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Abstract

Osteoporosis (OP) is a systemic bone disease in which bone density and quality decrease
and bone fragility increases due to a variety of causes, making it prone to fractures.

The development of OP is closely related to oxidative stress. Uric acid (UA) is the end
product of purine metabolism in the human body. Extracellular UA has antioxidant
properties and is thought to have a protective effect on bone metabolism. However, the
process of UA degradation can lead to intracellular oxidative stress, which together with
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UA-induced inflammatory factors, leads to increased bone destruction. In addition, UA
can inhibit vitamin D production, resulting in secondary hyperparathyroidism and further
exacerbating UA-associated bone loss. This review summarizes the relationship between

serum UA levels and bone mineral density, bone turnover markers, and so on, in the hope
of providing new insights into the pathogenesis and treatment of OP.
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Introduction

Osteoporosis  (OP) is a metabolic bone disease
characterized by reduced bone mineral density (BMD) and
bone mass and destruction of bone microarchitecture,
leading to increased bone fragility and increased risk
of fracture (1). The development of osteoporosis is
associated with a variety of factors, including hormone
changes and calcium and vitamin D deficiency, and
there is increasing evidence that oxidative stress is also a
potential mechanism for age-related bone loss through
enhancing osteoclast bone resorption (2, 3, 4).

Uric acid (UA) is the end product of purine nucleotide
degradation in the organism (5). Extracellular UA exerts
its antioxidant property through scavenging free radicals
in human plasma. The antioxidant property of UA is
thought to be related to neuroprotective effects and may
reduce the risk of age-related cancers (4, 6); moreover, UA
in the physiological state is considered to have a protective
effect on bone metabolism due to its antioxidant property
(7). Hyperuricemia (HUA) is defined as the level of serum
uric acid (sUA) >6.0 mg/dL (>360 pmol/L) for females

and >7.0 mg/dL (>420 pmol/L) for males (8). Elevated
sUA levels may lead to the deposition of urate crystals
in the joints, kidneys, and other areas, resulting in
joint and kidney damage. The adverse effect of HUA
on bone is probably caused by intracellular oxidative
stress produced by UA degradation and UA-induced
inflammatory  factor  aggregation, @ which  will
slowly damage bones by inhibiting bone formation
by osteoblasts while promoting bone resorption by
osteoclasts, finally leading to joint deformity and
seriously affecting the quality of life (5, 7, 9, 10).
Besides, it has been reported that UA can inhibit the
expression of la-hydroxylase in the proximal tubule,
resulting in secondary hyperparathyroidism, and
further exacerbating UA-related bone loss and
impairing bone reconstruction, thus increasing the risk
of fracture (7). The aim of this review is to summarize
the relationship between UA and bone metabolism,
with the expectation of providing new insights into the
pathogenesis and treatment of OP.
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Development of osteoporosis

Osteoclast-mediated bone resorption and osteoblast-
mediated bone formation are in a dynamic equilibrium
under normal conditions, the processes of bone
resorption and bone formation are coupled in space and
time. When this balance is disturbed, osteoblast function
gradually decreases and osteoclast bone resorption is
relatively enhanced, resulting in greater bone resorption
than bone formation, a decrease in bone mineral and
organic matrix, and a tendency for bone volume to
decline, making the bone mechanically less strong and
susceptible to OP (11).

The development of OP is influenced by many
factors, such as sex hormone deficiency, calcium and
vitamin D deficiency, elevated parathyroid hormone
(PTH) levels, disturbance of inflammatory cytokines
induced by inflammatory diseases, etc., resulting in
decreased osteoblasts function and increased osteoclasts
activity (1, 12). Moreover, recent research implicated
that oxidative stress also plays a pivotal role in the
pathogenesis of OP.
excessiveness of free radicals such as reactive oxygen
species (ROS). ROS are continuously produced in
mitochondria under normal physiological conditions,
but excessive accumulation of ROS can damage cell
membranes, cytoplasm, and even DNA. Excessive
ROS can not only inhibit the differentiation and
proliferation of osteoblasts through inhibiting the
expression of Runx2 and Osterix (Runx2 and Osterix
are key transcriptional regulators of osteoblast
differentiation) but also negatively affect their activity,
viability, and apoptosis, resulting in a decrease in the
number and function of osteoblasts. Furthermore, excess
ROS can promote the expression of osteoclastogenic
markers such as c-Fos, NFATc1, and TRAP to enhance
osteoclastogenesis, finally leading to more bone
destruction (2, 13, 14, 15).

Oxidative stress refers to the

Metabolism of uric acid

UA is the end product of purine nucleotide metabolism
in the human body. Hypoxanthine and xanthine are
the direct precursors of UA, hypoxanthine is oxidized
to xanthine by xanthine oxidase (XO), and xanthine
is finally oxidized into UA in the human body (6, 7).
About 30% of the UA in the organism is excreted by
the intestine and 70% by the kidneys. In the kidney,
urate is freely filtered by the glomeruli and several urate

transporters in the proximal tubule are responsible
for regulating the excretion and reabsorption of UA.
These urate transporters include those that mediate
the passage of urate from the lumen into the cell,
such as URAT1 (SLC22A12), OAT4 (SLC22A11), OAT10
(SLC22A13), and GLUT9 (SLC2A9). ABCG2 (ATP-
binding cassette subfamily G member 2), ABCC4 (ATP-
binding cassette subfamily C member 4), and NPT1
(SLC17A1) are transporters that regulate urate excretion
and are responsible for transporting of urate from the
proximal tubule cells to the tubular fluid. OAT1
(SLC22A6), OAT2 (SLC22A7), and OAT3 (SLC22A8) are
responsible for the transport of urate to the proximal
tubular cells, which is known as urate secretion. GLUT9
(SLC2A9) also regulates urate reabsorption. ABCG2 is
also closely associated with intestinal urate excretion,
and genetic variants in ABCG2 can lead to inadequate
extrarenal urate excretion and HUA (5, 10).

The biological significance of urate is complicated,
it may have antioxidant properties that maintains blood
pressure in people who are on a low-salt diet and reduces
the risk of neurological disease (6, 9, 10). However, when
endogenous or exogenous factors cause urate in the body
to exceed its saturation concentration, urate is deposited
in the joints and other parts of the body, forming
monosodium urate (MSU) crystals and triggering gout
attacks through an inflammatory response, mainly in
the form of redness, swelling, heat, pain, and impaired
mobility of the affected joints and possibly leading to
bone erosion in the affected joints (10, 16).

Serum uric acid and bone mineral density

BMD is commonly measured with dual-energy X-ray
absorptiometry (DXA) in clinical practice, which is
strongly associated with fracture risk. For every 1 SD
reduction in BMD, there is an overall 1.5-2 times increase
in fracture risk (11). OP is defined as a BMD T-score of
<-2.5 at the lumbar spine or femoral neck (17). Several
observational studies have reported that sUA levels
are positively correlated with higher BMD within a
certain range and have a strong protective effect against
bone loss and OPF, thereby reducing the risk of fragility
fractures (18, 19, 20, 21). As above,
oxidative stress is thought to inhibit bone formation
while promoting bone resorption. As an important
antioxidant in the organism, the protective effect
of UA on bone metabolism in the physiological state
may originate from its antioxidant effect (4, 7, 20,
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22, 23). However, HUA and gout increase the risk of
fracture because oxidative stress and inflammatory
cytokines increase bone resorption and decrease bone
formation (7, 24). We have summarized the association of
sUA with BMD in different age groups and genders,
as well as with BMD in postmenopausal women in
published cross-sectional studies.

Higher sUA levels are positively associated with
higher BMD in different age groups

Several cross-sectional studies have shown that
higher levels of sUA are positively correlated with higher
BMD across age groups. A cross-sectional study in Iranian
adolescents (221 girls and 192 boys) aged 9-19 years
showed that sUA was associated with BMD and bone
mineral content at all sites, with higher BMD in
adolescents with higher UA levels (25). In Chinese
adolescents aged 12-19 years, elevated sUA levels are
beneficial for bone health in adolescents with low sUA
levels (24). In Qatari adults with a mean age of 36.4 + 11.1
years, a cross-sectional study demonstrated that higher
sUA levels were associated with higher BMD (18). Another
cross-sectional study from India in healthy subjects
with a mean age of 47.2 £ 12.2 years (sample size 310;
female: 43.5%; male: 56.5%) showed that BMD at all
skeletal sites was significantly higher in subjects with
UA > 5.4 mg/dL compared to those with UA < 5.4 mg/
dL (P < 0.001), and UA was positively correlated with
BMD at all skeletal sites(r = 0.211-0.277; P < 0.05) (26).
In men over 50 years of age, sUA levels were positively
correlated with higher BMD in the lumbar spine (27).
A cross-sectional study of 631 Chinese adult male
T2DM patients with a mean age of 57.3 years found that
elevated sUA levels were protective against OP and bone
loss (28). In older men aged 65 years and older, higher
sUA levels were associated with higher BMD and lower
incidence of fragility fractures at all skeletal sites (29).

Correlation between sUA and BMD by gender

The correlation between sUA levels and BMD varied
by gender. In Chinese female adolescents, it has been
suggested that the relationship between sUA and total
BMD follows an inverted U-shaped curve and that
higher sUA levels (with a turning point of 3.9 mg/dL)
may impair bone health (24). A cross-sectional study of
Chinese men and postmenopausal women (943 men
and 4256 postmenopausal women) found that sUA was
significantly associated with BMD at the femoral neck

and total hip in both men and women, and a significant
correlation between sUA and BMD of L1-L4 was
observed only in women (23). Another cross-sectional
study including 626 men with T2DM and 609
postmenopausal women (mean age: 60.66 + 11.80 years
for men and 66.25 + 10.22 years for women) in China
showed that sUA levels were positively correlated with
BMD at the lumbar spine, femoral neck, and total
hip in men (P<0.05), and in postmenopausal
women, sUA levels were significantly positively correlated
with BMD of the lumbar spine, femoral neck, and
total hip (P < 0.005) (30). However, the above studies
were only observed in the Chinese population and
may have limitations.

The role of sUA on BMD in postmenopausal women

Postmenopausal women often show a higher prevalence
of OP due to factors such as estrogen deficiency, and
studies have shown a positive correlation between
sUA and BMD in premenopausal and postmenopausal
women (31, 32). A cross-sectional study of 390 healthy
postmenopausal Chinese women aged 47-89 vyears
showed significant differences in sUA levels between the
normal BMD group and the OP group. After adjusting
for age, lumbar spine BMD was positively correlated with
sUA in postmenopausal women (r = 0.212). Lumbar spine
BMD in postmenopausal women was linearly related
to sUA levels in the normal physiological range (33).
A retrospective study in Italy included 124
premenopausal women (mean age 35 + 10 years) and
234 postmenopausal women (mean age 55 * 4 years),
the analysis showed that sUA was significantly positively
associated with total hip BMD (r = 0.165, P < 0.05) and
greater trochanteric BMD (r=0.151, P < 0.05) in estrogen-
deficient women (34). Table 1 concluded the studies
published on PubMed in the last 5 years about the
beneficial effects of sUA on BMD.

sUA and bone turnover markers

Several cross-sectional studies have proposed that sUA
levels are positively associated with higher BMD, and
that sUA has a similar positive effect with BTMs. Studies
have indicated that sUA levels are negatively correlated
with N-terminal procollagen of type I collagen (PINP)
and osteocalcin (OC) in postmenopausal females
(23, 32). PINP and OC are markers of bone formation
that reflect osteoblast activity. Bone formation and
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Table 1 Studies about the relationship between sUA and bone published on PubMed in the last 5 years.

No. and
Ref. Nation Study design Study population Conclusion
1(24) China  Cross-sectional study Adolescents aged 12-19 years 1. sUAis positively associated with total BMD.

2. Association between sUA and total BMD
for female adolescents, adolescents aged
16-19 years, showed an inverted U-shaped
curve.

2(25) Iran Cross-sectional study 413 adolescents aged 9-19 years (22 Higher BMD is correlated with higher UA levels.
women and 192 men)
3(18) Qataris Cross-sectional study 2981 healthy adults (36.4 + 11.1 years  High levels of sUA are significantly associated
old) with increased BMD (P<0.001).
4(34) ltaly Retrospective study 124 premenopausal women (35 + 10 In estrogen-deficient women, sUA is
years old) significantly and positively associated with
234 postmenopausal women (55 + 4 total hip BMD (P<0.05) and greater trochanter
years old) BMD (P<0.05).
5(26) India Cross-sectional study 310 health checkups (women: 43.5%; UA is positively correlated with BMD at all
men: 56.5%) (47.2 + 12.2 years old) skeletal sites (P<0.05).
6(35) South  Cross-sectional study 6588 healthy males (48.2 £ 10.7 years  For every 1 mg/dL increase in sUA, lumbar
Korea old) BMD increased by 0.0054 g/cm? (P = 0.004).
7(27) China  Cross-sectional study 385 males >50 years of age sUA levels are positively correlated with higher
BMD and T values in the lumbar spine.
8(28) China  Cross-sectional study 631 men with T2DM (57.3 + 12.0 years sUAis positively correlated with BMD in the
old) lumbar spine (P<0.001), femoral neck
(P=0.002), and total hip (P = 0.001).
9(19) China  Cross-sectional study 3465 people >60 years of age 1. Higher sUA levels are associated with higher
BMD (P<0.05).

2. Prevalence of OP was 23-26% lower in
those with higher sUA levels compared to
those with lower sUA levels (P<0.05).

10 (23) China  Cross-sectional study 943 males and 4256 postmenopausal  sUA levels are positively associated with
females (63.7 + 4.2 years old) femoral neck BMD, and total hip BMD.

11(33) China  Cross-sectional study 390 healthy postmenopausal women  Lumbar BMD is positively correlated with sUA.
aged 47-89 years

12(30) China Cross-sectional study 626 males with T2DM (60.66 + 11.80 sUA levels are positively correlated with BMD

years old)

in the lumbar spine, femoral neck, and total
hip (P< 0.05).

resorption are tightly coupled during the bone turnover
process, and sUA is negatively correlated with bone
formation markers, suggesting that sUA can reduce
bone turnover and thus decrease bone loss (23). In
male patients with type 2 diabetes mellitus (T2DM),
sUA is negatively associated with OC, PINP, and type I
collagen carboxy-terminal peptide (CTX) (CTX is a
marker of bone resorption reflecting osteoclast activity),
suggesting that sUA has an inhibitory effect on the
bone turnover process in male patients with T2DM
(28). In postmenopausal women with T2DM, sUA
is also negatively associated with serum CTX (30).
Bone alkaline phosphatase (BALP) is also one of the
most commonly used markers of bone formation in
clinical practice, and it has been suggested that high levels
of sUA can lead to a decrease in BALP levels (36).

The relationship between sUA and BMD is still
controversial

Although many cross-sectional studies have shown
that higher levels of sUA in physiological states are
positively associated with higher BMD, it has also
been shown that a positive association between sUA
and BMD is currently observed primarily in Asian
populations but not in the US population (37). A
randomized controlled trial of inosine supplementation
in postmenopausal women in New Zealand suggested
that there is no direct biological effect of urate
on BTMs (37). Animal studies showed that there was
no difference in BMD between HUA rats and control
rats with normal sUA (38). Similarly, the results of
Mendelian randomization analysis did not support a
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causal relationship between UA levels, gout, and BMD
at the lumbar spine or femoral neck (39). Additionally,
sUA concentrations are influenced by many other
variables, such as physical condition, diet, lifestyle, and
diuretic and hormone use, which also affect BMD
and fracture risk, so it is unclear whether the positive
correlation between sUA and BMD is attributable
to other confounding factors (40).

Hyperuricemia and gout affect
bone remodeling

Although the relationship between sUA levels and BMD
remains confusing, there is an agreement on the adverse
effects of HUA and gout on bone. A prospective cohort
study with 22 years of follow-up demonstrated that a
history of gout in women was related to an increased risk
of hip fracture (41). HUA and gout can adversely affect
bone by stimulating bone resorption by osteoclasts and
inhibiting bone formation by osteoblasts (7, 20, 42, 43).
HUA and gout increase the risk of fracture, which may
be attributed to oxidative stress, the release, and the
accumulation of inflammatory cytokines. In addition,
vitamin D deficiency and secondary hyperparathyroidism
may further increase the risk of bone resorption and
bone loss in UA-induced OP (7) (Fig. 1).

Osteoclasts

Osteoclasts are multinucleated cells derived from
hematopoietic whose primary function
is to resorb mineralized bone and contribute to the
maintenance of normal bone mass during physiological

stem cells

© & TInflammatory
)

| HUA/ Gout —

bone remodeling. Osteoclasts’ differentiation and
activation are regulated by signaling pathways mediated
by RANKL, which can be induced by 1-25 vitamin D,
PTH, and interlukin-6 (IL-6). RANKL binds to RANK to
promote osteoblast differentiation and maturation. OPG
plays an inhibitory role in osteoclast differentiation
and activation by interfering with the binding of
RANKL to RANK. During the acute episode of gout, a
number of pro-inflammatory cytokines such as IL-1,
tumor necrosis factor alpha (TNF-a), IL-6 and IL-8
are released. IL-1, together with the RANKL signaling
receptor activator, promotes the proliferation and
differentiation of osteoclast progenitors and is an
important activator of bone resorption. IL-6 increases
the expression of RANKL in osteoblasts by increasing
osteoclast bone resorption and plays an active role in
osteoclast differentiation. TNF-a stimulates osteoclast
differentiation and activity by promoting RANKL
expression in macrophages, bone marrow stromal cells
and macrophage colony-stimulating factor (M-CSF) in
stromal cells (7, 12). To sum up, in HUA or gout, increased
osteoclast proliferation, differentiation, and activity
ultimately lead to bone erosion and destruction (44).

Osteoblasts

Osteoblasts are the main functional cells of bone
formation, responsible for the synthesis, secretion,
and mineralization of bone matrix (44). In the HUA
rats experiment, it was shown that the levels of Wnt3a,
a key regulator of osteoblastogenesis, were significantly
reduced, and the levels of other factors critical for
osteoblastogenesis, including Cbfal (Runx2, a key
transcriptional regulator of osteoblast differentiation,

cytokines
# *
('/ 1% 1 Oxidative
# RoS stress
l1uOHase‘ ;ég\»;*\
Allopurinol
‘ 1240Hase
11,25(0H),Ds
losteoblasts | osteocytes T osteoclasts Figure 1
Influence of HUA/gout on bone loss. Note: ABCG2
(ATP-binding cassette subfamily G member 2) is
TPTH ——» —>  1Bone loss an important urate transporter, which belongs to
the ABC (ATP-binding cassette) transporter
T osteoclasts ; '
1 Inhibit superfamily and can transport various substrates
across the membrane and is expressed in
LABCCE > Promote epithelial cells of the intestine, kidney, etc.
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plays an important role in osteoblast maturation and
homeostasis in vivo (45)), Sp7 (Osterix, an essential
transcription factor for osteoblast differentiation and
bone mineralization (46)), Ibsp (bone salivary protein),
and Bglap (OC) were also significantly decreased in
HUA rats, while the use of allopurinol increased the
expression levels of the above osteoblastogeneic factors.
In vitro experiments, showed
that the intensity and relative density of Wnt3a protein
bands were significantly reduced in osteoblasts cultured
with MSU crystals, whereas Wnt3a protein expression
was restored in osteoblasts cultured with a combination
of MSU crystals and allopurinol. Furthermore, this
experiment also claimed that HUA decreased osteoblast
activity and increased apoptosis, whereas allopurinol
treatment reduced apoptosis of osteoblasts to some extent
in the HUA group of rats (7, 20, 43, 47). In conclusion,
HUA or MSU crystals inhibit osteoblast differentiation,
proliferation and activity while promoting osteoclast
apoptosis, which may contribute to decreased bone mass
and increased risk of OP in patients with HUA or gout.

Western blot results

Osteocytes

Osteocytes are the most important cellular component
of the human skeleton. In the adult skeleton, osteocytes
account for 90-95% of the total number of cells and
are about 20 times the number of osteoblasts. Studies
have demonstrated that MSU crystals can directly
inhibit osteocytes viability, and indirectly promote
osteocytes expression of pro-inflammatory mediators
and bone remodeling factors through interacting with
macrophages, thereby promoting bone resorption and
inflammation, ultimately leading to disorders of bone
remodeling (42).

Serum uric acid and vitamin D

Studies have shown that sUA is associated with vitamin
D metabolism, which may also be one of the potential
mechanisms by which sUA affects bone metabolism.
In HUA rats, sUA inhibits 1,25-(OH),D, production by
inhibiting the expression of la-hydroxylase (1a-OHase)
in the proximal tubule through activation of nuclear
factor x-B. This study also proposes that the expression
of 24-hydroxylase (24-OHase) for the degradation of
25-OH-D or 1,25-(OH),D is enhanced in these HUA rats.
These two effects lead to elevated levels of PTH, which
ultimately leads to secondary hyperparathyroidism

(7). Data analysis revealed that HUA was significantly
associated ~ with insufficiency  in
postmenopausal which is
consistent with the experimental findings in HUA rats
(48). Elevated levels of PTH further downregulate the
urate transporter ABCG2 (an excretory transporter
protein for sUA in the kidney and intestine (8)), which
further increases sUA levels (7, 49, 50, 51). Accordingly,
HUA-induced deficiency and
hyperparathyroidism would further exacerbate the
bone loss and impaired bone remodeling associated
with UA and significantly increase the risk of fracture (7).

vitamin D

Han Chinese women,

vitamin D

Conclusion

1. Although many cross-sectional studies have shown
that higher levels of sUA in physiological states
are positively associated with BMD, the causal
relationship between sUA and bone metabolism
remains unclear and controversial.

2. In HUA or gout, high levels of sUA increase bone
resorption and inhibit bone formation, thereby
increasing the risk of fracture. This is consistent and
clear in the available literature.

3. sUA can inhibit the production of 1,25-(OH),D,,
leading to elevated PTH levels and resulting in
secondary  hyperparathyroidism. = HUA-induced
vitamin D deficiency and hyperparathyroidism
may further exacerbate UA-associated bone loss and
impaired bone reconstruction and significantly
increase fracture risk.

Outlook

HUA and gout lead to bone loss and OP by inhibiting
bone formation, promoting bone destruction, and
inhibiting the production of active vitamin D. This
provides a theoretical basis for active UA-lowering
therapy in clinical patients with HUA or gout, but the
viewpoint that UA levels have a protective effect on
bone within a certain range is controversial and needs
to be proven in further studies. In OP patients with
combined HUA or gout in the clinic, is UA-lowering
therapy beneficial for OP remission? Assuming that higher
sUA levels at physiological concentrations do have a
protective effect on bone metabolism, what is the
appropriate range of sUA levels? These questions
need to be addressed in further studies.
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