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Abstract

Background The associations between serum uric acid and osteoporosis or osteopenia remain controversial, and
few studies have explored whether BMI acts as a mediators in the association between the SUA and OP/ osteopenia.

Objective To explore the relationship between serum uric acid and osteoporosis or osteopenia among US adults.

Methods A cross-sectional study was conducted to examine the association between serum uric acid and
osteoporosis or osteopenia from four cycles of NHANES. Binary logistic regression models and restricted cubic

spline models were used to evaluate the association between serum uric acid and osteoporosis or osteopenia, and
interaction analysis was used to test the differences between subgroups. Mediation analysis was utilized to investigate
whether BMI acts as a mediator in the association between SUA and OP/ osteopenia.

Results 12581 participants aged > 18 years were included. A U-shape nonlinear relationship between SUA and
osteoporosis or osteopenia in all people was found (P<0.0001, P for nonlinear=0.0287). There were significant
interactions in age subgroups (P for interaction =0.044), sex subgroups (P for interaction=0.005), and BMI subgroups
(P for interaction=0.017). We further assessed the subgroups and found the optimal range of serum uric acid levels
with a lower risk of osteoporosis or osteopenia was 357-535 pmol/L in males, 327-417 umol/L in people aged > 50
years, above 309 umol/L in people aged < 50 years, 344-445 umol/L in people with BMI> 30, and above 308 umol/L in
people with BMI < 30. BMI fully mediated the association of SUA and OP/osteopenia, with a value of -0.0024(-0.0026—-
0.0021). These results were robust in sensitivity analyses.

Conclusions A complicated relationship between SUA and bone health in different populations was observed.
Maintaining SUA within a specific range may be beneficial to bone health. In addition, BMI may play an important role
in the association between SUA and bone health, but considering the limitations of this study, further prospective
research is required.
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Introduction

Osteoporosis (OP) or osteopenia is a complex, multi-
factorial, prevalent bone disorder worldwide, character-
ized by low bone mass and impaired microarchitectural
structure. The decreased bone strength with increased
fragility predisposes bones to fracture and thereby
results in tremendous suffering, considerable economic
costs, and higher short-term mortality risk [1-3]. Cur-
rently, it has been estimated that more than 200 million
people are suffering from osteoporosis, and the number
will increase dramatically in the coming decades. The
International Osteoporosis Foundation estimated that
one in three women over 50 years old and one in five
men will experience an osteoporotic fracture [4]. Thus,
potential factors for bone mineral density (BMD) need
to be identified which are vital for devising public health
strategies.

Serum uric acid (SUA) is an end product of purine
nucleosides and free bases degradation in humans and
higher primates, and it has been considered an essential
endogenous potent antioxidant [5-7]. Recently, some
studies have demonstrated that higher SUA might be
beneficial for bone metabolism through its antioxidant
properties [8, 9]. However, the other studies revealed
no causal association between SUA and BMD [10, 11].
Existing studies provided somewhat conflicting results
about the association between SUA and bone health,
and most of the existing studies have quantified the
relationship between SUA levels and BMD with sim-
ple or transformed linear models [8—12]. Accordingly,
the purpose of this study was to explore the associa-
tion between SUA and bone health in people aged 18
or older by using mediation analysis and a nonlinear
model, restricted cubic splines (RCS), a nonlinear model
based on a piecewise cubic polynomial function. These
representative sample populations were derived from
the NHANES (National Health and Nutrition Examina-
tion Surveys).

Methods

Ethical statement

This was a retrospective cross-sectional study using data
from four cycles of NHANES (2007-2008, 2009-2010,
2013-2014, 2017-2018). The study was approved by the
National Center for Health Statistics Research Ethics
Review Board, and written consent was obtained from
each participant. Data from NHANES are publicly avail-
able and anonymous, so this study received an Institu-
tional Review Board exemption from the University of
California, Los Angeles.

Study population

The National Health and Nutrition Examination Survey
(NHANES) is a cross-sectional representative survey
that provides multitudinous information about the nutri-
tion and health of adults and children across the United
States using a complex, stratified, multistage, probabil-
ity sampling design [13]. Four NHANES survey cycles
(2007-2008, 2009-2010, 2013-2014, and 2017-2018)
were analyzed in this study, which provided informa-
tion on SUA and BMD. A total of 40,115 individuals who
completed the interviews and physical examinations
and responded to all relevant questions were included.
27,534 participants were excluded for the following rea-
sons: aged <18 years old (n=15,391), missing BMD data
(n=9043), missing SUA data (n=710), participants with
cancer (n=1625), or patients using medications that
might affect the bone metabolism or uric acid level (such
as diphosphonate, glucocorticoids, estrogen, allopurinol,
benzbromarone, etc.) (#=765). A total of 12,581 partici-
pants were included in the final analysis. The detailed
screening process is shown in Fig. 1.

Study variables

The exposure variable of this study was SUA, which has
been measured using Beckman Synchron LX20 since
2002. The outcome variables were femoral neck and total
femur BMD, measured by Dual-energy X-ray absorp-
tiometry (DXA)with a Hologic QDR-4500 A fan-beam
densitometer (Hologic, Inc., Bedford, Massachusetts),
and the results were expressed as grams of bone mineral
per square centimeter (g/cm?). DXA scans were per-
formed by NHANES well-trained and certified radiology
technologists in the NHANES mobile examination center
(MEC). The mean femoral BMD of non-Hispanic white
adults (20-29 years old) in the NHANES III database was
defined as the reference value according to the study of
Looker et al. [14]. According to the criteria recommen-
dation of the World Health Organization, osteopenia was
defined as -2.5<T-score <-1.0 standard deviation (SD),
and osteoporosis was diagnosed by T-score <-2.5 SD [15].
In the present study, OP/osteopenia was defined as meet-
ing one of the criteria for osteopenia or osteoporosis.

In addition, the following covariates were included:
sex, age, race/Hispanic origin, body mass index (BMI),
high-density lipoprotein (HDL), alanine aminotransfer-
ase (ALT), asparate aminotransferase (AST), albumin
(g/L), globulin(g/L), bilirubin (umol/L), alkaline phospha-
tase (U/L), serum calcium (mmol/L), serum 25(OH.)D
(nmol/L), phosphorus (mmol/L), eGFR, total cholesterol
(mmol/L), diabetes, hypertension, vigorous work activity,
self-reported disease: gout, liver disease, kidney disease,
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Excluded:
Age < 18 years (n=15391)
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Missing BMD data (n=9043)

Excluded:
Missing SUA data (n=710)

Excluded:
Cancer or using medications (n=2390)

Fig. 1 Selection of study participants in the National Health and Nutrition Examination Survey (NHANES, 2007-2010, 2013-2014, and 2017-2018)

history of fracture, thyroid disease, removing both ova-
ries. Participants who meet one of the following four cri-
teria will be defined as having diabetes: (1) fasting blood
glucose>126 mg/dl; (2) two-hour oral glucose tolerance
test (OGTT)=200 mg/dl; (3) glycohemoglobin>6.5%;
(4) having been told by a doctor to have diabetes. Par-
ticipants who meet one of the following three criteria
will be defined as having hypertension: (1) systolic blood
pressure (SBP)>140 mmHg; (2) diastolic blood pres-
sure (DBP)>90 mmHg; (3) having been told by a doctor
to have hypertension. The Modification of Diet in Renal
Disease (MDRD) equation was used to calculate eGFR:
186 x Scr™115% x Age™0293x (0.742 if female) [16].

Statistical analysis
According to NHANES analytic guidelines, complex
sampling design and sampling weights were considered
in our analyses [17]. The sampling weight was calculated
using the following formula: fasting subsample 8-year
mobile examination center (MEC) weight=fasting sub-
sample 2-year MEC weight/4. The characteristics of
participants are described as means (SD) for continu-
ous variables and frequencies (percentages) for categori-
cal variables. The ¢-test and chi-square test were used to
compare continuous and categorical data, respectively.

A restricted cubic spline was used to explore the asso-
ciation of SUA levels and OP/osteopenia prevalence flex-
ibly. In the restricted cubic spline model, all covariates
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above were adjusted. The non-linearity assumption was
tested by using a likelihood ratio test.

We further stratified the analyses by sex (male, female),
age (<50, =250) [17], race (Mexican American, Other His-
panic, Non-Hispanic White, Non-Hispanic Black, Other
Race), BMI (<30, >30), diabetes (no, yes), hypertension
(no, yes), vigorous work activity (no, yes), gout (no, yes),
liver disease (no, yes), kidney disease (no, yes), history
of fracture (no, yes), thyroid disease (no, yes), remov-
ing both ovaries (no, yes). Based on the likelihood ratio
test, interaction analysis was used to test the differences
between subgroups.

Several sensitivity analyses were conducted to evalu-
ate the robustness of the findings. Firstly, considering the
possible effect of disease on OP/ osteopenia, we further
excluded individuals who had gout, liver disease, kidney
disease, thyroid disease, removing both ovaries and a his-
tory of fracture. Secondly, we used unweighted data to
perform sensitivity analysis.

Finally, mediation analysis was utilized to investi-
gate whether BMI acts as a mediator in the association
between the SUA and OP/ osteopenia. Bootstrap resa-
mpling was utilized, with 5000 repetitions, to rigorously
examine the mediation effects.

Statistical analyses were performed with R statistical
software (version 4.3.2). A p-value of <0.05 (2-tailed) was
considered statistically significant in all analyses.

Results

A total of 12,581 participants aged>18 years were
included (NHANES 2007-2010, 2013-2014, 2017-
2018), and the weighted number of participants was
118,404,199, with a mean age of 51.0 years old, com-
prising 53.4% men and 46.6% women. Of these indi-
viduals, the prevalence of OP/osteopenia was 45.9%
(5776/12,581). Based on the weighted analyses, par-
ticipants with OP/osteopenia were more likely to have
low serum uric acid levels, older, female, non-Hispanic
White, BMI<30, high HDL, low ALT, low AST, low
albumin, low bilirubin, high alkaline phosphatase, high
serum 25(OH.)D, high phosphorus, low eGFR, high
cholesterol, less likely to have vigorous work activity,
and comorbidities (i.e., hypertension, kidney disease,
thyroid disease, history of fracture, removing both ova-
ries), and detailed baseline characteristics were listed in
Table 1.

The results of sample-weighted multivariate logis-
tic regression analyses are presented in Table 2. With
the SUA classification as the only covariate, Setting
Q1 as the reference, the ORs applied by the unad-
justed univariate logistic regression model was 0.74
(95% CI=0.65-0.84) for Q2, 0.52 (95% CI=0.44-0.61)
for Q3, 0.41 (95% CI=0.36-0.48) for Q4. After adjust-
ment for potential confounders, compared with QI,
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results, except for Q2, indicated higher SUA concentra-
tions were related to a lower incidence of OP/osteope-
nia (Q3 [OR=0.74, 95%CI=0.60-0.93], Q4 [OR=0.63,
95%CI1=0.51-0.77]).

A sample-weighted restricted cubic spline (RCS)
model with optimal knots was used to estimate the dose-
response relationship between SUA and the prevalence
of OP/osteopenia in Fig. 2. We observed a U-shaped
relationship between SUA and OP/osteopenia after
adjusting for potential confounders (P<0.0001, P for
nonlinear=0.0287). The risk of OP/osteopenia decreased
slowly below an SUA of 321 umol/L and decreased rap-
idly, which reached the lowest risk around 452 pmol/L,
then slowly increased.

The results of subgroup analyses are presented in
Fig. 3. There were significant interactions in the asso-
ciation between SUA and OP/osteopenia for age sub-
groups (P for interaction=0.044), sex subgroups (P for
interaction=0.005), and BMI subgroups (P for inter-
action=0.017). Encouraged by the results, we fur-
ther assessed whether there was a linear or nonlinear
association between SUA and OP/osteopenia using
multivariate-adjusted RCS based on the stratifica-
tion of age, sex, and BMI (Fig. 4). In males, we found a
L-shaped relationship between SUA and OP/osteopenia
(P<0.0001, P for nonlinear=0.0270), with the increase
of SUA, the ORs of OP/osteopenia presented a general
trend of decreased. When the SUA levels were above
357 umol/L, the ORs were significantly lower than
1.00, and the risk of OP/osteopenia decreased with the
increase in SUA, with little evidence of correlation at
SUA levels above 535 umol/L. In people aged =50 years,
the result showed that SUA and OP/osteopenia pre-
sented a N-shape nonlinear relationship (P<0.0001, P
for nonlinear<0.0001), and when the SUA levels were
above 327 umol/L, the ORs were significantly lower
than 1.00, the risk of OP/osteopenia decreased with the
increase in SUA, which reached the lowest risk around
417 pmol/L, then increased. In obese people (BMI>30),
an N-shaped nonlinear relationship was also observed
(P=0.0022, P for nonlinear=0.0161). When the SUA
levels were above 344 pmol/L, the ORs were signifi-
cantly lower than 1.00, and the risk of OP/osteopenia
decreased with the increase in SUA, which reached
the lowest risk around 445 pmol/L, then increased. We
estimated a linear inverse association between SUA
and the risk of OP/osteopenia in people aged <50 years
(P=0.0094, P for nonlinear=0.4549) and with BMI<30
(P<0.0001, P for nonlinear=0.6081), and the ORs
were significantly lower than 1.00 at SUA levels above
309 pmol/L and 308 pmol/L, respectively. In females,
the relationship between SUA and OP/osteopenia is
complex, and we found no association after adjusting
for variables (P=0.0701, P for nonlinear=0.6399), but
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Table 1 Characteristics of the study population, according to NHANES 2007-2010, 2013-2014, 2017-2018 (n=12,581)

Characteristic Participants?, No, (%)

Normal (n=6805) OP or osteopenia (n=5776) Pvalue®
Sex <0.001
Male 4325(64.2) 2388(40.1)
Female 2480(35.8) 3388(59.9)
Age mean (SE), y 44,04 (14.86) 55.58 (14.69) <0.001
Race/Hispanic origin <0.001
Mexican American 1325(10.4) 938(6.9)
Other Hispanic 789(6.2) 633(5.0)
Non-Hispanic White 2512(62.4) 2780(72.6)
Non-Hispanic Black 1715(14.5) 747(6.4)
Other Race - Including Multi-Racial 464(6.5) 678(9.1)
BMI <0.001
<30 3869(57.6) 4357(75.2)
>30 2936(42.4) 1419(24.8)
Serum uric acid (umol/L) <0.001
Q1 (<267.7) 1508(21.0) 1826(32.8)
Q2 (267.8-321.2) 1598(22.9) 1518(26.3)
Q3(321.3-380.7) 1839(28.2) 1285(22.9)
Q4 (>380.8) 1860(27.9) 1147(18.0)
HDL, mean (SE), mmol/L 1.29(0.38) 1.46 (0.44) <0.001
ALT, mean (SE), U/L 2743 (21.57) 23.64 (14.47) <0.001
AST, mean (SE), U/L 26.04 (17.16) 25.06 (13.61) 0011
Albumin, mean (SE), g/L 4295 (3.20) 4236 (3.13) <0.001
Globulin, mean (SE), g/L 2851 (4.20) 2830 (4.39) 0.07
Bilirubin, mean (SE), umol/L 12.90 (5.58) 11.64 (5.25) <0.001
Alkaline phosphatase, mean (SE), U/L 67.37 (21.33) 7145 (2341) <0.001
Serum calcium, mean (SE), mmol/L 2.36 (0.09) 2.36 (0.09) 0.346
Serum 25(0OH)D, mean (SE), nmol/L 66.09 (24.83) 7297 (28.72) <0.001
Phosphorus, mean (SE), mmol/L 1.20(0.19) 1.22(0.18) <0.001
eGFR, mean (SE), ml/min*1.73m? 108.80 (57.77) 86.99 (64.59) <0.001
Total cholesterol, mean (SE), mmol/L 5.00 (1.05) 5.13(1.08) <0.001
Diabetes 0.332
No 5632(86.5) 4616(85.7)
Yes 1173(13.5) 1160(14.3)
Hypertension <0.001
No 4495(69.1) 3284(61.6)
Yes 2310(30.9) 2492(38.4)
Vigorous work activity <0.001
No 5180(74.0) 4881(82.4)
Yes 1625(26.0) 895(17.6)
Self-reported disease
Gout 0.243
No 6491(95.9) 5487(95.4)
Yes 314(4.0) 289(4.6)
Liver disease 0.14
No 6577(96.5) 5501(95.7)
Yes 228(3.5) 275(4.3)
Kidney disease 0.015
No 6657(98.4) 5589(97.6)
Yes 148(1.6) 187(2.4)
History of fracture <0.001
No 6218(89.5) 5024(85.5)

Yes 587(10.5) 752(14.5)
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Table 1 (continued)
Characteristic Participants®, No, (%)
Normal (n=6805) OP or osteopenia (n=5776) Pvalue®
Thyroid disease <0.001
No 6316(92.3) 5006(86.0)
Yes 489(7.7) 770(14.0)
Removing both ovaries <0.001
No 6637(97.8) 5266(91.0)
Yes 168(2.2) 510(9.0)

Abbreviation: NHANES, National Health and Nutrition Examination Survey; OP, osteoporosis; BMI, body mass index, calculated as weight in kilograms divided by
height in meters squared; HDL, high-density lipoprotein; ALT, alanine aminotransferase; AST, asparate aminotransferase

2 All estimates accounted for complex survey designs, and all percentages were weighted

b p values were computed separately for each covariate and indicate statistically significant differences between the two groups if P<0.05

Table 2 Association between serum uric acid and osteoporosis or osteopenia

Serum uric acid classification

Weighted Odds Ratio (95%Cl)

Model 12 Model 2° Model 3¢
Q1 Ref(1.000) Ref(1.000) Ref(1.000)
Q2 0.74(0.65-0.84) 0.80(0.70-0.92) 0.90(0.77-1.04)
Q3 0.52(0.44-0.61) 0.61(0.50-0.74) 0.74(0.60-0.93)
Q4 0.41(0.36-0.48) 0.47(0.39-0.57) 063(0.51-0.77)
P for trend <0.001 <0.001 <0.001

Model 1%: crude model

Model 2°: adjusted for baseline sex, age, race

Model 3¢ adjusted for baseline sex, age, race, body mass index, high-density lipoprotein, alanine aminotransferase, asparate aminotransferase, albumin, bilirubin,
alkaline phosphatase, serum calcium, serum 25(OH)D, phosphorus, eGFR, total cholesterol, diabetes, hypertension, vigorous work activity, self-reported disease:
gout, liver disease, kidney disease, history of fracture, thyroid disease, removing both ovaries

excluding females removing both ovaries, there was
a linear relationship between SUA and OP/osteope-
nia (P=0.0288, P for nonlinear=0.2892), and among
females with both ovaries removed, we found no associ-
ation (P=0.3818, P for nonlinear=0.9798) (Supplement
1). In addition, a linear relationship was also observed in
males aged <50 years, males with BMI<30, and males
with BMI>30, and a U-shaped association was found in
males aged =50 years (Supplement 2).

The results of sensitivity analyses are summarized in
Table 3. After excluding participants who had gout, liver
disease, kidney disease, history of fracture, thyroid dis-
ease, and removing both ovaries, higher SUA levels were
associated with OP/osteopenia. In the unweighted analy-
sis, the results were generally robust.

Sex, age, race, high-density lipoprotein, alanine ami-
notransferase, asparate aminotransferase, albumin,
bilirubin, alkaline phosphatase, serum calcium, serum
25(OH)D, phosphorus, eGFR, total cholesterol, dia-
betes, hypertension, vigorous work activity, gout, liver
disease, kidney disease, history of fracture, thyroid
disease, and removing both ovaries were included as
covariates, we further evaluated whether BMI medi-
ate the association between SUA and OP/osteo-
penia. As shown in Fig. 5, BMI fully mediated the
association of SUA and OP/osteopenia, with a value of
-0.0024(-0.0026--0.0021).

Discussion

In the present study, we observed a U-shaped asso-
ciation between SUA levels and OP/osteopenia in all
populations, with either too low or too high SUA levels
associated with increased risk. We further estimated
the subgroups in which significant interactions were
observed and found that the optimal range of SUA levels
was 357-535 pumol/L in males, 327-417 pumol/L in peo-
ple aged 250 years, above 309 umol/L in people aged <50
years, 344—-445 pmol/L in people with BMI>30, and
above 308 pmol/L in people with BMI<30. The relation-
ship between SUA and OP/osteopenia in the females may
be influenced by estrogen and needs to be treated with
caution. Furthermore, the possible fully mediating role of
BMI in the association between SUA and OP/osteopenia
was found.

Currently, there is a controversial relationship between
SUA and bone health in the existing clinical studies. A
meta-analysis suggested that higher SUA levels have a
protective role in bone metabolism disorders [18]. Sev-
eral studies reported a positive correlation between SUA
and BMD in older people [19, 20]. A Rotterdam study
(10.9-year follow-up) in 5074 women and men reported
higher SUA levels were associated with higher femoral
neck BMD and a lower risk of incident osteoporotic frac-
ture [21]. A study by Kaushal et al. from a healthy Indian
population measured BMD at five bone sites (lumbar
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spine (L1-L4), femoral neck (both right and left), and
total femur (both right and left)) showed a significant
positive association between UA and BMD at all bone
sites [22]. Our results also showed that slightly higher
SUA was associated with higher BMD and a lower risk of
OP or osteopenia, consistent with the above results.

In contrast, a cross-sectional study using multivari-
ate linear regression to analyze 6704 adult males from
NHANES 1999-2006 demonstrated no association was
found between SUA and lumbar spine BMD [11]. Zhao
et al. [23] used Logistic regression to analyze the factors
influencing osteoporosis in postmenopausal women with
type 2 diabetes and showed that SUA was neither a pro-
tective nor a risk factor for osteoporosis. A multiple lin-
ear regression analysis on 328 postmenopausal women
reported no significant correlation was observed between
SUA and BMD [24]. The potential reasons for this dis-
crepancy might be the differences in demographic char-
acteristics and the use of statistical methods.

The study populations of some studies were women
who developed estrogen deficiency in postmenopausal
or ovarian removed. Estrogen is one of the key regulators
of bone metabolism, and its deficiency predisposes a dis-
ease in BMD [25]. In our study, there was no relationship
between SUA and OP/osteopenia in women, and further

All people

PNonfinear = 0.0287
Protal <0.0001

OR (95%Cl)
N

0.4+

200 321 400 500
Serum uric acid, umol/L

Fig. 2 Association between SUA and osteoporosis/osteopenia in all
12,581 participants. A restricted cubic spline was modeled. Analysis was
adjusted for sex, age, race, body mass index (BMI), high-density lipopro-
tein, alanine aminotransferase, asparate aminotransferase, albumin, bili-
rubin, alkaline phosphatase, serum calcium, serum 25(0OH)D, phosphorus,
eGFR, total cholesterol, diabetes, hypertension, vigorous work activity, self-
reported disease: gout, liver disease, kidney disease, history of fracture,
thyroid disease, and removing both ovaries. OR, odds ratio; Cl, confidence
interval; the analysis was weighted
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analysis found that a negative association was observed
after exclusion women removing both ovaries, but not
in women with both ovarian resection, suggesting that
estrogen may have played a key role. At the same time,
estrogen also has a certain effect on SUA by promoting
the production of uric acid and inhibiting its excretion.
Therefore, more studies are needed to examine the medi-
ating role of estrogen in the relationships between SUA
and bone health.

In addition, all the above results were based on linear or
transformed linear (log-transformed) models to explore
the relationship between SUA and BMD, which forced a
linear association between SUA and BMD. However, in
the real world, many elements in the human body stay
within a range of levels that are neither too low nor too
high with a usual pattern of U-shaped nonlinear man-
ner. Those forced linear analyses may fail to capture the
complex potential features, as evidenced by the extensive
research discrepancies [26]. Our study further explored
the dose-response relationship using the nonlinear RCS
model, implying that there may be an optimal beneficial
range of SUA for bone health.

Interestingly, a two-sample Mendelian randomized
study from European descent and the UK biobank found
no causal association between SUA and BMD by mea-
suring single nucleotide polymorphism [10]. A similar
conclusion was obtained by Dalbeth N et al. [27]. How-
ever, the study found that some of the urate transport-
ers included within the genetic urate score (particularly
ABCG229) were widely expressed [27]. Urate trans-
porters might affect bone turnover and BMD by affect-
ing the transport of other substrates that influence bone
biology [27]. Furthermore, the method has limitations
because the uric acid level is not only determined by
genetic factors but also susceptible to eating habits, alco-
hol consumption or obesity status, etc. In addition to
the multiple biological effects of genetic variation, these
effects may independently affect BMD.

Notably, the results of intermediary analysis suggested
that fully of the protective effects of SUA on OP/osteo-
penia could be realized through its effects on BMI. The
positive correlation between BMI and SUA has been con-
firmed by many previous studies [28, 29]. Studies have
shown that BMI positively correlates with BMD [30-
32]. The prevalence of OP/osteopenia in obese patients
was 25.6%, which was much lower than that in non-
obese patients (46.9%) in our study. Obese people have
increased body fat and lean mass, leading not only to
passive loading but also to increased muscle strain, which
has a beneficial effect on bone health [33]. These findings
might have constituted a supporting element for the out-
comes of our intermediary analysis.

The antioxidant effect of UA has been demonstrated
by many studies [7, 34, 35], which inhibits osteoclast
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Characteristic OR (95% CI) P for interaction
Sex 0.005
male 0.82(0.75,0.88) [
female 0.95(0.88,1.03) o
Age 0.044
<S0years 0.94(0.87,1.02) e
>S50years 0.83(0.77,0.90) o+
Race 0.298
Mexican American 0.93(0.84,1.03) e
Other Hispanic 0.79(0.70,0.89) e
Non-Hispanic White 0.87(0.81,0.94) o
Non-Hispanic Black 0.93(0.84,1.02) —e—i
Other Race 0.86(0.72,1.02) —eo—i
BMI 0.017
<30 0.83(0.78,0.89) o
>30 0.96(0.87,1.06) o
Diabetes 0.161
no 0.86(0.81,0.92) reH
yes 0.95(0.83,1.08) —e
Hypertension 0.952
no 0.88(0.81,0.94) o+
yes 0.87(0.80,0.95) e
Vigorous work activity 0.068
no 0.90(0.84,0.96) e+
yes 0.80(0.71,0.90) —o—
Gout 0.051
no 0.88(0.83,0.94) reH
yes 0.70(0.55,0.89) ——
Liver disease 0.569
no 0.87(0.82,0.93) reH
yes 0.93(0.73,1.19) —e—i
Kidney disease 0.455
no 0.87(0.82,0.93) ro+
yes 0.97(0.73,1.28) ——
History of fracture 0.899
no 0.87(0.82,0.93) e
yes 0.88(0.75,1.03) —e—
Thyroid disease 0.306
no 0.87(0.81,0.92) ro
yes 0.95(0.82,1.10) —e—i
Removing both ovaries 0.201
no 0.87(0.82,0.92) HeH
yes 1.00(0.79,1.25) ——
| | |
0.0 0.5 1.0 1.5

Odds ratio

Fig. 3 Forest plot for performance on the odds ratio of osteoporosis/osteopenia by serum uric acid in the subgroup. Each stratification was adjusted for
sex, age, race, body mass index (BMI), high-density lipoprotein, alanine aminotransferase, asparate aminotransferase, albumin, bilirubin, alkaline phospha-
tase, serum calcium, serum 25(0OH)D, phosphorus, eGFR, total cholesterol, diabetes, hypertension, vigorous work activity, self-reported disease: gout, liver
disease, kidney disease, history of fracture, thyroid disease, and removing both ovaries except the stratification factor itself. Circles indicate odds ratios
(ORs), with horizontal lines indicating 95% Cis, the analysis was weighted
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Fig. 4 Association between SUA and osteoporosis/osteopenia in the different subgroups. A restricted cubic spline was modeled. Each stratification
was adjusted for sex, age, race, body mass index (BMI), high-density lipoprotein, alanine aminotransferase, asparate aminotransferase, albumin, bilirubin,

alkaline phosphatase, serum calcium, serum 25(0OH)D, phosphorus, eGFR, total cholesterol, diabetes, hypertension, vigorous work activity, self-reported
disease: gout, liver disease, kidney disease, history of fracture, thyroid disease, and removing both ovaries except the stratification factor itself. OR, odds

ratio; Cl, confidence interval, analyzes are weighted



Tu et al. BMC Musculoskeletal Disorders (2024) 25:482

Table 3 Sensitivity Analyses

Analysis Unweighted Adjusted OR (95% P
participants/total Cl) value
participants, No.

Excluding participants had some disease®

SUA Q1 1193/2371 Ref(1.000) <0.001

SUA Q2 983/2222 0.91(0.77-1.09)

SUA Q3 818/2219 0.72(0.57-0.91)

SUA Q4 628/1970 0.63(0.49-0.80)

Unweighted analyses®

SUA Q1 1826/3334 Ref(1.000) <0.001

SUA Q2 1518/3116 0.94(0.84-1.06)

SUA Q3 1285/3124 0.80(0.70-0.91)

SUA Q4 1147/3007 0.73(0.64-0.84)

Abbreviations: SUA, serum uric acid; OR, odds ratio

? Included the possible effect of disease on bone health: gout, liver disease,
kidney disease, thyroid disease, removing both ovaries, history of fracture.
Adjusted for baseline sex, age, race, body mass index, high-density lipoprotein,
alanine aminotransferase, asparate aminotransferase, albumin, bilirubin,
alkaline phosphatase, serum calcium, serum 25(0OH)D, phosphorus, eGFR, total
cholesterol, diabetes, hypertension, vigorous work activity

b Adjusted for baseline sex, age, race, body mass index, high-density
lipoprotein, alanine aminotransferase, asparate aminotransferase, albumin,
bilirubin, alkaline phosphatase, serum calcium, serum 25(0OH)D, phosphorus,
eGFR, total cholesterol, diabetes, hypertension, vigorous work activity, self-
reported disease: gout, liver disease, kidney disease, history of fracture, thyroid
disease, removing both ovaries

bone resorption and promotes bone formation by effec-
tively scavenging free radicals in human plasma. But
this benefit might be disturbed by the hydrophobic lipid
layer of the cell membrane, and the oxidized lipids could
convert uric acid into an oxidant with the help of cop-
per [35-37]. Meanwhile, another mechanism proposed

0.0169*>

Serum |
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that UA produced intracellular free radicals during the
degradation process, which further enhanced superox-
ide by interacting with NADPH oxidase [35]. This in-
tracellular oxidative stress, together with UA-induced
inflammatory cytokines, stimu-lates osteoclast bone
resorption and inhibits osteoblastic bone formation
leading to bone loss [38, 39]. Additionally, SUA may
affect 1, 25D, and PTH levels, which can adversely affect
bone health [40]. The imbalance between oxida-tive
stress and antioxidant is an important cause of affect-
ing bone remodeling [35]. Obesity is closely related to
oxidative stress and antioxidants [41]. Therefore, BMI
may play an important role in the association between
SUA and bone health, and further mechanical studies
are needed.

The present study has several limitations. First, this
is a cross-sectional study, and the risk of associated
unmeasured confounders was not included, so we can-
not evaluate the causal relationships of the associations
between SUA and OP/osteopenia, so the results need
to be treated with caution. Second, only the BMD of
the total femur and femoral neck was analyzed in our
study, and this may lead to a slightly different conclusion
from other sites. Third, though a large population in our
study, this was only a national study, and further pro-
spective large-sample studies from multiple countries
and underlying mechanistic studies are warranted to
determine the exact impact of the association between
SUA and bone health.

-0.1397***

osteoporosis

uric acid

-0.0005

or osteopenia

Direct effect=-0.0005 (95%Cl:-0.0011,0.0001,P=0.1107)
Indirect effect=-0.0024 (95%Cl:-0.0026,-0.0021,P<0.01)

Fig. 5 Mediation analysis. Sex, age, race, high-density lipoprotein, alanine aminotransferase, asparate aminotransferase, albumin, bilirubin, alkaline phos-
phatase, serum calcium, serum 25(0H)D, phosphorus, eGFR, total cholesterol, diabetes, hypertension, vigorous work activity, gout, liver disease, kidney
disease, history of fracture, thyroid disease, and removing both ovaries were included as covariate variables, the analysis was unweighted, ***P<0.001
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Conclusions

In conclusion, this study indicated a complicated rela-
tionship between SUA and OP/ osteopenia in differ-
ent populations and a significant negative association
between a specific range of SUA and OP/osteopenia. In
addition, BMI may play an important role in the associa-
tion between SUA and bone health.
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