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Abstract

Impact Statement

Currently, growing evidence has indicated that
hyperuricemia (HUA) is an independent factor of
left ventricular hypertrophy and diastolic dysfunc-
tion. The serum uric acid concentration is highly
correlated with the risk of chronic heart disease
events and poor prognosis. A valid animal model
is important for pathological and pharmacologi-
cal research. In this study, we used potassium
oxonate and hypoxanthine to induce chronic HUA
in Kunming mice and observed left ventricular
remodeling after eight weeks of treatment. We hope
that this article will implicate the validation of this
model for future investigations on the mechanisms
and therapeutic treatment evaluations of HUA-
associated heart injury.

Cellular cytoplasmic xanthine oxidase (XO)—-mediated uric acid synthesis and
extracellular excess uric acid exposure are both causes of cardiomyocytic injury
under the condition of hyperuricemia (HUA). Potassium oxonate suppresses uric
acid degradation to increase extracellular concentration, while hypoxanthine is the
catalytic substrate of XO. We aimed to observe cardiac damage in a chronic HUA
mouse model induced by potassium oxonate and hypoxanthine. The mouse model
was established by the co-administration of potassium oxonate and hypoxanthine for
eightweeks. Then, left ventricular parameters were examined by echocardiographic
evaluation, and the heart tissues were harvested for further histopathological
analysis. The results showed that plasma uric acid was persistently elevated in the
model mice, which demonstrated the stable establishment of chronic HUA. The left
ventricular anterior wall was significantly thickened in the model group compared
with the blank control group. After the end of modeling, the left ventricular anterior
wall thickness of the hyperuricemic mice increased compared with that of blank
group. The histological analysis showed and myocardial structure disorganization
in the model group compared with the blank control. The above cardiac impairment
changes could be attenuated by allopurinol pretreatment. This study systematically

assessed cardiac damage in a chronic HUA mouse model. In addition, it provides useful information for future HUA-associated
heart injury mechanism investigation and therapeutic treatment evaluation.
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Introduction

Hyperuricemia (HUA) is the fourth most common basal
metabolic disease after hypertension, hyperlipidemia, and
hyperglycemia. Currently, most studies have focused on
acute injuries caused by HUA, such as acute kidney injury,
or gout. Most of the existing HUA animal models were
established based on these specific evaluation purposes.
In fact, HUA is a chronic disease, and the associated com-
plication assessment in the long term cannot be ignored.
Recently, the effect of long-term HUA on cardiovascular
diseases has attracted attention. Growing evidence has indi-
cated that HUA is an independent factor for left ventricular
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hypertrophy as well as diastolic dysfunction,'? and the
serum uric acid concentration is highly associated with
chronic heart disease incident risk and poor prognosis.*
The 2021 expert consensus for the diagnosis and treatment
of HUA highlights the importance of controlling uric acid in
patients with cardiovascular diseases.’

However, animal models have seldom systematically
assessed the changes in cardiac function and pathology
under long-term chronic HUA stimulation. Mice and rats are
the most commonly used animal models, but unlike humans
and great apes, they synthesize the uricase enzyme (UOX)
to metabolize uric acid to allantoin.®” This leads to lowering
of uric acid after the metabolism and excretion of the HUA
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inducer and causes a uric acid deficiency in some organs.
Previous research indicated that UOX knockout mice always
died before adulthood with serious kidney injury.8® Thus,
the current gene-editing method is still rudimentary and
not suitable for assessing HUA-associated chronic compli-
cations. Both cellular cytoplasmic uric acid production and
extracellular uric acid exposure can promote cardiomyo-
cytic injury.!%!! Given this, the co-administration of two or
more chemicals targeting the above-mentioned mechanisms
has been reported to help establish a chronic HUA animal
model. The reported HUA chemical inducers include potas-
sium oxonate, xanthine, hypoxanthine, yeast, adenine, eth-
ambutol, and fructose. Potassium oxonate is usually applied
to mimic human purine metabolism to consume uricase to
sustain the uric acid level.> Hypoxanthine is the precursor
of uric acid and can be catalyzed in vivo by XO.13

In this study, we used a co-administration method of
potassium and hypoxanthine to induce Kunming mice suf-
fering from long-term HUA and systematically assessed
the left ventricular functional and pathological changes.
Compared with previous publications, we controlled the
uric concentration in the range of clinical diagnostic crite-
ria and confirmed other common complications previously
reported. This study may contribute to model selection for
future research on HUA-associated heart injury protection
and intervention.

Materials and methods
Chemical and reagents

0.5% sodium carboxy methyl cellulose (CMC-Na) was pre-
pared with sterile physiological saline as the solvent of HUA
chemical inducers. Potassium oxonate (Aladdin Biochemical
Technology, Shanghai, China; P137112) and hypoxanthine
(Shanghai Macklin Biochemical Co., Ltd, Shanghai, China;
H6263) were suspended in 0.5% CMC-Na solvent as the stock
with the concentration of 35 and 45mg/mL, respectively,
and homogenized with ultrasound before use. Allopurinol
(Sigma-Aldrich, Germany; A8003) was dissolved in saline
with the concentration of 1mg/mL as stock for further use.

Experimental animals

Healthy specific pathogen-free (SPF) Male Kunming (KM)
mice, weight 20 2 g, were provided by the Laboratory
Animal Center of Southern Medical University (Guangzhou,
China). All animal experiments were carried out in accord-
ance with the Institutional Animal Care Committee at the
Southern Medical University, and followed the national and
animal experimental ethics standards. The animals were fed
with common feed for oneweek in the suitable experimen-
tal environment with 12h of 12h light/dark cycle rhythm
regulation, room temperature (25 * 1°C), and humidity
(50 =10%). Thirty-six mice were randomly divided into
three groups: blank group, HUA model group, and allopu-
rinol group. Both HUA group and allopurinol group mice
received the treatment of daily intraperitoneal injection of
potassium oxonate 350 mg/kg and oral gavage of hypoxan-
thine 450 mg/kg, while blank group with the same amount
of solvent. Allopurinol group received 5mg/kg allopurinol

gavage 1h prior to modeling, others with saline. All of the
mice performed cardiac color ultrasound examination after
eightweeks of treatment and were sacrificed subsequently.

Blood samples and biochemical analysis

Blood samples were collected from all animals in heparin
anticoagulation tubes, and then centrifuged at 3000 rcf for
10min at 4°C. The supernatant was isolated and stored at
—20°C for biochemical measurements. The uric acid concen-
tration was measured by a QuantiChrom™ Uric Acid Assay
Kit (BioAssay Systems, Hayward, CA, USA; DIUA-250).
The XO was measured by a XO Activity Assay Kit (Solarbio,
Beijing, China; BC1095).

Echocardiography examination

All of the animals received echocardiography examination
at the end of the 8th week by an ultra high-frequency and
high-resolution small animal ultrasonic imaging system
(VEVO 2100, Visual Sonics, Toronto, Canada). Before the
ultrasound procedure, the mice were fasted for 8h, and the
hair on the front chest was removed to expose the examina-
tion site using an electric hair shaver. Animals were under
anesthetic sedation during the ultrasound evaluation; 1.5%
pentobarbital (45mg/kg) was administered via intraperito-
neal injection 10min prior to the procedure. Heat preserva-
tion and proper subcutaneous injection for rehydration and
resuscitation care were provided. The left ventricular ante-
rior wall (LVAW) and left ventricular posterior wall (LVPW)
thickness, and left ventricular internal diameter (LVID) in
both the diastolic stage and systolic stage were measured.
Cardiac function parameters — such as left ventricular end-
diastolic volume (LVEdV), left ventricular end-systolic stage
volume (LVEsV), stroke volume (SV), ejection fraction (EF),
fraction shortening (FS), and left ventricular mass corrected
(LV mass) — were calculated by the system software based
on the measurements.

Histopathology

The animals were sacrificed immediately after blood collec-
tion. The organs were dissected, photographed, and weighed
as soon as possible and then transferred to Eppendorf tubes
prefilled with 4% paraformaldehyde. Paraffin-embedded
tissue specimens were prepared into 4 um-thick sections for
further hematoxylin—eosin (H&E) and Masson’s trichrome
staining and assessed by light microscopy.

Statistical analysis

The bar charts were processed by GraphPad Prism 8.0
(GraphPad Software, San Diego, CA, USA) and expressed
as mean value *+ standard deviation (SD). Statistical differ-
ences between groups were determined by independent
two-sample t-test. P <0.05 was considered to be statistically
significantly (*P <0.05; **P<0.01; **P<0.001).

Bioinformatics data mining

The gene expression information of GSE84796 was retrieved
from the National Center for Biotechnology Information
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Figure 1. Basic characters throughout eightweeks modeling. (A) plasma uric acid concentration (week 0—4: n=6; week 6: blank n=6, model n=4, AP n=6; week 8:
blank n=5, model n=5, AP n=6); (B) survive curve among groups; (C) body weight monitoring (week 0—4: n=12; week 5: blank n=12, model n=10, AP n=12; week

6: blank n=12, model n=9, AP n=12; week 7-8: blank n=11, model n=9, AP n=12);

AP n=12). Data are presented as mean value = SD.
*P<0.05; **P<0.01; ***P<0.001.

(NCBI) Gene Expression Omnibus (GEO) database. The
multivariate correlations were visualized using R software
with the corrplot package. Correlation parameters and
curves were generated using Python software with the
seaborn package.

Results

Basic characters description

As expected, during the entire modeling period, the plasma
uric acid level in the model group was significantly increased
compared with that in the blank group, and it was sensitive

(D) plasma XO concentration (week 2: n=12; week 8: blank n=11, model n=9,

to the urate-lowering agent allopurinol (Figure 1(A)). After
eightweeks of modeling, 75% of the model mice, 92% of the
blank mice, and 100% of the allopurinol mice survived. The
starting time of mouse death in the model group was shorter
than that in the blank group (Figure 1(B)). The body weight of
all groups increased throughout the whole modeling period.
However, the body weight gain in the second week was sig-
nificantly less in the model group than in the blank group,
and allopurinol treatment did not significantly improve this
parameter (Figure 1(C)). The plasma XO showed increase
in model group compare with blank group in both week 2
and week 8, but the differences did not show significance.



168 Experimental Biology and Medicine

Volume 248  January 2023

- 2.5 1.5
2.0 . | I -
15 | Sl £ [ ]
g 1.97 i
£ £ 1.5+ < 10
S 1.0+ = =
< s 107 S 0.5-
> 2 a
0.5- 0.54
0.0- 0.0- 0.0-
¥ S L & > R & > R
S & > & ¥ > ¢ ¢
2> O '\ N\
¥ §° O AR\
2.0 5 ILI | 4-
g 1.5- —_ 4- — 3"
E 1.0_ B 2_ 5 2_
> > >
= 0.5 - = q-
1_
0.0- 0- 0-

N
S @
2\0 L

N 4
s T & T

Figure 2. Echocardiographic measurements after eightweeks modeling. (A) Representative image of echocardiographic examination; (B) summarized
echocardiographic measurements. Data are presented as mean value = SD (blank n=11, model n=9, AP n=12).
d/s: diastolic stage/systolic stage; LVAW: left ventricular anterior wall; LVPW: left ventricular posterior stage; LVID: left ventricular inner diameter.

*P=0.05; **P=0.01.

However, allopurinol significantly suppressed XO compare
with model group (Figure 1(D)).

Echocardiographic measurements of changes in
structures

The echocardiographic examination was performed after
eightweeks of modeling. Through the left ventricular

M-mode image, we observed that the wall thickness of
the model group was increased compared with that of
the blank group, and the inner diameter was correspond-
ingly decreased due to the thickened wall. Allopurinol
attenuated ventricular wall hypertrophy to some extent
(Figure 2(A)). Further statistical analysis showed that the
potassium oxonate and hypoxanthine co-administration
treatment significantly promoted anterior wall thickening
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Figure 3. Cardiac functional parameters comparison among groups. (A) Left ventricular mass comparison; (B) left ventricular end-diastolic volume comparison;
(C) left ventricular end-systolic volume comparison; (D) ejection fraction comparison; (E) fractional shortening comparison; (F) stroke volume comparison. Data are

presented as mean value = SD (blank n=11, model n=9, AP n=12).
*P<0.05; **P<0.01; **P <0.001.

in both diastolic and systolic stages compared with the
blank group. Although the posterior wall thickness was
also increased by the model treatment compared with the
blank control, the differences were not significant. The
inner diameter of the model group was less than that in
the blank group in the diastolic stage but not the systolic
stage. Allopurinol improved the wall thickness induced by
chronic HUA modeling and attenuated the decrease in the
diastolic inner diameter (Figure 2(B)).

Cardiac function assessment comparison

The cardiac functional parameters can be calculated from the
echocardiographic measurement values. Consistent with the
cardiac hypertrophy measurements, the mass of the left ven-
tricle was significantly increased in the model group compared
with the blank group and was sensitive to allopurinol treatment
(Figure 3(A)). The end volume of the model group was signifi-
cantly decreased compared with that of the blank group in the
diastolic stage (Figure 3(B)) but not the systolic stage (Figure
3(C)). The EF was slightly affected by the modeling treatment
but did not show significant differences. This influence could
be attenuated by allopurinol (Figure 3(D)). The modeling treat-
ment significantly decreased the FS compared with the blank

treatment and could also be improved by allopurinol (Figure
3(E)). The SV was also significantly affected by the modeling
treatment and improved by allopurinol (Figure 3(F)).

Heart histopathological and morphological
alterations

The hearts were photographed and weighed immedi-
ately after the mice were sacrificed. From the images, we
observed that the potassium oxonate and hypoxanthine co-
administration method produced enlarged hearts, which
was consistent with the findings in the echocardiographic
parameters. Allopurinol attenuated this heart hypertrophy
(Figure 4(A)). A significant difference was observed in the
heart-to-body weight ratio. Allopurinol treatment slightly
improved this ratio, but this trend was not statistically sig-
nificant (Figure 4(B)). H&E staining showed that compared
with the blank group, the model group exhibited obvious
infiltration of inflammatory cells, enlarged and disorderly
arranged cardiomyocytes, and dark-stained nuclei (Figure
4(C)). Masson’s staining showed that compared with the
blank group, the model group exhibited intercellular colla-
gen fibrosis (Figure 4(D)). All these histopathologic changes
were improved by allopurinol treatment.
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Figure 4. Morphologic and histopathologic alterations of hearts. (A) Representative image of the hearts; (B) the ratio of heart weight to body weight among the
groups; (C) hematoxylin—eosin staining of left ventricular tissue under light microscopy; (D) Masson’s staining of left ventricular tissue under light microscopy. Values
are expressed as the mean value + SD of determinations (blank n=11, model n=9, AP n=12). Scale bar is 100 uM.

***P<0.01.

Visualized demonstration of ventricular remodeling
by the inducers

Although both intercellular synthesis and exocellular uptake
are thought to be the sources of cardiomyocytic uric acid,
the contribution of these two causes is still controversial.
Therefore, we compared the relationship between key mark-
ers of xanthine dehydrogenase (XDH) and uric acid trans-
port (URAT1) and markers of heart injury in both healthy
donors and heart failure donors through GEO data set
(GSE84796) mining. Both XDH and URAT1 correlated to
some extent with the ventricular remodeling markers natriu-
retic peptide A (NPPA) and natriuretic peptide B (NPPB)
in healthy donors but not in heart failure patients. XDH
seemed to have a stronger correlation (Figure 5(A) and (B)).
In the assessment of fibrosis markers, we found that URAT1
was correlated with tissue inhibitory of metaloproteinase
2 (TIMP2) and transforming growth factor beta 1 (TGFf1),
while another marker, ATP-binding cassette subfamily G
member 2 (ABCG2), was negatively correlated with TGF1.

These findings indicate that cytoplasmic uric acid may influ-
ence cardiac fibrosis (Figure 5(C)). For heart failure progno-
sis, the correlation between the biomarker ST2 and URAT1
was stronger than the correlation between ST2 and XDH
(Figure 5(D)). Therefore, both synthesis and transport are
related to the pathological process of the heart but in dif-
ferent stages. We graphically summarized our modeling in
Figure 5(E). Potassium oxonate inhibits UOX to prevent uric
acid degradation. This therefore promotes high levels of
extracellular uric acid exposure, while hypoxanthine cataly-
sis by XO promotes cellular cytoplasm uric acid production.
These two processes promote cytoplasmic uric acid accu-
mulation and cause cardiomyocytic injury, further leading
to ventricular remodeling.

Assessment of HUA-associated kidney
complications

Chronic kidney disease is the most common HUA-associated
complication, and this condition has been used to induce
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Figure 5. Visualized demonstration of the inducers. (A) Scatter points indicated relationship between XDH and NPPA and NPPB; (B) scatter points indicated
relationship between URAT1 and NPPA and NPPB; (C) multiple correlation analysis between URAT1, XDH, and fibrosis markers; (D) regression curve between XDH,
URAT1, and ST1 in end-heart failure patients; (E) description of the modeling rationale.

kidney injury in previous publications. We observed that
compared with the blank group, the kidneys in the model
group were pale and enlarged, but allopurinol attenuated
this phenomenon (Figure 6(A)). A significant difference was
observed in the kidney-to-body weight ratio, which is con-
sistent with the photographic evidence (Figure 6(B)). H&E
staining showed that compared with the blank group, the
model group exhibited tubule dilation, infiltration of inflam-
matory cells, and epithelial cell vacuolation (Figure 6(C)).
Masson’s staining showed that compared with the blank
group, the model group exhibited slight intercellular colla-
gen fibrosis (Figure 6(D)). All these histopathologic changes
were improved by allopurinol treatment.

Discussion

Most HUA-associated complication studies focus on kidney
impairment or gouty arthritis development and prevention.
Compared with kidney and joint injury research, research
on HUA-associated cardiovascular complications is still in
its infancy. In 2014, a large retrospective study revealed that

every 1mg/dL increase in serum uric acid was associated
with a 19% increase in the incidence of heart failure and a 4%
increase in the all-cause mortality risk.? The cut-off uric acid
value is 5.6mg/dL in most cardiovascular mortality, while
5.27mg/dL in women and 5.49 mg/dL in men with myocar-
dial infarction, 4.87mg/dL in fatal heart failure.'* However,
the option of choosing urate-lowering agents is limited, and
the influence of current common urate-lowering agents
on cardiovascular is controversial and unsatisfactory.!>-18
Therefore, more in vivo mechanism investigation and assess-
ment of therapeutic treatments for HUA-associated cardio-
vascular disease are essential. A valid model will be useful
for future exploration.

As mentioned above, a proven valid heart injury ani-
mal model of HUA would be beneficial to future research.
The chemically induced method is a mainstream modeling
strategy due to its low cost. The common inducers include
potassium oxonate, hypoxanthine, yeast extract, adenine,
ethambutol, nicotinic acid, and fructose.!*? Currently, sev-
eral studies have also used different models to promote
HUA-associated cardiomyocytic injury in vivo. Guanghong
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Figure 6. Morphologic and histopathologic alterations of kidneys. (A) Representative image of the kidneys; (B) the ratio of kidney weight to body weight among the
groups; (C) hematoxylin—eosin staining of kidney under light microscopy; (D) Masson’s staining of kidney under light microscopy. Values are expressed as the mean
value =+ SD of determinations (blank n=11, model n=9, AP n=12). Scale bar is 100 uM.

***P <0.001.

Jia et al. used a Western diet formula consisting of a high-
fat content (46%) and a high carbohydrate component from
sucrose (17.5) and high-fructose corn syrup (17.5%). This
Western diet was fed to male C57BL6/] mice for 16 weeks.
The plasma uric acid concentration of the model group was
0.68 =0.07mg/dL, which was higher than that of the blank
group (0.50 =0.06 mg/dL). At the termination of this study,
the model group showed cardiomyocyte hypertrophy, myo-
cardial oxidative stress, interstitial fibrosis, and impaired
diastolic relaxation.!® Meilin Yan et al. used the oxonic acid
gavage method to treat SD rats for 16 weeks. The serum
uric acid of the model group was 2.96 +0.32mg/dL, and in
the blank group, it was 1.17 + 0.14mg/dL. They ultimately
observed increased left ventricular end-diastolic pressure,
cardiomyocytic apoptosis, and interstitial fibrosis in the
model group.!' Hailong Zhang et al. administered adenine
and ethambutol for 33 days to induce HUA in the Wistar rats.
They found that the serum uric acid level was approximately
25mg/dL in the model group, and in the blank group, it

was approximately 5mg/dL. Furthermore, the model group
showed myocardial inflammation and damage.?! HUA is as
serum uric acid =7mg/dL (420mmol/L) in men or =6mg/dL
(360mmol/L) in women.?? Throughout the duration of our
experiment, the plasma uric acid concentration of the model
group remained in the range of 10~20mg/dL, fitting the
clinical diagnostic criteria. This was significantly higher than
that in the blank control group. Furthermore, these levels
were decreased by the urate-lowering agent allopurinol. This
suitable concentration is an advancement compared with
others.

In clinical data, the correlation between cardiovascular
issues and HUA in the healthy population is not significant.?®
However, in the condition of accompanying with other
basic diseases such as hypertension, atrial fibrillation, and
type 2 diabetes, HUA accelerates cardiac hypertrophy with
no obvious EF change.?*?” Consistently, our heart weight
data also showed an enlarged heart with limited parameter
impairment. Echocardiography examination indicated that



the modeling method mainly influenced the ventricular end
in the diastolic stage but not in the systolic stage. Both car-
diac function and histological changes can be improved by
allopurinol. This result is consistent with previously pub-
lished results.’® However, we noticed that the anterior wall
thickness is more sensitive to the modeling inducers com-
pared with the posterior portion. More effort is needed to
explain this phenomenon.

The pathological basis of chronic heart failure incidence
and development is a vicious cycle of heart remodeling.?
Currently, there are two distinct mechanisms still in contro-
versy about HUA-associated cardiovascular diseases. Some
researchers believe HUA-associated cardiovascular diseases
are related with the reactive oxygen species produced by
XO-mediated purine metabolism,'* while the others believe
extracellular soluble uric acid is a direct trigger of cardiomyo-
cytes injury, and subsequently promotes cardiac pathological
change.?! Therefore, we performed a bioinformatic analysis
to explore the correlation ship of ventricular markers with
purine metabolism-related XDH and uric acid membrane
transportation—related URAT1. Our bioinformatic analysis
showed that purine metabolism may make substantial con-
tributions to the health condition of remodeling, and uric
acid uptake may play a more important role in the condition
of heart failure. Therefore, a model with increased purine
metabolism and increased extracellular uric acid is benefit
to investigate HUA-associated ventricular remodeling. Of
the two inducers, potassium oxonate is targeted to increase
extracellular uric acid concentrations, and hypoxanthine is
targeted to increase the purine metabolic source. This finding
fits the mechanism of cardiomyocytic injury.

Chronic kidney injury is the most commonly reported
HUA-associated complication in clinical epidemiological
research.?30 Previous publications also showed that the co-
administration of potassium oxonate and hypoxanthine pro-
moted kidney injury when accompanied by modeling 3132
After eightweeks of modeling, we also observed kidney
injury to some extent, which is consistent with previous
reports. Chronic kidney disease is also known as a promoter
of cardiovascular diseases. Some risk factor of ventricular
remodeling is related to the cardiorenal syndrome.3® The
majority of researches believe that kidney injury leads to
renin-angiotensin system activation followed by angiotensin
IIincreasing, which triggers the increase in cardiac afterload
and causes cardiac adaptive responsible hypertrophy.33+

Some shortcomings of this study should be mentioned.
The ventricular remodeling is a continuous process. In the
early stage, it shows diastolic dysfunction and accompany
with ventricular wall hypertrophy. Under the condition that
the risk factors persist, the late stage of ventricular remod-
eling shows systolic dysfunction and accompany with ven-
tricular wall thinning.3>-%” Some researchers proposed that
uric acid may act on heart in an early unstable stage of the
disease; in the stable stages, other factors may overshadow its
effects.®® However, we did not monitor the weekly changes
in cardiac function and heart hemodynamically. And also
did not prolong the modeling period to observe the continu-
ous consequence.

This study systematically assessed the ventricular remod-
eling-inducing effect of a chronic HUA model induced by
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potassium oxonate and hypoxanthine. This study provides
useful information for further investigation and the thera-
peutic treatment evaluation of future HUA-associated heart
injury mechanisms.
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