Yan K and Sakurai H.
Expression of SLC2A9 isoforms in the kidney
and their localization in polarized epithelial
cells. PLoS One 2014; 9: e84996.

Gwinn DM, Shackelford DB, Egan DF, Mihaylova
MM, Mery A, Vasquez DS, Turk BE and Shaw
RJ. AMPK phosphorylation of raptor mediates
a metabolic checkpoint. Mol Cell 2008; 30:
214-226.

Am J Transl Res 2020;12(5):1894-1903



