
OR I G I N A L R E S E A R C H

High Level of Serum Uric Acid induced Monocyte
Inflammation is Related to Coronary Calcium
Deposition in the Middle-Aged and Elder Population
of China: A five-year Prospective Cohort Study
Xiaojun Wang1,2,*, Xuanqi Liu3,*, Yiding Qi4,*, Shuyi Zhang4, Kailei Shi4, Huagang Lin5,
Paul Grossfeld6, Wenhao Wang1,2, Tao Wu1,2, Xinkai Qu4, Jing Xiao5, Maoqing Ye2,4

1Department of Traditional Chinese Medicine, Huadong Hospital Affiliated to Fudan University, Shanghai, 200040, People’s Republic of China;
2Shanghai Key Laboratory of Clinical Geriatric Medicine, Huadong Hospital Affiliated to Fudan University, Shanghai, 200040, People’s Republic of
China; 3Department of Respiratory and Critical Care Medicine, Huadong Hospital Affiliated to Fudan University, Shanghai, 200040, People’s Republic
of China; 4Department of Cardiology, Huadong Hospital Affiliated to Fudan University, Shanghai, 200040, People’s Republic of China; 5Department of
Nephrology, Huadong Hospital Affiliated to Fudan University, Shanghai, 200040, People’s Republic of China; 6Division of Cardiology UCSD School of
Medicine, Rady Children’s Hospital of San Diego, La Jolla, CA, 92093, USA

*These authors contributed equally to this work

Correspondence: Maoqing Ye, Department of Cardiology, Shanghai Key Laboratory of Clinical Geriatric Medicine, Huadong Hospital Affiliated to Fudan
University, Shanghai, 200040, People’s Republic of China, Tel +86-18930721396, Email yemaoqing@fudan.edu.cn; Jing Xiao, Department of Nephrology,
Huadong Hospital Affiliated to Fudan University, Shanghai, 200040, People’s Republic of China, Tel +86-13817100256, Email jingxiao13@Fudan.edu.cn

Background: Serum uric acid (SUA) is suspected to be associated with atherosclerosis and calcium deposition in atherosclerosis is
known to related poor prognosis, yet there is no cohort study on the aged in China. We aimed to investigate the relationships between
SUA levels and coronary calcium deposition in the middle-aged and elderly populations in China.
Methods: A total of 326 participants between the ages of 50 and 85 who had undergone a coronary CT scan in 2015 at the Huadong
Hospital Affiliated to Fudan University (Shanghai, China) were included in this study. Univariate and multivariate binary logistic
regression was performed to analyze the correlation between SUA levels and coronary artery calcium score (CACS). The changes in
CACS during a five-year follow-up were analyzed through Kaplan–Meier survival and binary cox regression analysis. An observa-
tional study was done on another 104 asymptomatic middle-aged and elderly patients to compare relative mRNA expressions of
proinflammatory factors in peripheral blood mononuclear cells (PBMCs) from 104 subjects.
Results: Based on the first year of follow-up data analysis, the elevation of SUA levels (P<0.001) is an independent risk factor for the
increase of CACS after coordinating the confounding factors. According to five-year follow-up data, cox regression analysis proved that
SUAwas a risk factor for CACS (HR =5.86, P<0.001). The mRNA expression of IL-6 and CXCL8 in the HUA and HUA patients with
CAC (HUA-CAC) groups was significantly higher than that in the normal control (NC) and coronary calcium deposition (CAC) groups.
Conclusion: Taken together, the findings in this study indicate that high SUA levels (P<0.001) are an independent risk factor for
CACS and elevated SUA levels increase the risk of developing coronary calcium deposition among middle-aged and old people in the
Chinese population, which may be related to an increase of pro-inflammatory cytokines in the PBMCs.
Keywords: serum uric acid, calcium deposition, coronary artery calcium score, monocyte inflammation

Introduction
In the past decade, the rapid urbanization and accompanying lifestyle changes in China, such as a high-fat, high-calorie diet
and decreased physical activity, have contributed to a significant increase in metabolic syndromes, like obesity, diabetes,
hypertension, hypertriglyceridemia, low and high- density lipoprotein cholesterol levels, and hyperuricemia (HUA). Uric
acid (UA) is the final product of purine metabolism in humans, and disorders of purine metabolism can lead to increased
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serum uric acid (SUA) levels and HUA. Previous experimental and clinical studies indicate that elevated levels of SUA are
associated with higher mortality and increased cardiovascular events. Therefore, a strong and potentially critical connection
may exist between HUA and cardiovascular diseases.1–3 Atherosclerosis is no longer a simple accumulation of cholesterol in
blood vessels but a continuous, dynamic, inflammatory process affecting the vasculature and often, leading to cardiovascular
events.4 Several Clinical studies have confirmed the association of HUA with the progression of atherosclerosis, thereby
leading to its addressal as a possible risk factor for atherosclerosis.5,6 However, most HUA patients have complex metabolic
or cardiovascular comorbidities such as obesity, diabetes, hypertension, or cardiac insufficiency; these confounding factors
hinder our understanding of the association of HUA and atherosclerosis.

Because of contrasting clinical study results, the importance of SUA as a risk factor and prognostic indicator of athero-
sclerosis is still controversial.5,7 The underlyingmolecular mechanisms of atherosclerosis caused by SUA are unclear, but several
speculated mechanisms of HUA involvement in atherosclerosis, including inflammation, oxidative stress, endothelial dysfunc-
tion, smoothmuscle cells proliferation, and angiotensin II production, have been discussed.2,8–11Growing evidence has suggested
that the central role of inflammation in the association between HUA and atherosclerosis. It is speculated that SUA works as
a danger signal by inducing inflammasome-dependent inflammation via the suppression of AMP-activated protein kinase
(AMPK) activity.10 In addition, prolonged high SUA levels lead to the crystallization of UA to form monosodium urate
(MSU) crystals that induce an acute inflammationmediated by NLR family pyrin domain containing 3 (NLRP3) inflammasomes
and interleukin (IL)-1.12 Meanwhile, inflammation is recognized as the major in underlying cause of atherosclerosis and an
essential component during various stages of disease progression13. Mononuclear cells and cytokines also playing a critical role
from the initial stages of atherosclerosis.14,15 However, questions like whether the increasing SUA related inflammation could
independently induce atherosclerosis, what are the underlying mechanisms, and whether HUA should be treated to prevent the
development of atherosclerosis need to be further investigated.

It is well-established that calcium deposition in atherosclerosis is related to disease severity and poor prognosis, and
coronary artery calcium score (CACS) is an independent risk predictor of coronary events.16,17 The scores can be
determined through a non-contrast cardiac computed tomography (CT) and they provide incremental utility for stratify-
ing the risk among participants with no coronary heart disease (CHD).18,19 Based on the 2018 A American College of
Cardiology (ACC) and American Heart Association (AHA) guidelines, CACS testing has been incorporated into the risk
stratification of cardiovascular disease and treatment guidance. The 2020 Chinese guidelines for primary prevention of
cardiovascular diseases have also adopted CACS as a risk factor for the condition.20 Hence, CACS can be used as an
indicator for early detection of subclinical atherosclerotic calcium deposition. Coronary artery calcification (CAC) is
usually considered as the natural process of atherosclerosis and a kind of vascular degenerative disease. It is mainly due
to the abnormal deposition of calcium salt on the coronary artery wall, involving the vascular middle membrane and
intima, resulting in the hardening of the vascular wall, reducing the vasoconstrictive response and affecting the coronary
blood flow. At the same time, intimal injury causes various inflammatory reactions and promotes the formation of
plaque.21 The results of some cohorts also proved that higher inflammation levels can aggravate the disease process of
coronary calcification.22,23 Meanwhile, many studies have shown that the pathogenesis of HUA is related to inflamma-
tion, oxidative stress, insulin resistance and so on.8,24

Therefore, we aimed to investigate the relationships between SUA levels and coronary calcium deposition, taking
inflammation as a mediator, in the middle-aged and elderly populations. In this five-year prospective cohort study, the
association between SUA and CACS was investigated in 326 asymptomatic middle-aged and older patients. In addition,
another 104 asymptomatic middle-aged and elderly patients were included for an observational study to further explore
the effects of SUA on patients with calcium deposition in coronary atherosclerosis (CAS).

Materials and Methods
Participants of the Study
A total of 326 asymptomatic middle-aged and elderly patients (including 210 males and 116 postmenopausal females) from
January 1, 2015 to December 31, 2015 who underwent physical examination in the Huadong Hospital Affiliated to Fudan
University (Shanghai, China) were included in this prospective cohort study. In addition, 104 asymptomatic middle-aged
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and elderly patients from June 1, 2020 to March 31, 2021 were included in an observational study. All participants
underwent routine physical examination, including screening for cancer, cardiovascular disease and other age-related
diseases. The asymptomatic HUA patients exclusion criteria were as follows: (1) serum creatinine >1.5 mg/dL; (2) two-fold
elevation of ALT compared with the normal upper limit; (3) serious stiffness or deformity due to gouty arthropathy; (4)
clinically significant arrhythmia; (5) those having serious concurrent diseases in the hematopoietic system, liver, cerebro-
vascular system or kidney, mental diseases, malignant cancers and immune system; (6) those taking salicylate or aspirin
(>325mg/d)-containing medications, hypouricemic medications, 6-mercaptopurine or azathioprine; (7) those being
involved in additional clinical trials in the last three months were also excluded. At the same time, patients who had
taken medications (such as digitalis, propranolol, phenytoin and hydroxybenzylamine) that may affect cardiovascular
disease in the past 12 months or more were excluded from this analysis. In addition, patients with coronary heart disease
undergoing percutaneous coronary intervention (PCI) were excluded. Patients with systolic blood pressure (SBP) greater
than 130 mmHg, or patients with hypertension (SBP of greater than 130 mmHg) receiving medical therapy were also
excluded (Supplement 1). All included patients with SUA levels higher than 420 µmol/L were diagnosed with HUA.
Coronary calcium deposition is defined by elevated CACS or coronary CTangiography. The elevated CACS was defined as
score >0. The study was conducted in accordance with the Helsinki Declaration and the protocol was reviewed and
approved by the Institutional Ethics Committee of Shanghai Huadong Hospital (20150126). All written informed consents
were available and this trial is registered with ChiCTR2100050192.

Biochemical and CACS Determination
Blood samples were collected from each participant in the morning after 12 h of fasting, and assayed at the Huadong
Hospital Laboratory. The Chronic Kidney Disease Epidemiology Collaboration (CKD-EPI) equation was used to
determine glomerular filtration rate (eGFR; mL/min/1.73 m2) to assess renal function. In addition, triglycerides (TG),
total cholesterol (TC), alkaline phosphatase (ALP), serum creatinine (Scr), UA, fasting blood glucose (FBG), hemoglobin
A1c (HbA1c), and high and low-density lipoprotein (HDL and LDL) levels in serum were measured. Body height and
weight were determined and body weight (kg) was divided by body height (m2) to calculate the body mass index (BMI).
The Agatston calcium score, which was obtained from the 64-row 128-slice spiral CT coronary angiography examination
(Siemens, Erlangen, Germany), was used to assess CACS.

Assessment of the Framingham Risk Scores (FRS)
The risk for cardiovascular disease was assessed using FRS calculated based on the six coronary risk factors including age,
gender, TC, HDL-cholesterol, systolic blood pressure, and smoking habits. The cutoffs for calculating FRS were as follows:
TC < 160, 160–199, 200–239, 240–279, and ≥ 280 mg/dL; for systolic blood pressure: < 120, 120–129, 130–139, 140–159,
and ≥ 160 mmHg; and for HDL-C: < 40, 40–49, 50–59, and ≥ 60 mg/dL; for age:20–34, 35–39, 40–44, 45–49, 50–54, 55-59,
60–64, 65-69,7 0–74, 75-79; for smoking status:20–39 non-smoker, 20–39 smoker, 40–49 non-smoker, 40–49 smoker, 50–59
non-smoker, 50–59 smoker, 60–69 non-smoker, 60–69 smoker, 70–79 non-smoker, 70–79 smoker.

Bioinformatics Analysis
Disease-associated targets were identified from DisGeNET (http://www.disgenet.org) and National Center for
Biotechnology Information (NCBI). The KEGG signal pathway enrichment of the important targets of HUA with
CAS was analyzed by using the DAVID 6.8 database. Hub genes were determined using the Search Tool for the
Retrieval of Interacting Genes/Proteins (STRING) and Cytoscape software. A protein-to-protein interaction (PPI)
network was established based on the STRING database, including 5 nodes and 18 edges. A P<0.05 was considered
to be a statistically significant difference.

Collection of Human Peripheral Blood Mononuclear Cells (PBMCs)
All experiments with human blood were approved by the local Ethics Committee of Huadong Hospital affiliated with
Fudan University (No. 20190037). Ficoll-Paque density gradient centrifugation was used to isolate the PBMCs. Whole
blood was centrifuged at room temperature at 500 x g for 5 min to separate the plasma. The pellet was diluted with an
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equal volume of 1XPBS (at room temperature), underlaid with Ficoll-Paque (at room temperature), and centrifuged
(2000 rpm, 30 min, 21 °C) in a Heraeus Multifuge X3R (Thermo Fisher Scientific) with acceleration set to five and
deceleration set to zero. After collecting the PBMCs from the Ficoll-Paque-plasma interface, they were transferred to
a 15mL tube and washed (1500 rpm, 10 min, 4 °C) twice with 1XPBS.

Quantitative Reverse Transcription PCR (RT-qPCR)
Total RNA was extracted from PBMCs using TRIzol® reagent (Invitrogen; Thermo Fisher Scientific, Inc.). cDNA was
synthesized by a reverse-transcription reaction with the PrimeScript RT Reagent kit (Takara Biotechnology). The specific
cDNA fragments were amplified using a Real-time PCR Detection System and Power SYBR-Green (Takara
Biotechnology) with relevant primers. The results were expressed as a relative expression to the β-actin gene. The
relative expression level of each target gene was analyzed using the 2-ΔΔCq method and normalized to β-actin. The PCR
primer sequences are presented in Supplement 2.

Statistical Analysis
Data were analyzed using STATA15.1 and GraphPad Prism software. Continuous variables were presented as mean ±
standard deviation (SD) while categorical variables were expressed as percentages. An independent sample’s t-test was
adopted to compare measurement variables between the two groups. Univariate and multivariate binary logistic regression
was performed to analyze the correlation between elevated SUA levels and CACS after adjusting for the covariates.
A receiver operating characteristic (ROC) curve was constructed to measure the prognostic value of SUA. The changes in
CACS levels during the five-year follow-up were analyzed through Kaplan-Meier survival estimate and binary cox regression
analysis. Cluster analysis was performed for variables and participants through system cluster and hierarchical clustering and
the R software (Version 3.6.3) was used for data analyses. The difference of P<0.05 was deemed to be statistically significant.

Results
Demographic Characteristics and Risk Factors Related to the Changes in CACS Levels
Among Participants
Summary-level data related to the primary outcomes of the participants is provided in Table 1. A total of 326
asymptomatic patients were included in this analysis (mean age was 62.17 years; 62.42% males; 86.2% non-smokers;
and 7.98% alcohol consumers) (Table 2). A small group of patients developed comorbidities, such as hypertension
(10.12%) and diabetes (5.52%). To understand the underlying risk factors of coronary calcification, binary logistic
regression model constructed, and the results of the model are described in Table 2.

As shown in Figure 1A, CAC score is composed of four indicators including LAM, LAD, LCX and RCA. In
univariate logistic regression, the main demographic parameters of age, BMI, gender, and alcoholic abuse, as well as
hemogram indices such as UA, Scr, HBAC1, TG, HDL, LDL, FBG and ALP, were related to the changes in CACS.
Furthermore, the results revealed that SUA (P<0.001) and ALP (P=0.006) were independent risk factors of coronary
calcium deposition even after coordinating the confounding factors. When compared with normal patients, those with

Table 1 Matrix of Outcome Measures and Assessments

Baseline 1 Year 2 Years 3 Years 4 Years 5 Years

Baseline characteristics (Age, Gender, BMI, Smoke status, Alcoholic intake,

Complications)

P

Serum uric acid P

CACS P P P P P P

Blood glucose P P P P P P
Liver function test P

Renal function test P

Abbreviations: BMI, body mass index; CACS, coronary artery calcium score.
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coronary calcium deposition were older (P=0.043) (Table 2). In an additional analysis, the four items of CACS were
analyzed respectively, and the results demonstrated that the level of SUA is significantly associated with each item
significantly (Figure 1C).

Predictive Role of SUA in Coronary Calcification Deposition
It has been reported that ALP is an independent risk factor for CACS [23]. To evaluate the prognostic value of SUA and
ALP in coronary calcification deposition, ROC curve was constructed to predict the abnormal status of CACS in the
first year of follow-up. As shown in Figure 1B, the area under the curve (AUC) values of SUA and ALP were 0.7596 and
0.4087, respectively (Supplement 3). Therefore, the predictive ability of SUA for the changes in CACS far exceeds that
of ALP. This indicates that SUA is a useful predictive factor for the dynamic changes in CACS in the first year of follow-
up. Moreover, FRS and erythrocyte sedimentation rate (ERS), which are critical markers of cardiovascular risk events
and systematic inflammation, of the participants were documented. Based on the AUC value of FRS (Figure 1D) and
ESR (Figure 1E), both FRS and ESR exhibited relatively poor predictive ability for CACS as compared with SUA.

Table 2 Univariate and Multivariate Logistic Regression Between CACS and Hemogram Indices

Model Mean±SD Univariate Regression Multivariate Regression

OR 95% CI. P-value OR 95% CI. P-value

Age 62.17±7.00 1.043 1.009–1.078 0.013 1.046 1.001–1.093 0.043

BMI 24.67±2.75 1.136 1.042–1.238 0.004 1.074 0.966–1.195 0.184

Gender 210(62.42) 5.670 3.092–10.399 <0.001 3.945 1.298–13.343 0.022

Smoke Status -

Non-smoker 281 (86.2) Reference - - - - -

Ex-smoker 37 (11.35) 2.011 1.007–4.015 0.048 - - -

Smoker 8 (2.45) 1.273 0.298–5.445 0.744 - - -

Alcoholic Intake 26 (7.98) 2.442 1.088–5.478 0.030 1.353 0.520–3.523 0.536

HBP 33 (10.12) 0.965 0.450–2.070 0.927 - - -

Diabetes 18 (5.52) 0.733 0.254–2.111 0.565 - -

SUA 349.80±69.75 1.016 1.012–1.021 <0.001 1.014 1.009–1.019 <0.001

eGFR 86.58±14.88 0.991 0.976–1.007 0.288 - - -

Scr 74.92±12.19 1.037 1.016–1.059 <0.001 1.011 0.984–1.038 0.431

HBAC1 5.57±0.77 2.378 1.552–3.644 <0.001 1.208 0.720–2.027 0.474

TC 4.17±4.77 0.999 0.951–1.048 0.954 - - -

TG 2.21±1.35 0.733 0.606–0.886 0.001 0.931 0.656–1.321 0.688

HDL 3.88±4.77 0.881 0.827–0.938 <0.001 1.132 0.990–1.293 0.070

LDL 2.26±0.71 1.392 1.012–1.915 0.042 0.994 0.642–1.539 0.978

FBG 5.68±0.85 1.966 1.405–2.752 <0.001 1.317 0.869–1.995 0.194

ALP 67.55±19.68 0.980 0.966–0.993 0.004 0.977 0.961–0.993 0.006

Abbreviations: SE, standard error; OR, odds ratio;95% CI,95% confidence interval; BMI, body mass index; HBP, high blood pressure; Scr, serum creatinine; eGFR,
estimated glomerular filtration rate; ALP, alkaline phosphatase; TC, total cholesterol; TG, triglycerides; HDL, high-density lipoprotein; LDL, low-density lipoprotein; HBA1C,
hemoglobin A1C. The P value in red means that the p value <0.05 and is considered to be significantly important.
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Figure 1 Analysis of the predictive effect of different clinical indicators and scores on CAC score. (A) Representative examples of CAC in four patients. (B) ROC shows the
predictive ability of SUA in asymptomatic participants. (C) The column diagram shows the correlation between four items in CACS and SUA. (D) ROC shows the predictive
ability of the Framingham risk score in asymptomatic participants; (E) ROC shows the predictive ability of ESR in asymptomatic participants.
Abbreviations: CAC, coronary artery calcification; LAD, left anterior descending coronary artery; LCX, left circumflex coronary artery; LMCA, left main coronary artery;
RCA, right coronary artery; SUA, serum uric acid. (****, P<0.0001).
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Five-Year Survival Analysis Among the Asymptomatic Population
To further investigate the clinical predictive value of SUA for coronary calcification, the participants were followed up
for five years. In the fifth year, information regarding increased CACS in the participants and the time of its occurrence
was collected for 288 patients. To compare CACS between the participants with and without high SUA, the Kaplan-
Meier survival analysis was performed. Results indicated that population with a higher value of SUA is usually the one to
show the appearance of coronary calcification deposition earlier as compared with those with a lower value of SUA
(Figure 2A). Statistical difference was not observed between the male and female groups (Supplement 4). To control the
confounding factors, it was postulated that high SUA might be a predictive factor (Figure 2B) in the forest plot. For this
purpose, a Cox regression analysis was performed, which indicated that SUA was indeed a risk factor related to high
CACS (P<0.001) (Supplement 5).

Potential Targets of Comorbidity in HUA and CAS
Until now, the mechanisms underlying the relationship between HUA and CAS have not been fully elucidated. To find the
potential target genes related to HUA (CUI number:C0740394) and atherosclerosis (CUI number:C0004153), a total of
HUA 196 genes and 239 atherosclerosis genes (confidence score is ≥0.3 in CAS) were screened from DisGeNET. In the
VENNmap, 37 genes were overlapping between CAS and HUA (Figure 3A). The KEGG pathway annotation indicated that
these overlapping genes were enriched in 35 enriched pathways. Among these, nine signaling pathways with the highest
p-adjust values (nominal p values) are presented in Figure 3B. These include the NOD-like receptor signaling pathway,
inflammatory pathway and the Cytokine-cytokine receptor interaction pathway. A PPI network was also constructed, and
the key modules and hub genes were determined using the STRING and Cytoscape software (Figure 3C and D). The above
37 genes (Figure 3A) overlapped between HUA and CAS were re-enriched in another 31 KEGG pathways which mainly
enriched in inflammation related pathways, metabolism related pathways and cancer related pathways on the basis of
KEGG pathway annotation. 18 targets related to the inflammation pathways, 11 targets related to metabolic pathways, and
10 targets related to cancer pathways were also obtained from the KEGG pathway annotation. Five of these overlapping
targets which we consider may be the most import targets belonged to three pathways described in the VENN map
(Figure 3E). A PPI network was also constructed using the STRING platform (Figure 3F), indicating that the tumor necrosis
factor-α (TNF-α), cysteine X chemokine ligand (CXCL) 8, interleukin (IL)-6, caspase-3 (CASP3) and signal transducer and
activator of transcription-3 (STAT3) were important pathogenic targets.

Gene Expression Analysis of Proinflammatory Cytokines in PBMCs of 104 Patients in
the Observational Study
To verify our bioinformatics results stated above, we enrolled another set of 104 participants and divided them into four
groups, namely, normal control (NC), HUA patients, patients with coronary calcium deposition (CAC), and HUA patients
with CAC (HUA-CAC), for gene analysis in their PBMCs by RT-qPCR. The corresponding criteria of HUA and CAC was
listed in Methods. As shown in Supplement 6, the clinical characteristics, including baseline features and hemogram
indices, were collected for all these four groups. Furthermore, we followed up and documented the results of our laboratory
examinations. A discriminant multivariate analysis showed that the patients did not differ much in all the clinical
parameters between groups. Figure 4A–F gives a visual representation of the differences in clinical parameters across
the four different groups. For patients with CAC, the value of SUAwas more elevated as compared with normal controls.

Moreover, HUA-CAC patients harbored significantly higher levels of blood urea nitrogen (BUN) as compared with that
the patients in the CAC group. All variables (IL-6, CXCL8, TNF, STAT3 and CASP3) were analyzed by ordinary one-way
ANOVA statistical analysis (Tukey’s multiple comparisons test). The mRNA expression levels of inflammatory cytokines
IL-6 (P < 0.0001) and CXCL8 (P < 0.0001) increased significantly from the HUA group to the NC group. Likewise,
a significant increment was also observed in the mRNA expression levels of IL-6 (P < 0.0001) and CXCL8 (P < 0.0001)
from the HUAwith CAC group to the NC group (Figure 4G). To identify the differences in the five gene mRNA expressions
of these genes among four groups, mRNA expression profiling was performed on the results obtained from system cluster
and hierarchical cluster analyses. Results revealed that IL-6 and CXCL8 mRNAs were differentially abundant in the four
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Figure 2 A total of 326 asymptomatic middle-aged and elderly patients with 5-year clinical follow-up analysis. (A) Survival curve in 326 asymptomatic middle-aged and
elderly patients over five years. K-M analysis demonstrated that SUA level was associated with CACS. P<0.05 means statistically significance between two groups. (B) Binary
cox regression analysis for CACS within 5 years. Forest plot showed the result of cox regression analysis.
Abbreviations: HR, hazard ratio; CI, confidence interval; BMI, body mass index; HBP, high blood pressure; Scr, serum creatinine; eGFR, estimated glomerular filtration rate;
TC, total cholesterol; TG, triglycerides; FBG, fasting blood-glucose; ALP, Alkaline phosphatase; HDL, high-density lipoprotein; LDL, low-density lipoprotein; HBA1C,
hemoglobin A1C.
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Figure 3 Potential pathogenesis of hyperuricemia on coronary atherosclerosis. (A) The Venn diagram of both hyperuricemia targets and coronary atherosclerosis targets.
(B) Bubble chart of the top 9 signaling pathways screened by using the KEGG enrichment analysis. (C) Protein-protein interaction and gene co-expression network. (D) Hub
genes were determined using the STRING and Cytoscape software. (E) Venn diagram showing the overlap genes between three types of pathways. (F) Protein-protein
interaction and gene co-expression network.
Abbreviations: IL-6, interleukin (IL)-6; CXCL8, cysteine X chemokine ligand (CXCL) 8; TNF, tumor necrosis factor-α (TNF-α); Caspase3, CASP3; STAT3, signal transducer
and activator of transcription-3.
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Figure 4 An observational study on 104 asymptomatic middle-aged and elderly patients. (A-F) Density distribution of SUA, SCR, BUN, eGFR, TC and TG value in four
groups. (G) Column plot shows the mRNA level of five genes (IL-6, CXCL8, TNF, Caspase3, STAT3) between four groups. (H) The correlation analysis between clinical
indexes and relative gene expression in patients. (I) Expression profile cluster analysis of five genes from PBMCs involved in four groups patients.
Abbreviations: SCR, serum uric acid; SCR, serum creatinine; BUN, blood urea nitrogen; eGFR, estimated glomerular filtration rate; TC, total cholesterol; TG,
triglycerides; IL-6, interleukin (IL)-6; CXCL8, cysteine X chemokine ligand (CXCL) 8; TNF, tumor necrosis factor-α (TNF-α); Caspase3, CASP3; STAT3, signal transducer
and activator of transcription-3; NC, normal control; HUA, hyperuricemia; CAC, coronary calcium deposition. * Represents the statistic difference between the normal
control group and all other groups. (**, adjusted P<0.01; ****, adjusted P<0.0001).
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groups (Figure 4G). Subsequently, these four groups were divided into further two groups on the basis of RT-PCR cluster
analysis (the HUA and HUA-CAC groups were combined into one group, whereas the NC and CAC group were combined
into the other group). The analysis further confirmed that IL-6 and CXCL8 are the chief pro-inflammatory cytokines
mediating the inflammatory response (Figure 4I). A crucial result to be noted is that the relative mRNA expression of IL-6
was more positively correlated to the SUA level (r=0.76) according to the correlation analysis (Figure 4H).

Discussion
The present research is a five-year prospective cohort and observational study to explore whether a high SUA level is an
independent risk factor for coronary calcification. First, a cross-sectional study was conducted on 326 asymptomatic
participants, and the results suggested that SUA level is indeed strongly related to CACS. The one-year follow-up study
confirmed that SUA has a better predictive value than FRS and ESR for coronary calcium deposition based on the ROC
prediction model. To further verify this finding, a five-year follow-up consecutive study was performed using the Kaplan
Meier survival analysis and Cox regression analysis. Next, bioinformatics analysis was performed on data from the
DisGeNET database, suggesting that TNF-α, CXCL8, IL-6, CASP3 and STAT3 could be the common pathogenic gene
targets of HUA and CAS. Also, an observational study was conducted and the relative mRNA expression of possible
pathogenic factors was analyzed in PBMCs from the four groups of patients (NC, HUA, CAC and HUA-CAC). Results
indicated that IL-6 and CXCL8 is highly expressed in the HUA and HUA-CAC groups; however, significant differences
were not observed between their expressions in the NC and CAC groups.

Currently, SUA is suspected to25 affect the pathogenesis in subclinical arteriosclerosis, but this remains unclear,
particularly for coronary calcification. Although several cohort studies have assessed the role of HUA, less research has
been conducted in a continuous long-term prospective manner on the relationship between HUA and CACS, mainly
because asymptomatic patients are reluctant to undergo CT examinations. As reported in a cross-sectional study, silent
deposition of MSU crystals in patients with asymptomatic HUA was associated with the degree of CAC,26 but whether
HUA is independently associated with CAC has not been established. In this study, a risk prediction model was
established and then the area under the ROC curve was calculated to detect the forecast value of SUA for CACS. The
results demonstrated that SUA has more predictive value than traditional inflammatory markers such as the ESR and FRS
which can only predict the incidence of cardiovascular adverse events. After five years of follow-up, Kaplan Meier
survival analysis was performed and Cox proportional hazards model was constructed to test and verify the prognostic
value of SUA for CACS. Moreover, excluding the confounding factors, our results suggest that SUA is indeed an
independent risk factor for CACS.

Inflammation is a major driver of atherosclerosis and the underlying pathology of cardiovascular diseases. Therefore,
therapeutic targeting of inflammatory pathways is suggested to improve cardiovascular outcomes in patients with
cardiovascular diseases.27 The dominant cellular players in chronic inflammation are the tissue macrophages and
PBMCs. As inflammation progresses, pro-inflammatory cytokines such as IL-6, CXCL8, and TNF are secreted from
the inflammatory cells.28 A previous study has indicated that STAT3 is a representative transcription factor known to that
play a critical role in inflammation-associated diseases through multi-level participation.29 Moreover, inflammation is
a crucial factor mediating high UA levels as well as CAS.30 Chronic inflammation can accelerate the process of aging.
Some studies have found that the increase relative gene expression of proinflammatory cytokines from peripheral blood
derived monocytes is related to the increase of serum uric acid levels,31 but no study has reported the role of
inflammatory monocytes in the development of asymptomatic hyperuricemia and coronary calcification so far. In this
study, the expressions of IL-6, CXCL8, TNF, CASP3, and STAT3 in PBMCs from the NC, HUA, CAC, and HUA-CAC
patients were analyzed along with the gene expression changes. For cluster analysis of these five genes the HUA and
HUA-CAC samples were grouped. Results indicated that the mRNA expression of IL-6 and CXCL8 in these two groups
was significantly higher than that of the other two groups (NC group and CAC group). These results strongly suggested
that IL-6 and CXCL8 seem to act as pro-inflammatory factors in PBMCs of HUA and HUA with CAC patients.
Atherosclerosis is considered to be an inflammatory response, and pro-inflammatory cytokines undoubtedly aggravate the
inflammation.32 Results of this study suggests that high SUA levels seem to aggravate the inflammatory state of PBMCs
in patients with coronary calcification.
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Although HUA is considered to be an adverse factor in cardiovascular events, the general treatment of asymptomatic
HUA to reduce cardiovascular risk is not recommended.33 This study is the first to assess the mediating effects of chronic
inflammation in PBMCs on the association between high SUA levels and coronary calcium deposition. Chronic
inflammation is recognized as the major underlying cause of many pathologies including cardiovascular and cerebro-
vascular events, with mononuclear cells and cytokines playing a critical role in the initial stages of these diseases.34

Asymptomatic HUA is generally associated with inflammatory disorders, including cardiovascular disease.35 Most
studies investigating the morbidity associated with SUA have only determined the effects associated with the appearance
of MSU crystals instead of UA itself.36,37 Moreover, it is challenging to decipher the independent role of SUA at the
clinical level due to the concurrence of other risk factors. The participants included in this study were patients with HUA
without any other concomitant comorbidity (gouty arthritis, renal calculus and gout), clinical condition or antecedent of
gout. Furthermore, the measurement of gene expression levels of cytokines was performed in PBMCs directly drawn
from such individuals, without any kind of cell manipulation. Results of this study demonstrated that high SUA levels
could promote the inflammation response, mediated by pro-inflammatory cytokines, in subclinical CAS patients in real
clinical practice. Thus, the results elucidate a role for chronic inflammation in the association between high SUA levels
and coronary calcification. This indicates that for patients with asymptomatic HU and coronary calcification, early UA-
lowering therapy may reduce the proinflammatory cytokines in PBMCs, which may, in turn, reduce the incidence of
adverse cardiovascular events.

This work is crucial for multiple reasons. First, rigorous exclusion criteria were used, based on routine laboratory results
and medical histories, and the potential confounding factors were carefully adjusted for the sake of appropriate investiga-
tion of the physiological effects of SUA alone on coronary calcium deposition. In the study, we focused on the middle-aged
and elderly people in China, while simultaneously confirming the predictive value of SUA levels for the changes of CACS
in a five-year prospective cohort study. Second, although some studies have shown that HUA is associated with coronary
calcification, most of them are cross sectional studies and do not focus on the middle-aged and elderly population.38–40 In
this study, we focused on asymptomatic middle-aged and elderly participants because aging is considered as a chronic
inflammatory state which plays a vital role in the pathogenesis and development of asymptomatic hyperuricemia and
coronary calcification.22,24 The results of our five-year follow-up and another observational study have shown that high
serum uric acid levels are an independent risk factor for coronary calcification in asymptomatic middle-aged and elderly
population. The relative mRNA expression levels in PBMCs of the four groups of patients (NC, HUA, CAC and HUA-
CAC patients) were compared to verify the results of previous bioinformatics analysis on the common target genes of HUA
and CAS. The results confirmed that patients with HUA-CAC had the highest level of inflammation, which may be caused
by high SUA according to the results of cluster analysis. Third, based on the data analysis of participants who were followed
up for five years and the results of the relative mRNA expression levels by RT-qPCR in PBMCs of other subjects who
participated in the observational study, it was demonstrated that the possibility of early UA-lowering therapy might be
significant for coronary calcium deposition in patients with HUA.

Nonetheless, this study has certain limitations. First, this is a single-center prospective study with a relatively small
sample cohort. Therefore, the results of this study cannot be extrapolated to larger populations. Second, we focused on
the effects of SUA on CACS without correlating clinical symptoms with CACS. Third, although we conducted a five-
year follow-up study and additional observational research to confirm the effects of high UA levels on coronary calcium
deposition, we did not do a follow-up interventional study to make coronary calcium deposition patients with HUA
undergo UA-lowering therapy.

In conclusion, the findings demonstrate that elevated SUA levels increase the risk of developing coronary calcium
deposition, which may be related to the elevated pro-inflammatory cytokines in PBMCs of the patients. Our study
focused on middle-aged and older females and males in China. Nonetheless, studies with a larger sample size and
additional external validations are needed to confirm this conclusion.
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