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Association between serum uric
acid and depressive symptoms
stratified by low-grade
inflammation status

Sang Jin Rhee?!, Hyunju Lee'? & Yong Min Ahn%:23

Despite increasing evidence for an association between circulating uric acid (UA) and depression,

the directionality of this association remains unclear and is potentially moderated by low-grade
inflammation. Thus, the present study aimed to investigate the cross-sectional association between
serum UA concentration and depressive symptoms in Korean individuals with and without low-

grade inflammation, as measured using serum high-specific C-reactive protein (hs-CRP) levels. The
final study sample comprised 4188 participants, aged 19-79 years, from the Korea National Health
and Nutrition Examination Study 2016. Data on serum uric acid (UA) concentrations, serum hs-CRP
levels, Patient Health Questionnaire-9 (PHQ-9) scores, and relative covariates were retrieved.
Negative binomial regression with adjustment for the complex sample design was used to analyze
the associations. After adjusting for covariates, log-transformed serum UA concentrations and total
PHQ-9 scores were positively associated (incidence rate ratio [IRR] = 1.34 [95% confidence interval
[CI] =1.09-1.66]) for participants without low-grade inflammation and inversely associated (IRR = 0.64
[95% Cl = 0.45-0.92]) for participants with low-grade inflammation. In conclusion, the direction of the
association between serum UA and depressive symptoms was the opposite in participants with and
without low-grade inflammation. The study has the limitation of potential uncontrolled confounders.

Uric acid (UA), the end product of purine metabolism, is primarily known for its association with gout'. How-
ever, there is increasing evidence of its association with the central nervous system, including depression?. Most
previous studies investigating the association between UA and depression/depressive symptoms reported an
inverse association®™%. However, a recent report on adolescents found that UA levels positively correlated with
depression’. UA may have neuroprotective effects, as it is the major antioxidant in human blood?. UA also func-
tions as an intracellular pro-oxidant®, and high serum UA levels are a well-known risk factor for cardiovascular
risks'®!%; these are also associated with depression'?. The dual anti- and pro-oxidant properties of UA imply that
the association between UA and depression may be moderated by tertiary factors.

Inflammation is also known for its association with psychiatric diseases'. Especially low-grade inflammation
has been thoroughly studied as a potential mechanism of mood disorders, including depression'* '>. However,
these studies tend to exclude participants with high-level inflammatory states like acute infection, since the
symptoms of the acute condition itself can manifest like depression. The role and importance of inflammation in
these disorders have been investigated, and recent studies have shown that low-grade inflammation and cardio-
metabolic disturbances are associated with mood symptoms!® 1.

Recently, numerous studies have focused on the interaction between UA and inflammation in certain condi-
tions, including hypertension', albuminuria in type 2 diabetes®, and even mortality*'. For instance, low-grade
inflammation was shown to significantly amplify the effect of UA on albuminuria in type 2 diabetes, moderating
the association?®. As UA has potential interactions with low-grade inflammation, its influence on depression
might also be moderated by low-grade inflammation, which would further explain previous discrepancies. UA’s
anti-and pro-oxidant properties in depression might depend on the level of low-grade inflammation.

Given this background, the present study sought to clarify the cross-sectional association between UA and
depressive symptoms in the Korean general population. We hypothesized that the association between UA and
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Without low-grade

inflammation® With low-grade inflammation®

(hs-CRP <1.0 g/ml) (hs-CRP > 1.0 g/ml)

(n=3129, Size =26,072,526) (n=1059, Size=8,333,353) Statistics®® | df P value®®
Age, mean [95% CI], years 44.99 [44.14-45.83] 47.67 [46.40-48.93] t=4.36 165 | <0.001%+*
Sex F=11.65 1 0.001**
Women, 7 (%) 1868 (50.5%) 558 (43.4%)
Region F=0.89 1 0.35
Rural, 7 (%) 572 (13.4%) 232 (14.9%)
Income F=10.14 1 0.002**
}lesjsiﬁzrifc‘s;;‘ ‘jl“(?,/ff)“e of 463 (12.8%) 228 (17.1%)
Education F=1.89 1 0.17
At least a college graduate, n (%) | 1242 (42.9%) 355 (40.3%)
Unemployment, 7 (%) 1160 (34.1%) 433 (35.8%) F=0.59 1 0.44
Marital status F=1.64 1.92 0.20
Currently married, n (%) 2271 (66.7%) 772 (68.2%)
Previously married, n (%) 322 (8.2%) 139 (9.7%)
Never married, n (%) 536 (25.1%) 148 (22.1%)
Alcohol use, 1 (%) 1778 (62.6%) 551 (57.6%) F=6.11 1 0.014*
Current smoker, 1 (%) 488 (20.1%) 212 (26.4%) F=11.22 1 0.001**
No aerobic exercise, 1 (%) 1620 (48.1%) 609 (52.8%) F=5.15 1 0.025*
History of cancer, n (%) 143 (3.6%) 51 (3.9%) F=0.19 1 0.67
History of arthritis, 7 (%) 230 (5.1%) 102 (6.8%) F=414 1 0.043*
Hypertension, n (%) 860 (23.6%) 426 (35.8%) F=44.98 1 <0.001***
Diabetes, n (%) 314 (7.8%) 187 (13.8%) F=31.85 1 <0.001%**
Hypercholesteremia, 7 (%) 638 (18.0%) 256 (21.0%) F=3.97 1 0.048*
Obesity, 1 (%) 928 (29.9%) 563 (54.3%) F=11152 |1 <0.0017*
Anemia, n (%) 295 (7.9%) 85 (6.2%) F=3.20 1 0.08
ASTY, mean [95% CI], TU/L 20.23 [19.97-20.49] 22.81 [22.12-23.51] t=7.61 165 <0.001%**
;{;/ilanmd’ mean [95% CIJ, 0.814 [0.806-0.822] 0.839 [0.824-0.853] t=3.34 165 | 0.001%
hs-CRP¢, mean [95% CI], mg/L | 0.434 [0.423-0.446] 2.17 [2.08-2.26] t=66.71 165 | <0.001%*
gf‘]i}’l’(::lergy intake’, mean [95% | g0, [1854_1035] 1940 [1869-2013] t=1.11 165 | 027
gﬁi}ngrOtein intake?, mean [95% | ¢ 3¢ [63.57-67.20] 65.49 [62.87-68.22] t=0.09 165 0.93
gEiC acid’, mean [95% CIl, mg/ | 4 o [4.76-4.88] 5.21 [5.11-5.30] t=6.35 165 | <0.001%*
Zli?tfetr"aﬁ{gz]me’ median [inter-| | 1o s 1[0-3] t=0.73 164 | 047

Table 1. Demographic and clinical characteristics of the study subjects stratified by low-grade inflammation
status. hs-CRP =high-sensitive C-reactive protein, df = degree of freedom, CI = confidence interval,

AST =aspartate aminotransferase, PHQ-9 = Patient Health Questionnaire-9. *Statistics adjusted for complex
sample design. ®Categorical variables based on the adjusted-F by Pearson’s chi-square tests, continuous
variables except the PHQ-9 scores based on the ¢ tests, and the PHQ-9 scores based on the design-based
Kruskal Wallis tests. °p values are significant at a=0.05 (*), 0.01 (**), and 0.001(***). ¢Due to the skewed
distribution, logarithmic transformation was performed for the statistics, and the CIs were back-transformed.

depressive symptoms would differ between individuals with and without low-grade chronic inflammation, as
measured using serum high-specific C-reactive protein (hs-CRP) levels.

Results

Demographic and clinical characteristics by low-grade inflammation state (Table 1). When
compared with those without low-grade inflammation, participants with low-grade inflammation were older,
more often current smokers, more often had a history of arthritis, and were less often women, had less household
income, less often alcohol users, and less often engaged in aerobic exercise. Additionally, hypertension, diabetes,
hypercholesteremia, and obesity were more common in those with low-grade inflammation. When comparing
laboratory values, serum aspartate aminotransferase (AST), creatinine, and UA levels were higher in those with
low-grade inflammation. Finally, there was no significant difference in total Patient Health Questionnaire-9
(PHQ-9) scores between participants with and without low-grade inflammation.
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Without low-grade inflammation (hs-CRP <1.0 g/ml)

With low-grade inflammation (hs-CRP > 1.0 g/ml)

(n=3129, size=26,072,526)

(n=1059, Size=8,333,353)

Incidence Rate Ratio
(95% CI)

Design df

p value*

Alpha

Dispersion®

Incidence Rate Ratio
(95% CI)

Design df

p value*

Alpha

Dispersion®

PHQ-9 total score®

1.34 (1.09-1.66)

165

0.007**

1.36

1.07

0.64 (0.45-0.92)

165

0.016*

1.30

1.09

Table 2. The association between uric acid concentrations and depressive symptoms stratified by low-
grade inflammation status. Analysis done by negative binomial regression with adjustment for complex
sample designs. hs-CRP =high sensitive C-reactive protein, CI = confidence interval, df = degree of freedom,
PHQ-9 =Patient Health Questionnaire-9. *p values are significant at a=0.05 (*), 0.01 (**), and 0.001(***).
bDispersion based on Pearson. “Adjusted for age, sex, region, income, education, unemployment, marital
status, alcohol use, smoking behavior, aerobic exercise, history of cancer, history of arthritis, hypertension,
diabetes, hypercholesteremia, obesity, anemia, serum AST, serum creatinine, serum hs-CRP, daily energy
intake, and daily protein intake.

Association between serum uric acid concentrations and depressive symptoms by low-grade
inflammation state (Table 2). The interaction term between log-transformed serum UA concentrations
and the presence of low-grade inflammation was marginally associated with total PHQ-9 scores (p=0.10).
Among participants without low-grade inflammation, there was a positive association between log-transformed
serum UA concentrations and total PHQ-9 scores (incidence rate ratio [IRR] = 1.34 [95% confidence interval
[CI] = 1.09-1.66], df [degree of freedom] = 165, p = 0.007), after controlling for previous covariates. However,
in those with low-grade inflammation, there was an inverse association between log-transformed serum UA
concentrations and total PHQ-9 scores (IRR = 0.64 [95% CI = 0.45-0.92], df = 165, p=0.016).

Discussion

In the present study, the association between serum UA levels and depressive symptoms was reversed by the
presence of low-grade inflammation. In participants without low-grade inflammation, higher UA levels were
associated with depressive symptom severity, while in participants with low-grade inflammation, it was lower
UA levels which were associated with depressive symptom severity.

Most previous studies reported an inverse association between UA and depression/depressive symptoms*-.
One prior study of young participants demonstrated a positive association’. This is of particular interest, as those
without low-grade inflammation were younger in the present study. Discrepancies between previous studies may
be driven by the various study populations’ inflammatory statuses. A previous study from China, which reported
an inverse association between UA and depression, was performed in a study population with a mean CRP level
higher than that in the low-grade inflammation status group assessed in our study®. However, another study from
Denmark, which reported an inverse association between UA and depression, was conducted in a population
with a median CRP level in-between those with and without low-grade inflammation in the present study®, so
direct comparison is limited. Notably, the authors suggested that high UA levels may have a paradoxical effect on
depression, as depression risk was lower in the third than the fourth (highest) quartile of UA levels in their study".

Additionally, differing results may be due to differing study populations and statistical analysis methods. The
present study evaluated depressive symptoms in the general population, while most studies, except the one from
China discussed above, enrolled depressed patients. Furthermore, we excluded participants with hs-CRP lev-
els>10 mg/L. During acute infection, the PHQ-9 may actually reflect acute illness and not depressive symptoms.
Finally, unlike previous studies, the present study used a negative binomial regression approach and adjusted
for complex sample designs to reflect the distribution of depressive symptom scale scores in the general popula-
tion. However, direct comparison is limited as previous studies were not stratified by low-grade inflammation.

The opposite direction of the associations between UA and depressive symptoms with and without low-grade
inflammation may be due to UAs dual pro- and antioxidant properties. In participants with low-grade inflamma-
tion, UA levels may present antioxidant capacity. Lower antioxidant capacity with inflammation induces oxidative
and nitrosative stress, which causes damage to various cellular components including fatty acids, proteins, DNA,
and mitochondria'®. Further, this is known to increase indoleamine dioxygenase, the enzyme that catabolizes
tryptophan into neurotoxic kynurenine instead of serotonin'®, and is also known to cause damage to membrane
polysaturated fatty acids and may affect serotoninergic membrane receptors'®. Finally, this can also induce
neurodegeneration, also a known factor of depression'®. In those without low-grade inflammation, the associa-
tion between UA and depression was reversed. In this situation, UA levels may present a certain pro-oxidant
capacity®. The prior study that reported that higher serum UA levels were associated with depression revealed that
serotonin levels in the brain were negatively associated with blood UA levels in depressed patients’. Pro-oxidant
UA may result from increased nucleic acid oxygenolysis in depression’. However, the pro-oxidant UA effects
also induce inflammation®?, which CRP may not be able to reflect as the association with oxidative stress differs
with inflammatory markers®. Recent meta-analyses reported a significant association between inflammation
and mood disorders, including depression'* °. Inflammation has also been associated with emotional reactivity
in patients even in remission'®. A recent study revealed that these symptoms are associated with cardiovascular
function, glucose metabolism, and lipid metabolism'”. These cardiovascular disturbances, components of the
metabolic syndrome, are all linked to oxidative stress, inflammation, and depressive symptoms®* ?°. Therefore,
further investigation of the complex association between oxidative stress, inflammation, and depressive symp-
toms is needed'® %
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One additional mechanism that might be considered together with oxidative stress is the purine metabolism
pathway. UA is the end product of the purine metabolism; hypoxanthine is catabolized to xanthine, and xanthine
to UA by the enzyme xanthine oxidase. A recent study reported an altered purine metabolism in depression and
that levels of inosine and guanine, upstream metabolites of xanthine in purine metabolism, were decreased and
xanthine levels were increased in patients with depression?. The authors suggested that despite the increased
xanthine oxidase activity in depression as a compensatory mechanism to oxidative stress, it is insufficient to
overcome the UA consumption as an antioxidant, thus leading to decreased UA levels?’. This compensatory
mechanism may in fact be dependent on low-grade inflammation. In people with low-grade inflammation,
despite the increase in xanthine oxidase, UA use as an antioxidant may decrease its levels. However, in those
without low-grade inflammation, a hyperactive purine metabolism in depression could lead to UA accumula-
tion. Further studies investigating the association between specific purine metabolism pathway metabolites and
enzymes based on inflammation status in depression may clarify this issue.

The present study has some limitations. First, it utilized a cross-sectional design such that causality cannot
be determined. Despite controlling for diet and exercise, which can influence UA concentrations, other lifestyle
factors associated with depression may influence UA levels. Additionally, participants with higher UA have a
higher probability of hypertension, and beta-blockers commonly prescribed for hypertension might have a
longitudinal association with depression®. Longitudinal studies are thus needed to clarify causality. Second, our
assessment of depressive symptoms was based on the PHQ-9, which utilizes a self-report measure. However,
the PHQ-9 is based on the Diagnostic and Statistical Manual of Mental Disorders and has significant internal
consistency and test-retest reliability. Third, there may be other covariates that we did not control. Despite con-
trolling for potential confounders, specific symptoms related to depression such as emotional dysregulation'®,
anxiety’, sleep?, aggression®’, and impulsivity®! are also known to be associated with circulating UA or hs-CRP
levels. As this study was based on data retrieved from the Korea National Health and Nutrition Examination
Study (KNHANES), the confounders we could control were limited. Other potential confounders might have
influenced the association. Fourth, an even larger sample would enable further stratifications for specific covari-
ates as an additional analysis, which could expand our knowledge between the association of UA and depressive
symptoms. However, a larger sample would increase the risk of type I error. Fifth, the interaction term was only
marginally significant, even though the stratification was based on a priori hypothesis. Finally, the KNHANES
focuses on depression/depressive symptoms, and the influences of other psychiatric disorders were not evaluated.

Despite its limitations, the present study also has its strengths. First, the data presented here reveal an asso-
ciation between serum UA and depressive symptoms dependent on low-grade inflammatory status, which may
explain discrepancies with previous studies. Second, we used a negative binomial regression adjusted for a
complex sample design using a national, representative population. These analyses maximized statistical power
and reflected the distribution of PHQ-9 scores in the general population.

In conclusion, our study revealed an opposite association between serum UA and depressive symptoms in
participants with and without low-grade inflammation. This emphasizes the importance of screening for and
diagnosing depression in those with serum UA and hs-CRP level imbalances. Further research should use a lon-
gitudinal design to clarify the specific mechanisms underlying this relationship and should consider low-grade
inflammation as a potential moderator.

Methods

Study sample population. Data were retrieved from the KNHANES VII-1 (2016), an annual national
representative survey of noninstitutionalized civilians in the Republic of Korea. The KNHANES assesses health
and nutritional status and estimates the prevalence of chronic diseases. To this end, the KNHANES uses a com-
plex, multi-stage probability sample design. In total, 192 primary sampling units (PSUs) were selected based
on administrative districts and housing types in the Republic of Korea. A systemic sampling system with intra-
stratification by age, sex, and residential area was applied to extract 23 households from each PSU. Finally, within
each household, those aged > 1 year were eligible to participate.

Data from subjects who participated in the health interviews, health examinations, and the nutritional sur-
vey from the KNHANES VII-1 (2016) between January and December 2016 were included. Self-administered
and structured questionnaires were used to collect information about participants’ demographic, clinical, and
nutritional characteristics, and physical examinations were conducted. The total number of participants in the
KNHANES VII-1 was 8150, 6703 of whom participated in all three individual surveys. In our study, only par-
ticipants 19-79 years of age were included, yielding 4943 participants, as the Patient Health Quesionnaire-9
(PHQ-9) was only conducted for those who were > 19-years old. Excluding participants with missing serum UA
and PHQ-9 data yielded 4592 participants, and further excluding those who were pregnant/breastfeeding, those
who were being treated for depression as medication is also known to affect UA levels*, and those with high-
sensitive C-reactive protein (hs-CRP) levels > 10 mg/L indicating an acute infection, yielded 4345 participants.
Finally those with missing values for covariates, including those who did not fast > 8 h prior to blood sampling,
were excluded. The final sample included 4188 participants.

Ethical approval for survey procedures by the Institutional Review Board of Korea Centers for Disease Control
and Prevention was waived as the KNHANES was conducted to improve national government public welfare
measures. All methods were carried out in accordance with relevant guidelines and regulations. Written informed
consent was obtained from all survey participants. Ethical approval for the study design by the Institutional
Review Board of Seoul National University Hospital was waived due to the anonymity and publicly available
nature of the data.
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Assessment of serum uric acid concentrations and high-sensitivity C-reactive protein lev-
els. Inthe KNHANES VII-1, after > 8 h of fasting, blood samples were collected to assess levels of biochemical
markers. Venous serum samples were collected in a serum separating tube, centrifuged at 3000 rpm for 15 min,
and stored at 2-8 °C. Serum UA and hs-CRP were measured within 24 h of sample collection. Serum UA levels
were measured by the colorimetric enzymatic (uricase) method using the Hitachi Automatic Analyzer 7600-210
(Hitachi/Japan)®. In four participants, UA levels were below detection limits (< 1.0 mg/dL) and imputed as
0.9 mg/dL. Serum hs-CRP levels were measured by an immunoturbidimetric method using the Cobas analyzer
(Roche, Germany). Levels in 40 participants in the final population were < 0.15 mg/L and imputed as 0.149 mg/L.
The target monthly coeflicient variances for both UA and hs-CRP were set to<5% and were satisfied. In our
study, the presence of low-grade inflammation was defined as hs-CRP level > 1.0 mg/L, which is usually used as a
cutoff to distinguish low from intermediate cardiovascular risk®*. This value was also equal to the highest quartile
of hs-CRP levels in the final population.

Assessment of depressive symptoms. In the KNHANES VII-1, the Korean version of the PHQ-9 was
used to assess depressive symptom severity. The PHQ-9 is a nine-item self-report questionnaire. Each question is
scored from 0 to 3 points based on the frequency of each symptom. The PHQ-9 has significant internal consist-
ency (a=0.81-0.86) and test-retest reliability (coefficient=0.79-0.89)*>*. The primary outcome of the present
study was the total PHQ-9 score. It was used as a continuous variable to assess associations with depressive
symptom severity and to maintain statistical power.

Other covariates. Covariates for adjustment were based on previous studies investigating the association
between UA and depression/depressive symptoms or known associations with UA or depression/depressive
symptoms™> > ¢ 37-43_We controlled for the following health interview covariates; age (continuous variable), sex
(men or women), region (rural or urban), income (less than the 1st quartile of housing income or at least the
1st quartile of housing income), education (not a college graduate or at least a college graduate), unemployment
(yes or no), marital status (currently married, previously married, not married), alcohol use (yes or no), smok-
ing behavior (current smoker or current non-smoker), aerobic exercise (yes or no), history of cancer (yes or no),
and history of arthritis (including osteoarthritis and rheumatoid arthritis; yes or no). Alcohol use was defined
as drinking>1 cup of alcoholic beverage per month for the past year. A current smoker was defined as some-
one who is currently smoking and had smoked > 100 cigarettes throughout their lifetime. Aerobic exercise was
defined as>1% h per week of high intensity physical activity, or>2% h per week of moderate intensity physical
activity (for those who engaged in both intensities of physical activity, the time engaged in high intensity was
weighted as double moderate intensity).

The following health examination covariates were further controlled for: hypertension (systolic blood pres-
sure > 140 mmHg or diastolic blood pressure >90 mmHg or the use of antihypertensive medication), diabetes
(fasting glucose =126 mg/dL or previous diagnosis by a doctor, or use of antidiabetic medication including
insulin injections), hypercholesteremia (fasting total cholesterol > 240 mg/dL or the use of antilipidemic medi-
cation)*, obesity (body mass index >25 kg/m?)**, and anemia (hemogloblin < 12 g/dL for women and < 13 g/dL
for men). The definitions for these conditions were based on the guideline of the KNHANES. All these variables
were treated dichotomously. Additionally, serum AST, creatinine, and hs-CRP levels were used as continuous
covariates.

Factors from the nutritional survey were also controlled for. These included daily energy and daily protein
intake, calculated from a 24-h dietary recall of the day before the nutritional survey (midnight to midnight).
Calculations were based on the 8th food composition table by the Korean National Rural Resources Develop-
ment Institute.

Statistical analyses. Analyses were adjusted for the sampling procedures and weights of the KNHANES
complex sample design. For skewed covariates, logarithmic transformations were performed for further analy-
sis. Initially, demographic, clinical, and nutritional characteristics were compared between participants with
and without low-grade inflammation. Chi-square tests were performed for categorical variables and ¢ tests for
continuous variables, with the exception of PHQ-9 scores, which were analyzed using the Kruskal Wallis test.
Due to the positive skewness and excess of zeros (37.8%) among participant PHQ-9 scores, we used negative
binomial regression to analyze the relationship between serum UA and depressive symptoms. Initially, the sta-
tistical significance of the interaction between log-transformed UA and the presence of low-grade inflammation
for PHQ-9 data was assessed, controlling for previous covariates. The multivariate analysis was stratified by low-
grade inflammation, based on a cutoff value of 1 mg/L of hs-CRP. The multivariate analysis was controlled for
age, sex, region, income, education, unemployment, marital status, alcohol use, smoking behavior, aerobic exer-
cise, history of cancer, history of arthritis, hypertension, diabetes, hypercholesteremia, obesity, anemia, serum
AST, serum creatinine, serum hs-CRP, daily energy intake, and daily protein intake.

We calculated model fitness by dispersion indices. When calculating these dispersions, weights were stand-
ardized to the sample size of each stratified group of low-grade inflammation by dividing individuals’ weights
by the mean weight of their stratified group.

Statistical analyses were mainly performed with SSPS Version 23.0 (IBM Corporation, Armonk, NY, USA).
STATA Version 15.0 (Stata Corp, College Station, TX, USA) was used for the negative binomial regression, and
R Version 3.6.2 (https://www.R-project.org/) was used for the design-based Kruskal Wallis test. Statistical tests
were two-sided, and p <0.05 was considered statistically significant, with the exception for interaction analysis,
in which p <0.10 was considered statistically significant®.
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Data availability
This study analyzed the data from the KNHANES VII-1 (2016). The data is available to the public after certain
procedures (http://knhanes.cdc.go.kr).

Received: 26 September 2020; Accepted: 21 September 2021
Published online: 14 October 2021

References

1.

2.

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

Jung, J.-Y., Choi, Y., Suh, C.-H., Yoon, D. & Kim, H.-A. Effect of fenofibrate on uric acid level in patients with gout. Sci. Rep. 8,
16767. https://doi.org/10.1038/s41598-018-35175-z (2018).

Ortiz, R., Ulrich, H., Zarate, C. A. Jr. & Machado-Vieira, R. Purinergic system dysfunction in mood disorders: a key target for
developing improved therapeutics. Prog. Neuropsychopharmacol. Biol. Psychiatry. 57, 117-131. https://doi.org/10.1016/j.pnpbp.
2014.10.016 (2015).

. Black, C. N., Bot, M., Scheffer, P. G., Snieder, H. & Penninx, B. Uric acid in major depressive and anxiety disorders. J. Affect. Disord.

225, 684-690. https://doi.org/10.1016/j.jad.2017.09.003 (2018).

. Wen, S. et al. Serum uric acid levels and the clinical characteristics of depression. Clin. Biochem. 45, 49-53. https://doi.org/10.

1016/j.clinbiochem.2011.10.010 (2012).

. Wium-Andersen, M. K., Kobylecki, C. J., Afzal, S. & Nordestgaard, B. G. Association between the antioxidant uric acid and depres-

sion and antidepressant medication use in 96 989 individuals. Acta. Psychiatr. Scand. 136, 424-433. https://doi.org/10.1111/acps.
12793 (2017).

. Li, Y, Zhao, L., Yu, D. & Ding, G. Associations between serum uric acid and depression among middle-aged and elderly participants

in China. Psychol. Health. Med. 24, 1277-1286. https://doi.org/10.1080/13548506.2019.1622748 (2019).

. Tao, R. & Li, H. High serum uric acid level in adolescent depressive patients. J. Affect. Disord. 174, 464-466. https://doi.org/10.

1016/j.jad.2014.12.031 (2015).

. Ames, B. N,, Cathcart, R., Schwiers, E. & Hochstein, P. Uric acid provides an antioxidant defense in humans against oxidant- and

radical-caused aging and cancer: A hypothesis. Proc. Natl. Acad. Sci. USA 78, 6858-6862. https://doi.org/10.1073/pnas.78.11.6858
(1981).

. Sautin, Y. Y. & Johnson, R. J. Uric acid: The oxidant-antioxidant paradox. Nucleosides Nucleotides Nucleic Acids. 27, 608-619.

https://doi.org/10.1080/15257770802138558 (2008).

Ali, N. et al. Association between serum uric acid and metabolic syndrome: A cross-sectional study in Bangladeshi adults. Sci.
Rep. 10, 7841. https://doi.org/10.1038/s41598-020-64884-7 (2020).

Luo, E. & Zhuo, C. Association between uric acid and brachial-ankle pulse wave velocity: Secondary analysis of data from a cross-
sectional study. Sci. Rep. 10, 2282. https://doi.org/10.1038/s41598-020-59391-8 (2020).

Ghaemmohamadi, M. S. et al. Prevalence of depression in cardiovascular patients in Iran: A systematic review and meta-analysis
from 2000 to 2017. J. Affect. Disord. 227, 149-155. https://doi.org/10.1016/j.jad.2017.10.026 (2018).

Bauer, M. E. & Teixeira, A. L. Inflammation in psychiatric disorders: What comes first?. Ann. N. Y. Acad. Sci. 1437, 57-67. https://
doi.org/10.1111/nyas.13712 (2019).

Dargél, A. A., Godin, O., Kapczinski, E, Kupfer, D. J. & Leboyer, M. C-reactive protein alterations in bipolar disorder: A meta-
analysis. J. Clin. Psychiatry. 76, 142-150. https://doi.org/10.4088/JCP.14r09007 (2015).

Osimo, E. E, Baxter, L. J., Lewis, G., Jones, P. B. & Khandaker, G. M. Prevalence of low-grade inflammation in depression: A sys-
tematic review and meta-analysis of CRP levels. Psychol. Med. 49, 1958-1970. https://doi.org/10.1017/s0033291719001454 (2019).
Dargél, A. A. et al. Emotional reactivity, functioning, and C-reactive protein alterations in remitted bipolar patients: Clinical
relevance of a dimensional approach. Aust. N. Z. . Psychiatry. 51, 788-798. https://doi.org/10.1177/0004867417691850 (2017).
Dargél, A. A. et al. Allostatic load, emotional hyper-reactivity, and functioning in individuals with bipolar disorder. Bipolar. Disord.
22, 711-721. https://doi.org/10.1111/bdi.12927 (2020).

Maes, M., Galecki, P, Chang, Y. S. & Berk, M. A review on the oxidative and nitrosative stress (O&NS) pathways in major depression
and their possible contribution to the (neuro)degenerative processes in that illness. Prog. Neuropsychopharmacol. Biol. Psychiatry.
35, 676-692. https://doi.org/10.1016/j.pnpbp.2010.05.004 (2011).

Krishnan, E. Interaction of inflammation, hyperuricemia, and the prevalence of hypertension among adults free of metabolic
syndrome: NHANES 2009-2010. J. Am. Heart Assoc. 3, €000157. https://doi.org/10.1161/jaha.113.000157 (2014).

Ling, Y., Li, X. M. & Gao, X. Cross-sectional association of serum C-reactive protein and uric acid with albuminuria in Chinese
type 2 diabetic patients. Chin. Med. ] (Engl) 126, 4023-4029 (2013).

Li, S. et al. Repeated measurements of serum urate and mortality: A prospective cohort study of 152,358 individuals over 8 years
of follow-up. Arthritis Res. Ther. 22, 84. https://doi.org/10.1186/s13075-020-02173-4 (2020).

Lu, W. et al. Uric acid produces an inflammatory response through activation of NF-kB in the hypothalamus: Implications for the
pathogenesis of metabolic disorders. Sci. Rep. 5, 12144. https://doi.org/10.1038/srep12144 (2015).

Zhou, Y., Zhao, M., Pu, Z., Xu, G., Li, X. Relationship between oxidative stress and inflammation in hyperuricemia: Analysis based
on asymptomatic young patients with primary hyperuricemia. Medicine (Baltimore). 97, 13108. https://doi.org/10.1097/md.00000
00000013108 (2018).

Marazziti, D., Rutigliano, G., Baroni, S., Landi, P. & Dell'Osso, L. Metabolic syndrome and major depression. CNS. Spectr. 19,
293-304. https://doi.org/10.1017/s1092852913000667 (2014).

Varghese, J. E, Patel, R. & Yadav, U. C. S. Novel insights in the metabolic syndrome-induced oxidative stress and inflammation-
mediated atherosclerosis. Curr. Cardiol. Rev. 14, 4-14. https://doi.org/10.2174/1573403x13666171009112250 (2018).

Shafiee, M. et al. Depression and anxiety symptoms are associated with prooxidant-antioxidant balance: A population-based study.
J. Affect. Disord. 238, 491-498. https://doi.org/10.1016/j.jad.2018.05.079 (2018).

Ali-Sisto, T. et al. Purine metabolism is dysregulated in patients with major depressive disorder. Psychoneuroendocrinology. 70,
25-32. https://doi.org/10.1016/j.psyneuen.2016.04.017 (2016).

Verbeek, D. E., van Riezen, J., de Boer, R. A., van Melle, J. P. & de Jonge, P. A review on the putative association between beta-
blockers and depression. Heart Fail. Clin. 7, 89-99. https://doi.org/10.1016/j.hfc.2010.08.006 (2011).

Wiener, R. C. & Shankar, A. Association between serum uric acid levels and sleep variables: Results from the National Health and
Nutrition Survey 2005-2008. Int. J. Inflam. 2012, 363054. https://doi.org/10.1155/2012/363054 (2012).

Mrug, S. & Mrug, M. Uric acid excretion predicts increased aggression in urban adolescents. Physiol. Behav. 163, 144-148. https://
doi.org/10.1016/j.physbeh.2016.05.014 (2016).

Sutin, A. R. et al. Impulsivity is associated with uric acid: Evidence from humans and mice. Biol. Psychiatry. 75, 31-37. https://doi.
org/10.1016/j.biopsych.2013.02.024 (2014).

Chaudhari, K. et al. Clinical correlation of alteration of endogenous antioxidant-uric acid level in major depressive disorder. Indian
J. Clin. Biochem. 25, 77-81. https://doi.org/10.1007/s12291-010-0016-z (2010).

Scientific Reports |

(2021) 11:20405 | https://doi.org/10.1038/s41598-021-99312-x nature portfolio


http://knhanes.cdc.go.kr
https://doi.org/10.1038/s41598-018-35175-z
https://doi.org/10.1016/j.pnpbp.2014.10.016
https://doi.org/10.1016/j.pnpbp.2014.10.016
https://doi.org/10.1016/j.jad.2017.09.003
https://doi.org/10.1016/j.clinbiochem.2011.10.010
https://doi.org/10.1016/j.clinbiochem.2011.10.010
https://doi.org/10.1111/acps.12793
https://doi.org/10.1111/acps.12793
https://doi.org/10.1080/13548506.2019.1622748
https://doi.org/10.1016/j.jad.2014.12.031
https://doi.org/10.1016/j.jad.2014.12.031
https://doi.org/10.1073/pnas.78.11.6858
https://doi.org/10.1080/15257770802138558
https://doi.org/10.1038/s41598-020-64884-7
https://doi.org/10.1038/s41598-020-59391-8
https://doi.org/10.1016/j.jad.2017.10.026
https://doi.org/10.1111/nyas.13712
https://doi.org/10.1111/nyas.13712
https://doi.org/10.4088/JCP.14r09007
https://doi.org/10.1017/s0033291719001454
https://doi.org/10.1177/0004867417691850
https://doi.org/10.1111/bdi.12927
https://doi.org/10.1016/j.pnpbp.2010.05.004
https://doi.org/10.1161/jaha.113.000157
https://doi.org/10.1186/s13075-020-02173-4
https://doi.org/10.1038/srep12144
https://doi.org/10.1097/md.0000000000013108
https://doi.org/10.1097/md.0000000000013108
https://doi.org/10.1017/s1092852913000667
https://doi.org/10.2174/1573403x13666171009112250
https://doi.org/10.1016/j.jad.2018.05.079
https://doi.org/10.1016/j.psyneuen.2016.04.017
https://doi.org/10.1016/j.hfc.2010.08.006
https://doi.org/10.1155/2012/363054
https://doi.org/10.1016/j.physbeh.2016.05.014
https://doi.org/10.1016/j.physbeh.2016.05.014
https://doi.org/10.1016/j.biopsych.2013.02.024
https://doi.org/10.1016/j.biopsych.2013.02.024
https://doi.org/10.1007/s12291-010-0016-z

www.nature.com/scientificreports/

33. Kim, S. K. & Choe, J. Y. Association between smoking and serum uric acid in Korean population: Data from the seventh Korea
national health and nutrition examination survey 2016. Medicine (Baltimore). 98, e14507. https://doi.org/10.1097/md.0000000000
014507 (2019).

34. Yeh, E. T. & Willerson, J. T. Coming of age of C-reactive protein: Using inflammation markers in cardiology. Circulation. 107,
370-371. https://doi.org/10.1161/01.¢ir.0000053731.05365.5a (2003).

35. Han, C. et al. Validation of the Patient Health Questionnaire-9 Korean version in the elderly population: The Ansan Geriatric
study. Compr. Psychiatry. 49, 218-223. https://doi.org/10.1016/j.comppsych.2007.08.006 (2008).

36. Park, S.J., Choi, H. R., Choi, J. H., Kim, K. W. & Hong, J. P. Reliability and validity of the Korean version of the Patient Health
Questionnaire-9 (PHQ-9). Anxiety Mood. 6, 119-124 (2010).

37. Souza, M. L. P, Caranha, N. P. & Herkrath, F. ]. The role of rurality on factors associated with major depressive episode screening
among Brazilian adults in a national household survey. Int. J. Soc. Psychiatry. https://doi.org/10.1177/00207640211004999 (2021).

38. Ahn, ], Kim, N. S., Lee, B. K., Park, J. & Kim, Y. Comparison of the physical and mental health problems of unemployed with
employees in South Korea. Arch. Environ. Occup. Health. https://doi.org/10.1080/19338244.2020.1783503 (2020).

39. Kim, A., Lee, J. A. & Park, H. S. Health behaviors and illness according to marital status in middle-aged Koreans. J. Public Health
(Oxf) 40, €99-e106. https://doi.org/10.1093/pubmed/fdx071 (2018).

40. Grassi, L. & Riba, M. Cancer and severe mental illness: Bi-directional problems and potential solutions. Psychooncology. 29,
1445-1451. https://doi.org/10.1002/pon.5534 (2020).

41. Harth, M. & Nielson, W. R. Pain and affective distress in arthritis: Relationship to immunity and inflammation. Expert Rev. Clin.
Immunol. 15, 541-552. https://doi.org/10.1080/1744666x.2019.1573675 (2019).

42. Katsas, K. et al. Malnutrition in older adults: Correlations with social, diet-related, and neuropsychological factors. Nutrition. 71,
110640. https://doi.org/10.1016/j.nut.2019.110640 (2020).

43. Matzkies, F, Berg, G. & Madl, H. The uricosuric action of protein in man. Adv. Exp. Med. Biol. 122a, 227-231. https://doi.org/10.
1007/978-1-4615-9140-5_36 (1980).

44. Kwon, Y., Lee, J. W. & Kang, H. T. Secular trends in lipid profiles in Korean adults based on the 2005-2015 KNHANES. Int. J.
Environ. Res. Public Health. https://doi.org/10.3390/ijerph16142555 (2019).

45. World Health Organization. Regional Office for the Western Pacific. The Asia-Pacific perspective: redefining obesity and its treat-
ment. Sydney: Health Communications Australia. 2000.

46. Rural Development Administration (KR), 2011. Food Composition Table. 8th rev. ed. Suwon: Rural Development Administration.

47. Doi, Y. et al. Serum phosphate levels modify the impact of parathyroid hormone levels on renal outcomes in kidney transplant
recipients. Sci. Rep. 10, 13766. https://doi.org/10.1038/s41598-020-70709-4 (2020).

Acknowledgements
We thank all of those who participated in the Korea National Health and Nutrition Examination.

Author contributions

Drafting of the manuscript: S.J.R. Review and editing the manuscript: H.L and Y.M.A. Analysis: S.J.R. Study
design: S.J.R, H.L and Y.M.A. All authors read and approved the final manuscript. The authors are entirely
responsible for the scientific content of this paper.

Competing interests
Yong Min Ahn receives research support from or serves as a speaker for Janssen Korea Ltd., Lundbeck Korea Co.,
Ltd, and Korea Otsuka Pharmaceutical. The other authors have no conflict of interest to declare.

Additional information
Correspondence and requests for materials should be addressed to Y.M.A.

Reprints and permissions information is available at www.nature.com/reprints.

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims in published maps and
institutional affiliations.

Open Access This article is licensed under a Creative Commons Attribution 4.0 International

= License, which permits use, sharing, adaptation, distribution and reproduction in any medium or
format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the
Creative Commons licence, and indicate if changes were made. The images or other third party material in this
article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line to the
material. If material is not included in the article’s Creative Commons licence and your intended use is not
permitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from
the copyright holder. To view a copy of this licence, visit http://creativecommons.org/licenses/by/4.0/.

© The Author(s) 2021

Scientific Reports |

(2021) 11:20405 | https://doi.org/10.1038/s41598-021-99312-x nature portfolio


https://doi.org/10.1097/md.0000000000014507
https://doi.org/10.1097/md.0000000000014507
https://doi.org/10.1161/01.cir.0000053731.05365.5a
https://doi.org/10.1016/j.comppsych.2007.08.006
https://doi.org/10.1177/00207640211004999
https://doi.org/10.1080/19338244.2020.1783503
https://doi.org/10.1093/pubmed/fdx071
https://doi.org/10.1002/pon.5534
https://doi.org/10.1080/1744666x.2019.1573675
https://doi.org/10.1016/j.nut.2019.110640
https://doi.org/10.1007/978-1-4615-9140-5_36
https://doi.org/10.1007/978-1-4615-9140-5_36
https://doi.org/10.3390/ijerph16142555
https://doi.org/10.1038/s41598-020-70709-4
www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/

	Association between serum uric acid and depressive symptoms stratified by low-grade inflammation status
	Results
	Demographic and clinical characteristics by low-grade inflammation state (Table 1). 
	Association between serum uric acid concentrations and depressive symptoms by low-grade inflammation state (Table 2). 

	Discussion
	Methods
	Study sample population. 
	Assessment of serum uric acid concentrations and high-sensitivity C-reactive protein levels. 
	Assessment of depressive symptoms. 
	Other covariates. 
	Statistical analyses. 

	References
	Acknowledgements


