doi.org/10.36721/PJPS.2023.36.5.REG.1415-1424.1

Sodium p-hydroxybenzoate alleviates osteoporosis through inhibiting
bone metabolism and oxidative stress via activating ERa,
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Abstract: As the population ages, the incidence of osteoporosis (OP) gradually increases and is becoming a growing
public health problem. Meanwhile, although traditional pharmacological therapy is extremely efficient in the treatment
of OP, its application is constrained because of irreversible adverse drug reactions. Therefore, scientists should actively
develop safer drugs while ensuring the therapeutic effect of OP. Previous studies have shown that p-hydroxybenzoic acid
(HA) can upregulate the expression of estrogen receptor (ER). Sodium p-hydroxybenzoate (DSN160) is a sodium salt of
HA with a lethal dose greater than 5g/kg. However, whether DSN160 has demonstrable anti-osteoporotic activities
remains unclear. In this study, DSN160 increased the organ index, length and diameter of the bone and bone mineral
density and improved bone microstructure in retinoic acid-induced OP rats. Furthermore, DSN160 reduced bone
metabolism-related indicators. In addition, fulvestrant (a specific antagonist of ER) blocked the anti-OP effect of
DSN160. In conclusion, our findings showed that DSN160 exerts anti-OP effect through inhibiting bone metabolism and

oxidative stress via activating ERa.
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INTRODUCTION

Osteoporosis (OP) is the most common progressive
metabolic bone disease. An imbalance in bone
metabolism is considered the root of its pathogenesis. The
rate of bone resorption is higher than that of bone
formation with the increase in age, leading to bone loss
and deterioration of bone microstructure, which increases
the risk of fracture (Zhang et al., 2020; Wang et al.,
2021). In the context of global aging population, the
incidence of OP is gradually increasing, along with the
increase in the number of patients with severe OP. In
severe OP patients, minor falls can lead to fractures and
death (Bae et al., 2019; Wang et al., 2020; Yong et al.,
2021).

Currently, the clinical drugs used for the treatment of
moderate to severe OP include bisphosphonates,
calcitonin, parathyroid hormone, estrogen receptor (ER)
modulators, etc. However, the long-term use of these
drugs may cause adverse reactions, such as allergic
reactions, osteonecrosis of the jaw, acute renal failure and
increased incidence of pituitary tumors (Cotts and Cifu
2018; Levin et al., 2018; Leder et al., 2017). Therefore,
searching for a safe and effective agent that can be used to
treat OP is an essential problem that remains urgent
resolution. Human and veterinary researches have shown
promise for a number of other natural products or
compounds derived from natural sources for alleviation of
arthritic symptoms (Lewis et al., 2019; Liu et al., 2017).

p-Hydroxybenzoic acid (HA), the active metabolite of
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Nostoc commune, up-regulates the expression of ER
(supl). Sodium p-hydroxybenzoate (DSN160) is the
sodium salt form of HA and its lethal dose is greater than
5g/kg in mice, which is higher than the clinical dose. In
this study, an animal model of OP induced by retinoic
acid (RA) was established to explore the anti-OP effect of
DSN160 and its possible mechanisms from the aspects of
ER, oxidative stress and bone metabolism.

MATERIALS AND METHODS

Chemicals and reagents

DSN160 (synthesized in the laboratory at the early stage,
>98% purity), dimethyl sulfoxide (DMSQO), sodium
chloride, 4% paraformaldehyde and retinoic acid (>98%
purity) were purchased from Beijing Solebo Technology
Co., Ltd. Isoflurane was purchased from Shanghai Yeli
Biotechnology Co., Ltd. Etidronate disodium (>98%
purity) was purchased from Shanghai Yuanye
Biotechnology Co., Ltd. Calcium detection kit (96T),
phosphorus detection kit (96T), superoxide dismutase
(SOD) detection kit (48 T), microdermabrasion (MDA)
detection kit (96T), alkaline phosphatase (ALP) detection
kit (96 T) and glutathione peroxidase (GPX) detection kit
(96T) were purchased from Nanjing Jiancheng Institute of
Biological Engineering tartrate resistant acid phosphatase
(TRACP) staining kit was purchased from Sigma.

Animals

Eight-week-old female Sprague Dawley (SD) rats
(weighing 200-220g) were provided by Selleck Jingda
Experimental Animal Co., Ltd. (Hunan, China). All rats
were housed in an animal room at standard conditions
(temperature:  21-24°C; humidity: 45-60%; 12/12-h
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light/dark cycle) and fed standard feed and water ad
libitum. All animal experiments were strictly performed
in accordance with the Guide for the Care and Use of
Laboratory Animals, the animal approval number is
GLMC201703011.

Experimental protocol

After adaptive feeding for 7 days, the rats were randomly
assigned into ten groups (including two animal
experiment parts) and eight rats per group. Part I: (1)
Normal group; (2) RA (80mg/kg) group; (3) Etidronate
disodium (Eti, 50mg/kg) group; (4) DSN160 (25mg/kg);
(5) DSN160 (50mg/kg) group. Part 11: (1) Normal group;
(2) RA (80mg/kg) group; (3) DSN160 (50mg/kg) group;
(4) Fulvestrant (25pg/kg i.p.); (5) DSN160 (50mg/kg) +
Fulvestrant (25pg/kg i.p.) group. The normal group was
given ultrapure water by gavage and the other groups
were induced with a modeling agent (RA, 80mg/kg) for
14 days. DSN160 and Eti were administered by gavage,
fulvestrant was administered by intraperitoneal injection,
the corresponding drugs were given on the same day that
the model was given the rats were weighed and
administered according to their body weight every
morning for 42 days.

Serum and urine biochemical index determination

On the last day, all rats fasted for 24h and were placed in
a metabolic cage to collect urine. Then, the rats were
humanely Kkilled by cervical dislocation, blood was
collected and centrifuged at 4°C and 4000rpm for 10 min
to separate the serum. The levels of calcium, phosphorus,
SOD, MDA, GPX and ALP in the serum and the levels of
calcium and phosphorus in urine of rats were determined
following the Kkit's instructions (Nanjing Jiancheng
Bioengineering Institute, Nanjing, Jiangsu, China).

Measurement of Organ Coefficients

The uterus and ovaries of each rat were collected and
weighed. The femur and tibia of the rats were collected.
The externally adhered tissues, such as meat and tendons,
were removed with a blade and the bone marrow was
retained and finally weighed. The organ coefficients were
calculated according to the following formula: organ
coefficient=organ weight/body weightx100.

Bone Quality Assays

Haematoxylin and eosin (H&E) staining

The rat femur samples were fixed in 10% buffered
formalin for 24h. After washing 3 times with PBS, bone
tissues were decalcified with ethylenediaminetetraacetic
acid (EDTA) for one month. Tissues were then routinely
dehydrated, embedded and cut into Sum decalcified
sections. After dewaxing and hydration, the sections were
stained with H&E. Lastly, sections were dehydrated,
cleared and sealed with neutral balsam and the
pathological characteristics were observed under an
optical microscope.

Tartrate-resistant acid phosphatase (TRACP) staining
assay

After the paraffin-embedded sections were deparaffinized
and hydrated, they were stained with TRACP and
observed on a BX43 microscope (Olympus). The nucleus
was stained blue. The positive expression of TRACP was
expressed as bright or deep red granules occurred in the
cytoplasm. All the giant cells with TRACR-positive
expression containing 3 or more nucleus were considered
as osteoclasts. Five fields of view were randomly selected
to calculate the number of osteoclasts.

Quantitative real-time PCR (QRT-PCR) assay

Total RNA was isolated from the femur with TRIzol
reagent (Invitrogen). And quantified using a NanoDrop
2000 spectrophotometer (Thermo Fisher Scientific Inc.,
Waltham, Massachusetts, USA). The total RNA was
transcribed into cDNA by using a transcriptor reverse
transcriptase. The cDNA was used as the template, the
CFX96 fluorescent quantitative PCR instrument was used
to perform genetic testing under the conditions of 95°C for
10 s and 60°C for 30s to detect the mRNA expression of
ERo. Expressions of the target genes were carried out by
a comparative method (2724¢Y) using GAPDH as an
internal reference. The primer pairs used are shown in
table 1.

STATISTICAL ANALYSIS

The experimental data were analyzed using GraphPad
Prism v.8.02 (GraphPad Software, Lajolla, CA, USA).
Data were expressed as mean * standard error of the mean
(SEM). Student’s t-test was used for comparison between
two groups and One-way ANOVA was used for

After collecting the lumbar vertebrae (L1) and measured comparison between multiple groups. P<0.05 was
the length and width of the femur and L1 with an considered statistically significant.

electronic vernier caliper. The rat femur samples were

immersed in phosphate buffered saline (PBS) at room Table 1: Primer sequence

temperature. Micro CT (ZKKS-MCT-Sharp) was used to

?ete)rmin(;e tr?e BMD of the sample in tw:c)-gimensiﬁnar: Genes Primer (5°-3)

2D) and the microstructure parameters of bone whic

include total bone volume (BV/TV), trabecular bone GAPDH-F GACATGCCGCCTGGAGAAAC
thickness (Th.Th) and trabecular bone separation (Th.Sp) | GAPDH-R AGCCCAGGATGCCCTTTAGT

in three-dimensional (3D). Scanning parameter settings ERo-F GCCGCCTTCAGTGCCAACAG
source voltage: 70kVp; source current: 100pA; ERa-R GGCTCGTTCTCCAGGTAGTAGGG
exploration time: 70ms.
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RESULTS

DSN160 attenuated RA-induced OP in rats

To explore the effect of DSN160 on RA-induced OP, we
intragastrically administered DSN160 to the OP rats, with
Eti as a positive control. The results showed that oral RA
treatment slowed down the weight gain (fig. 1A) and
weight loss of femur and tibia (fig. 1B) in the rats.
Compared with the normal control group, the vertebra and
femur diameter and length also significantly reduced in
the model group (figs. 1C-1F). Micro-computed
tomography bone imaging displayed that compared with
the normal control group, the bone mineral density
decreased and the bone microstructure deteriorated in the
model group (figs. 2A-2F). Moreover, hematoxylin and
eosin (H&E) staining showed that in the model group, the
number of femoral trabeculae was reduced (fig. 2G). The
weight of rats in the DSN160 (50mg/kg) group reached in
the fourth week, consistent with the normal group. In
addition, DSN160 can significantly increase the weight of
femur and tibia, the diameter and length of femur and
vertebrae, bone density and the number of trabeculae and
significantly improve the bone microstructure. All these
findings showed that DSN160 can evidently inhibit OP in
RA-induced rats.

The balance between osteoblasts and bone resorption
osteoclasts plays a key role in maintaining bone
remodeling (Kim et al., 2017). Osteoclasts are
multinucleated cells formed by autolysis of monocytes
and macrophages and they can develop and adhere to the
bone matrix. They degrade the bone matrix by secreting
acid and lyase to induce bone loss and induce OP (Chen
et al., 2018; Ono and Nakashima 2018). To explore the
effect of DSN160 on osteoclasts, the changes in
osteoclasts were observed by tartrate-resistant acid
phosphatase staining. The results showed that the number
of osteoclasts in the femur of the model group
significantly increased compared with that in the normal
group (fig. 3) and that of osteoclasts in the femur of OP
rats significantly reduced after DSN160 treatment. The
above findings showed that DSN160 improved OP
through inhibition of osteoclast formation.

In this study, the organ indexes of rat ovary and uterus
were measured. The results showed that DSN160
considerably protected against reduced organ indexes of
ovary and uterus in OP rats (figs. 4A-4B). H&E staining
showed that the uterine cavity of the model group was
enlarged compared with the normal group. After the
administration of DSN160, the uterine cavity of OP rats
was significantly reduced, especially in the DSN160
(50mg/kg) group (fig. 4C).

DSN160 inhibited bone metabolism and oxidation in OP
rats

Further, we evaluated the effect of DSN160 on bone
metabolism corresponding to the blood and urine markers
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in OP rats. The results showed that calcium, phosphorus
and alkaline phosphatase (ALP) in the serum of OP rats
and calcium and phosphorus in the urine significantly
increased compared with those of the normal group (figs.
5A-5E). After the administration of DSN160, the serum
calcium, phosphorus and ALP and the calcium and
phosphorus in the urine significantly reduced. DSN160
(50mg/kg) almost caused the calcium, phosphorus and
ALP concentrations to return to normal levels. In
addition, to investigate the effect of DSN160 on oxidative
stress, we measured the oxidation level in the rat serum.
The results showed that the level of malondialdehyde
(MDA) in OP rats increased and those of glutathione
peroxidase (GPX) and superoxide dismutase (SOD)
decreased significantly compared with the normal group.
In addition, the results showed that the MDA levels were
suppressed and the GPX and SOD levels were promoted
after DSN160 treatment of OP rats (figs. 5F-5H).
DSN160 (50mg/kg) can almost reduce the serum MDA,
GPX and SOD levels and induce their return to normal
levels. The above findings showed that DSN160 can
improve OP by regulating oxidative stress and bone
metabolism. Notably, the improved effect of DSN160 on
oxidative stress and bone metabolism was closely related
to its protection against experimental OP (Yao et al.,
2020; Qin et al., 2019).

DSN160 alleviated op in rats through inhibiting bone
metabolism and oxidative stress via activating ERa.

To determine whether ERa plays a key role in DSN160
anti-OP, we determined the expression level of ERa in
femur by quantitative reverse-transcription polymerase
chain reaction. As shown in fig. 6, compared with the
normal group, the expression level of ERa in the model
group significantly reduced, but the expression level of
ERa can be significantly increased under DSN160
treatment.

Subsequently, to further study the role of ERa in
inhibiting OP by DSN160, we continuously injected
fulvestrant intraperitoneally. The data showed that
fulvestrant attenuated the effects of DSN160 on
increasing OP rats body weight, femur and tibia weight,
femur and vertebra diameter and length (figs. 7A-7F),
increased bone density and the number of trabeculae,
improved bone microstructure (figs. 8A-8G) and inhibited
the formation of osteoclasts (figs. 9A and 9B). We
determined whether DSN160 inhibits bone metabolism
and oxidative stress in an ERa-dependent manner to
improve OP. A kit was used to measure the expression
levels of calcium, phosphorus, ALP, MDA, GPX and
SOD in the serum and calcium and phosphorus in the
urine. The data showed that fulvestrant significantly
weakened the effect of DSN160 on reducing calcium,
phosphorus and ALP concentrations (figs. 10A-10E). In
addition, fulvestrant significantly weakened the effect of
DSN160 on reducing MDA expression and increasing
GPX and SOD expression (figs. 10F-10H). Thus,
DSN160 can increase bone density and improve OP by
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Fig. 1: Effects of DSN160 on RA induced OP. Except for normal group, rats in other groups were given RA gavage for
14 consecutive days, while DSN160 (25, 50mg/kg) and etidronate disodium (Eti) (50mg/kg) were gavaged for 42 days.
(A) Changes in body weight. (B) Changes in organ indexes of femur and tibia. (C-F) Changes in femur length, femur
diameter, vertebral height and vertebral diameter. Data was represented by means + SEM, n=8. #P<0.05, #P<0.01 vs.
normal group. *P<0.05. **P<0.01 vs. RA group.
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Fig. 2: The effect of DSN160 on OP bone density and bone microstructure. (A) Micro CT inspection results. (B) BMD.
(C-F) BVITV, Th.Sp, Th.Th and Th.N. (G) Femoral H&E staining results. Data was expressed as mean+SEM, n=8.
#P<0.05, #P<0.01 vs. normal group. *P<0.05. **P<0.01 vs. RA group.
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Fig. 3: The effect of DSN160 on the formation of osteoclasts in the femur of OP rats. (A-B) TRAP staining of femoral
osteoclasts. Data was expressed as mean + SEM, n=8. #P<0.01 vs. normal group. **P<0.01 vs. RA group.
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Fig. 4: The effect of DSN160 on the reproductive organs of OP rats. (A) Ovarian organ index. (B) Uterine organ index.
(C) Uterine pathological changes (40x). Data was expressed as mean + SEM, n=8. #P<0.05 vs. normal group. *P<0.05
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Fig. 5: The effect of DSN160 on bone metabolism and the expression of oxidative markers in OP rats. The content of
(A) serum calcium, (B) serum phosphorus, (C) serum ALP, (D) urine calcium, (E) urine phosphorus, (F) serum MDA,
(G) serum SOD and (H) serum GSH-PX were detected by using the kit. Data was represented by means + SEM, n=8.
#P<0.05, #P<0.01 vs. normal group. *P<0.05. **P<0.01 vs. RA group.
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Fig. 6: The effect of DSN160 on the expression of ERa in the femur of OP rats. The expression of ERa in the femur
was detected by qRT-PCR. Data was represented by means + SEM, n=8. #P<0.01 vs. normal group. *P<0.05.
**P<(0.01 vs. RA group.
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Fig. 7: The effect of fulvestrant in DSN160 on the tibia, femur and vertebrae of RA-induced OP rats. Rats were fed RA
for 14 days, orally DSN160 (50 mg/kg) and intraperitoneal injection of fulvestrant (25ug/kg) for 42 consecutive days.
(A) Changes in body weight. (B) Changes in organ indexes of femur and tibia. (C-F) Changes in femur length, femur
diameter, vertebral height and vertebral diameter. Data was represented by means + SEM, n=8. *P<0.05, #P<0.01 vs.
normal group. *P<0.05. **P<0.01 vs. RA group. *P<0.05. ¥P<0.01 vs. DSN160 (50mg/kg) group.
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Fig. 8: The effect of fulvestrant in DSN160 on bone mineral density, bone microstructure and trabecular bone in RA-
induced OP rats. (A) Micro CT inspection results. (B) BMD. (C-F) BV/TV, Th. Sp, Th. Th and Th. N. (G) Femoral
H&E staining results (40x). Data was represented by means + SEM, n=8. # P<0.01 vs. normal group. *P<0.05.
**P<0.01 vs. RA group. $P<0.05. ¥¥P<0.01 vs. DSN160 (50mg/kg) group.
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Fig. 9: The effect of fulvestrant in DSN160 on the formation of femoral osteoclasts in OP rats. (A-B) TRAP staining of
femoral osteoclasts. Data was expressed as mean + SEM, n=8. #P<0.01 vs. normal group. **P<0.01 vs. RA group.
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Fig. 10: The effect of fulvestrant in DSN160 on the expression of bone metabolism and oxidation markers in OP rats.
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activating ERa and inhibiting bone metabolism and
oxidative stress.

DISCUSSION

OP is a common chronic bone disease (Wang et al.,
2020). Once it develops to the advanced stage, the
fracture incidence and mortality increase significantly.
Thus, OP has become a global epidemic (Liu et al., 2022;
Wang et al., 2021).

The etiology and pathogenesis of OP may be associated
with bone metabolism imbalance and oxidative stress
(Chen et al., 2018; Wang et al., 2021; Compston et al.,
2019). Multiple studies have demonstrated that
interventions aimed at improving one or more of these
factors have the potential to relieve OP significantly
(Krishnan and Muthusami 2017; Chen et al., 2019).
Previous studies have shown that compounds obtained

from plants have potential protective or therapeutic
effects on OP (Zhang et al., 2020; Xie et al., 2021; He et
al., 2019). For example, Boswellic acid attenuated the
disease symptoms of experimental OP through improving
bone metabolism (Al-Dhubiab et al., 2020). Melatonin
ameliorated RA-induced OP through regulating bone
metabolism and inhibiting oxidative stress in model mic
(Wang et al., 2021). Similarly, in this study, DSN160 can
increase the diameter and length of rat vertebrae and
femurs by regulating bone metabolism and inhibiting
oxidative stress, improving bone microstructure and
increasing bone density and the number of bone
trabeculae to inhibit RA-induced OP.

Calcium and phosphorus are essential bone minerals for
all animals and play important roles in numerous
physiological processes including bone metabolism (Al-
Dhubiab et al., 2020). An evidence indicates that OP
patients have higher levels of calcium and phosphorus in
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the serum and urine than healthy controls (Zhang et al.,
2020; Li et al., 2018). Similarly, this phenomenon has
been verified in the animal model of RA-induced OP (Liu
et al., 2020). In addition, ALP is an important indicator of
bone metabolism (Sun et al., 2020), and it can degrade a
variety of phosphonates in an alkaline environment and
has the function of transferring phosphate groups. In bone
tissue, ALP is only synthesized and secreted by
osteoblasts, whereas it is involved in the calcification of
bone matrix (Vimalraj 2020; Brady et al., 2019; Orsolic et
al., 2018; Liu et al.,, 2022). The serum ALP level
significantly increased in OP patients and RA-induced
animal models, but the level of serum ALP decreased
significantly after therapy (Zhuang et al., 2020).
Melatonin can improve RA-induced OP in animal models
through inhibiting the increase in serum ALP and reduce
the concentrations of calcium and phosphorus in the
serum and urine (Wang et al., 2021). Our study revealed
that the levels of calcium and phosphorus in the urine and
serum and the level of ALP in the serum decreased
significantly after the administration of DSN160 in RA-
induced OP rats. Thus, DSN160 can treat OP by
inhibiting bone metabolism.

Oxidative stress plays an important role in bone formation
(Qin et al, 2019). The excessive generation and
accumulation of free radicals can induce oxidative stress
and cause lipid peroxidation, inhibit osteogenic
differentiation and promote bone resorption (Qin et al.,
2019; Kimball et al., 2021). SOD and GPX are important
antioxidant substances and their activities reflect
indirectly the ability of organisms to remove oxygen-free
radicals (Gusti et al., 2021; Kimball et al., 2021). MDA
is the final decomposition product of lipid peroxidation
and its content can reflect the speed and intensity of lipid
peroxidation in tissue cells (Chen et al., 2020; Tsikas
2017). Studies have shown that MDA was significantly
elevated in the serum of postmenopausal women with OP,
whereas SOD and GPX were conversely. The original
glycosides of Epimedium extract can improve the
oxidative stress of bones by improving the antioxidant
enzyme activity and antioxidant capacity of OP rats (Xi et
al., 2019). This study showed that DSN160 reversed the
downward trend of SOD and GPX contents in the model,
showing a strong potential for the removal of peroxide
products. This result indicated that DSN160 can resist OP
by improving the oxidative stress state of bones.

The cells of bone tissue contain E (Ho et al., 2018). ERa
is transcription factor involved in the regulation of
numerous complex physiological processes in humans
and plays an important role in several pathological
processes including OP (Hamilton et al., 2017; Cai et al.,
2021). ERa can inhibit bone resorption by inducing
osteoclast apoptosis and mounting evidence shows that
decreased ERa expression is one of the reasons for OP
(Saoji et al., 2019; Cai et al., 2021). Huang Kui et al.

observed that psoralen can up-regulate the expression of
ERa in the OVX group to promote fracture healing
(Huang et al., 2018). Luna Ge et al. reported that
isopsoralen can promote osteoblast differentiation by
increasing the expression of ERa, thereby improving the
symptoms of OP (Ge et al., 2018). In this study, RA
reduced the expression of ERa in rat femurs. However,
after the administration of DSN160, the expression of
ERa increased and the OP symptoms of rats significantly
improved. In addition, the antagonist fulvestrant
significantly weakened the improvement effect of
DSN160 on bone metabolism and oxidative stress, which
indicates that the improvement effect of DSN160 on bone
metabolism and oxidative stress in OP rats depended on
ERo.

CONCLUSION

In conclusion, our research revealed that DSN160 exerts
anti-OP effects through inhibiting bone metabolism and
oxidative stress via activating ERa. Therefore, we suggest
that DSN160 can be used as a new compound to prevent
OP due to its anti-OP effect.
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