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Abstract

Background

Postmenopausal osteoporosis (PMOP) is the most common type of osteoporosis.
Numerous studies have shown that static magnetic fields (SMFs) can inhibit bone
loss by regulating bone remodeling. However, there are currently no clinical studies
on the treatment of osteoporosis with SMFs. This study aims to investigate the clini-
cal therapeutic effects of moderate static magnetic fields (MMFs) on PMOP.

Methods

In this paper, we constructed MMF device using neodymiume-iron-boron (NdFeB)
materials. At the animal level, the effect of MMF exposure for 8 weeks on estrogen
deficiency-induced bone loss was investigated by evaluating bone microstructure,
mechanical properties, and bone conversion using ovariectomized (OVX) mice.
Clinically, a single-blind randomized controlled study in patients with PMOP was
designed. PMOP patients aged 55-70 years were recruited and randomized into the
control and MMF treatment groups. Clinical assessments of bone mineral density
(BMD), bone turnover markers (BTMs) and VAS scores were performed at baseline
and day 90, respectively.
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Results

The results showed that MMF exposure significantly improved BMD, bone mineral
content (BMC), bone microarchitecture and bone strength in OVX mice. For bone
turnover, MMF increased the number of osteoblasts on the bone surface of OVX
mice as well as the level of serum bone formation marker P1NP, while decreasing
the number of osteoclasts and the level of serum bone resorption marker 3-CTX.
The clinical trial’s results showed that MMF treatment had a positive effect on the
improvement of BMD in the lumbar spine and increased serum P1NP levels while
decreased 3-CTX levels. In addition, MMF treatment decreased participants’ VAS
scores for low back pain.

Conclusions

The results of both animal and clinical studies demonstrated that MMF treatment
improved bone turnover and have a positive effect on BMD improvement, as well as
alleviated low back pain in PMOP patients. This study will promote the translational
research and clinical application of SMF treatment for osteoporosis.

Trial registration

Intervention study of moderate static magnetic field on osteoporosis and iron metab-
olism in postmenopausal women, ChiCTR2100048604

Introduction

As the most common skeletal metabolic disease, osteoporosis (OP) is generally
considered to be one of the factors contributing to the increased risk of fracture due
to low bone mass and deterioration of bone microarchitecture [1]. Postmenopausal
osteoporosis (PMOP) is caused by estrogen deficiency after women menopause,
which is the most common type of age-related osteoporosis [2]. PMOP is a signif-
icant contributing factor to fractures in elderly women, and studies have indicated
that the probability of fractures in women over the age of 50 is average up to 50%
[3,4]. PMOP associated with population aging becomes a major clinical and public
health problem.

Currently, medication is still the mainstay of osteoporosis treatment, with com-
monly used drugs including the anti-resorptive drugs such as bisphosphonates,
denosumab, calcitonin, and selective estrogen receptor modulators, as well as the
anabolic drugs such as teriparatide, romosozumab, etc. [5-7]. Physical therapy is
an indispensable adjuvant therapy for the treatment of osteoporosis [8]. Electro-
magnetic field is an important treatment method for orthopedic diseases, and has
been used for a long history spanning several decades. Pulsed electromagnetic field
(PEMF) therapy has been approved for clinical adjunctive treatment of nonunion
fractures and osteoporosis [9,10]. However, it still suffers from drawbacks such as
high cost and limited portability.
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Static magnetic fields (SMFs), as an easily obtainable physical factor, has been applied in the treatment research of
orthopedic diseases for half a century [11-13]. Compared to other types of electromagnetic fields such as PEMF and
radiofrequency electromagnetic fields (RFs), SMFs exhibit higher biosafety due to its passive nature and energy-free.
Moderate static magnetic fields (MMFs) refer to SMFs with a magnetic induction intensity between 1mT and 1T, which
could be acquired by permanent magnetic materials such as Samarium-Cobalt and Neodymium, which allow wide appli-
cability at an affordable price [14,15]. Various studies have demonstrated that MMFs could promote repair of fracture
and bone defect, and inhibit bone loss, by modulating the physiological functions of osteoblast, osteoclast, and osteocyte
[16,17]. The intramedullary implant with MMFs could improve fracture healing in rabbits [18,19]. Our preliminary research
found that 0.2-0.4 T MMF whole-body exposure alleviated bone loss in OVX mice [20]. However, the clinical effectiveness
of SMFs in the treatment of osteoporosis remains a mystery.

To figure out the therapeutic effectiveness and potential applications of MMFs in PMOP, we evaluated the effect of
MMF on bone loss in ovariectomized (OVX) mice at the animal level; and designed a small sample size randomized con-
trolled trial (RCT) to investigate the therapeutic efficacy of MMF on osteoporosis in postmenopausal women at the clinical
level.

Methods
Clinical trial design

A randomized single-blind trial was conducted in People’s Hospital of Longhua between July 215 2021 and April 18™,
2023. This clinical trial was performed in accordance with the approved institutional ethical protocol (Ethical Review
of People's Hospital of Longhua [2021] No.106) and registered in the “Chinese Clinical Trial Registry (ChiCTR)”
(ChiCTR2100048604). All procedures will be performed according to the Declaration of Helsinki. All individuals were
signed the informed consent from providing their written consent prior to participation after being advised, verbally and
written, of the objectives, risks, and benefits of the study.

Participants. Postmenopausal women with osteoporosis (diagnosed by dual energy X-ray absorptiometry, T score
<-2.5), aged between 55 and 70 years, were recruited in this study by advertisement, self-referral, or physician referral at
People's Hospital of Longhua (Shenzhen, China). Patients with the following criteria were excluded: (i) Prior spine surgery;
(ii) Had taken fracture within 6 months before enrolment; (iii) Had taken Glucocorticoids, estrogen, or diuretic drugs within
6 months before enrolment; (iv) Had taken drugs affecting bone metabolism within 6 months before enrolment, excluding
calcium agents and ordinary vitamin D; (v) Other diseases that affect bone metabolism, including thyroid disease,
osteomalacia, rheumatoid arthritis, tumor, cushing's disease, diabetes, etc.; (vi) Uterus or ovaries removed; (vii) Heart
disease, or implantable pacemaker wearer; (viii) BMI = 28; (ix) Hematological system diseases; (x) Abnormal liver and
kidney function (Deviation of indicators by more than twice the normal value); (xi) Alcoholism or drug abuse.

Sample size was calculated (G*Power 3.1.9, Christian-Albrechts-Universitat, Kiel, Germany) using areal bone mineral
density (aBMD) of as the primary outcome, a=0.05, and power of 80% for between-group analysis. Considering a mean differ-
ence of 0.1 and a standard deviation of 0.07 in the mean aBMD between groups, sample size was estimated as 9 individuals
per group. However, to account for losses during the follow-up period, the final sample size was 30 participants (15 per group).

Interventions. The workflow of study was outlined in Fig 1. Clinical evaluation was performed by orthopaedic
surgeons. Briefly, the participants were randomized into two groups: Control group and MMF group. Specifically, a series
of random numbers were generated on SPSS software with a seed number set by a statistician (who did not participate
in the inclusion of cases and experimental research processes), where every 2 random numbers formed a block. The
participants were assigned to the corresponding groups in chronological order of enroliment. The grouping table is kept
by the statistician and strictly confidential. Participants will be blinded since they will not know the exercise performed in
the other group, and interventions will be performed individually. Participants in the MMF group were instructed to wear
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151 assessed for eligibility

121 excluded
[— | + 85 did not meet inclusion criteria
* 6 declined to participate

A 4

30 randomly assigned

15 assigned to BASE treatment 15 assigned to MMF treatment
(Control group) (MMF group)
4 discontinued intervention
4 discontinued intervention + 3 withdraw consent
* 4 withdrew consent » 1 did not comply with study
assignment
11 completed study 11 completed study
11 analyzed (n=11) 11 analyzed (n=11)
0 excluded from analysis (n=0) 0 excluded from analysis (n=0)

Fig 1. Flowchart of the clinical trial.

https://doi.org/10.1371/journal.pone.0314199.9001

a waist belt containing the MMF device (Fig 2) for 6 hours each day, five days a week. The wearable MMF device was
composed of NdFeB, with the same array as the MMF exposure device for mice, which ensured that the participants’
lumbar vertebrae (L1-L4) exposed to MMF (>1 mT) during the wearing process (Fig 2C-E). The relative position between
the device and the participants during the wearing process was showed as Fig 2F. To avoid interference from placebo
effects, the belt without MMF have been conducted, with the appearance, material, and weight same as wearable MMF
device. Participants in the control group were instructed to wear the waist belt without MMF for 6 hours each day, five
days a week. All participants received calcium (1200 mg), calcitriol (50 pg), and salmon calcitonin (20 pg) once daily as a
basic treatment. The entire experimental process lasted for 90 days

Procedures. Participants’ characteristics (age, body mass, height, body mass index, and age of menopause) were
collected at baseline assessment. Primary and secondary outcomes were measured at the baseline assessment,
immediately after the 90 days intervention period. The primary outcomes were areal bone mineral density (aBMD) of the
lumbar spine, total hip, and femoral neck, as well as the Visual Analogical Scale (VAS) of Low Back Pain. The secondary
outcomes were serum bone turnover markers levels.

BMD analysis. aBMD of the lumbar spine, total hip, and femoral neck were assessed at 0 and 3 months by dual
x-ray absorptiometry (DXA) using a Hologic QDR 4500A densitometer (Hologic, Waltham, MA, USA). The coefficients of
variation for DXA repeated measurements of the lumbar spine, total hip, and femoral neck were 0.7%, 1.4%, and 1.9%,
respectively.

Biochemical analysis. Fasting morning blood samples were obtained at 0 and 3 months. Serum bone formation
markers P1NP and OCN as well as the bone resorption marker -CTX were measured using the Au-400 automated
biochemical analyzer (Olympus, Tokyo, Japan).
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Fig 2. Moderate static magnetic field (MMF) device in clinical trial. (A) Schematic diagram of magnet size and array layout of MMF device. (B) Mag-
netic packaging structure. (C) The magnetic field distribution of vertebrae during MMF exposure was simulated using ANSYS software. (D, E) Magnetic
field distribution at 5mm (D) and 90mm (E) above the magnet were measured by MIST magnetic field space-time imaging system. (F) Diagram of the
body-worn MMF device.

https://doi.org/10.137 1/journal.pone.0314199.9002

Visual Analogical Scale (VAS) of low back pain. The participants were asked to express the intensity of the
perceived low back pain (lumbar pain) on a one-dimensional scale. The scale was divided into 10 equal segments to
represent distinct levels of pain. At one end, labeled as 0, participants indicated the absence of pain, while at the other
end, labeled as 10, they expressed the highest imaginable level of pain [21].

Monitoring system of wearable state of MMF device

To evaluate the daily wearing time of the participants during the clinical trial, a corresponding real-time monitoring and statis-
tical system was constructed. The hardware components of the monitoring system consisted of sensors, signal generation
module with power supply (Fig S1A and B in S1 Data). The sensors were capable of collecting information about the wearing
state at intervals of every 15 seconds, including parameters such as temperature and respiration. Subsequently, the sen-
sors transmitted the collected information to the signal generation module, further uploading it to the cloud-based monitoring
system's backend software utilized 4G signals (Fig S1D B in S1 Data). Researchers were able to observe the participants’
wearing status of the device in real-time through the monitoring cloud platform and perform statistical analysis on wearing
time (Fig S1E and F B in S1 Data). The wearable device monitoring system was not only designed to enhance data validity,
but also to enable researchers to remind participants about wearing the devices, thereby promoting participant compliance.

Animals and Treatments

Twenty-four adult ten-week-old female C57BL/6 mice were housed at an ambient temperature of 25°C under an artificial
12h light/dark cycle with food and water provided. All experiment mice were randomly divided into three groups: Control
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group, OVX group, OVX-MMF group. After anesthesia with isoflurane, mice in OVX group and OVX-MMF group were
ovariectomized, and the fat around the ovaries were excised in the mice of control group. Mice in OVX-MMF group were
housed with the bottom of their cages equipped with moderate static magnetic field device. While cages of mice in OVX
group were equipped with the same structural devices but without MMF.

After two weeks of the operation, the mice were treatment with MMF for 8 weeks, continuously. At the end of the eight-
week treatment, the mice were euthanized by cervical dislocation under anesthesia. The blood samples and organs were
collected for subsequent analyzes. All animal protocols used in this study were approved by the Lab Animal Ethics and
Welfare Committee of Northwestern Polytechnical University (No.202101102).

MMF exposure device for mice

MMF exposure device for mice is composed of a plurality of N42 neodymium-iron-boron (NdFeB) magnet. Each magnet
particle has a diameter of 15mm and a height of 20mm. The arrangement of pairs between particles and the relative
position of mice during exposure to MMF are shown in Fig 3A and 3B. The magnetic induction intensity on the device and
1cm away from the device was measured by MIST magnetic field space-time imaging system (Eastforce Superconducting
Technology Co., Ltd, Beijing, China), and ranged from 20 mT to 100 mT (Fig 3C). The direction of magnetic induction lines
is shown in Fig 3D.

BMD and BMC examination

After eight weeks treatment, all mice were anesthetized and placed in a Dual-energy X-ray scanner (InAlyzer;
MEDIKORS, Korea) to measure bone mineral density (BMD) and bone mineral content (BMC), including total body, femur,
tibia and lumbar vertebrae.

22 mm
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Fig 3. Moderate static magnetic field (MMF) exposure device for mice. (A) The diagram of magnetic plate that provide MMF. (B) Relative position of
mice during exposure to MMF. (C) Magnetic field distribution in the mouse exposure area, 1cm above the magnetic plates. (D) Direction and distribution
of magnetic induction lines in magnetic exposure systems.

https://doi.org/10.1371/journal.pone.0314199.9003
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Bone microarchitecture examination

The left femur and lumbar vertebrae of mice were used for bone microarchitecture detection by a high-resolution micro-CT
scanner (VivaCT80, SCANCO Medical AG, Bassersdorf, Switzerland). Scanning was performed at 70kV, 114pA, 250ms
without a filter. During the microstructure analysis of femur, area-of-interest (ROI) of 1-mm-long from the distal growth
plate 0.5mm to 1.5mm were defined for analysis of trabecular bone, and another 1-mm-long ROI from the distal growth
plate 5mm to 6 mm were selected for analysis of cortical. Meanwhile, the trabecular bone in the L4 lumbar vertebrae were
analyzed to evaluate the impact of the MMF exposure on bone loss in lumbar vertebrae. For the assessment of vertebral
trabecular bone, the ROI was established within 0.5mm from the edge of the cortical bone.

The parameters of the ROI were three-dimensionally reconstructed using Scanco analysis software (SCANCO Medical
AG, Bassersdorf, Switzerland) to analyze trabecular structural parameters including bone volume fraction (BV/TV), trabec-
ular number (Tb.N), trabecular thickness (Tb.Th), trabecular separation (Tb.Sp), BMD; and cortical bone structural param-
eters including cortical thickness (Ct.Th), cortical area (Ct.Ar), cortical area fraction (Ct.Ar/Tt.Ar), cortical porosity (Ct.Po),
and tissue mineral density (TMD).

Bio-mechanical examination

The left tibia was placed on two support points spaced 10 mm apart in a material mechanics machine, and then the upper
loading device was perpendicular to the center of the tibia and moved downward at a rate of 1 mm/min to complete the
three-point bending test. The inner and outer diameters of the long and short axes of the tibial fracture surface were
measured by Digital Microscope KH-8700 (HIROX, Japan). Then, the computer-generated load-displacement curves and
the stress-strain curve were analyzed to assess the mechanical properties of the tibia, including stiffness, ultimate load,
ultimate stress, elastic modulus, bending energy absorption.

Take the L3 lumbar vertebra, remove the soft tissue on both sides, and use axial compression to test the mechan-
ical properties of the vertebrae. The loading device was positioned perpendicular to the vertebral cross-section and
moved downward at a rate of 1 mm/min. Then, the computer-generated load-displacement curves and the stress-strain
curve were analyzed to assess the mechanical properties of the vertebrae, including stiffness, ultimate load, and elastic
modulus.

Histochemical analysis

After the bone microstructure examination, the femur was collected and soaked in 10%EDTA with a PH of 7.5 and decal-
cified at 4 °C for two weeks, during which the decalcified fluid was changed every three days. The decalcified femur

was embedded in paraffin and cut into 5mm thick sections using a semi-automatic rotary microtome (Leica Biosystems
RM2245, Germany). Osteoblasts were observed by hematoxylin and eosin staining (H&E; Beyotime Biotechnology,
Shanghai, China). Osteoclasts were identified by tartrate-resistant acid phosphatase staining (TRAP; Sigma-Aldrich,
USA). The images of bone sections were acquired by Nikon 80i microscope (Nikon, Japan). Osteoblastogenesis was
evaluated by analyzing osteoblast number per bone surface (N.Ob/BS), and osteoclastogenesis was estimated by
quantizing osteoclast number per bone surface (N.Oc/BS) and osteoclast surface per bone surface (Oc.S/BS) by using
Image-J software.

Biochemical analysis

The blood samples were collected through cardiac puncture and centrifuged at 1000g for 10 min to obtain serum. Bone
turnover markers (BTMs), including propeptide of type | procollagen (P1NP), osteocalcin (OCN), and beta-isomer of the
C-terminal telopeptide of type | collagen (3-CTX) were detected by ELISA kit (JiangLai biological, Shanghai, China). All
procedures are performed in accordance with the kit instructions.
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Statistical analysis

The normally distributed continuous data will be expressed as mean + standard deviation (SD), as median (IQR) for
endpoints without a normal distribution. The data about mean aBMD percentage change in clinical will be expressed trial
as mean xstandard error (SE), as per the reporting conventions for this study area. The normal distribution was tested
by Kolmogorov-Smirnov test with P>0.10. The comparison of group differences in normally distributed continuous data
was performed using t-tests or ANOVA. Non-parametric rank-based tests were employed for the comparison of group
differences in non-normally distributed continuous data. The comparison of group differences in categorical data was
conducted using the chi-square test, and Spearman's rank correlation analysis was employed to assess the correlation
between variables. P<0.05 will be considered to be statistically significant. To minimize the risk of Type | errors, the
primary and secondary outcomes in the clinical trial were adjusted using the Holm-Bonferroni correction, respectively. To
assess the risk of false negatives in the clinical trial, post-hoc power analysis will be conducted on the results that did not
show statistical significance. All the statistical data will be analyzed by GraphPad Prism (version 8; GraphPad Software,
Inc., San Diego, CA, USA).

Results
Effects of MMF exposure on bone quality in OVX mice

The body weight of mice was measured every four days, and there was no statistically significant difference in body
weight among the different groups (Fig S2B in S1 Data). The effects of MMF exposure on BMD and BMC in OVX mice
were detected by DXA and shown in table S1 B in S1 Data. The results showed that the OVX decreased the BMD and
BMC in mice. The MMF exposure increased BMD of the total body, femur, and lumbar vertebrae in OVX mice. Meanwhile,
the femoral BMC and lumbar vertebral BMC in OVX mice were significantly increased by MMF exposure. While, there was
no significant difference in the tibial BMD, total BMC, and tibia BMC in OVX-MMF group compared to OVX group.

Micro-CT scanning of the femur was used to evaluate effects of MMF exposure on the microstructure of weight-bearing
bones in OVX mice. Representative three-dimensional imaging of cortical bone and trabecular bone were illustrated
(Fig 4A and B). In cortical bone of femoral mid-shaft, the results showed OVX significant decreased Ct.Th, Ct.Ar, Ct.Ar/
Tt.Ar and TMD, while markedly increased Ct.Po. Furthermore, Ct.Ar/Tt.Ar was significantly increased in OVX-MMF group
compared to the OVX group (Fig 4C). For the trabecular bone of distal femur, OVX group showed significant decreases
in BV/TV, Tb.N, Tb.Th and BMD, whereas significant increases in Tb.Sp. compared with the control group. Compared to
the OVX group, MMF exposure significantly increased BV/TV, Tb.N, Tb.Th, and BMD, while decreased Tb.Sp in trabecu-
lar bone of the distal femur (Fig 4D). In conclusion, these data suggested that MMF exposure ameliorates OVX-induced
structural destruction of cortical bone and trabecular bone in the femur. Micro-CT scanning on the lumbar vertebra was
used to evaluate the effect of MMF exposure on the microstructure of non-weight-bearing bones. Representative three-
dimensional imaging of lumbar vertebra was illustrated in Fig S3A B in S1 Data. The statistical results showed that OVX
decreased the BMD, BV/TV, Tb.N, and Tb.Th, while increased the Tb.Sp in mice. MMF exposure increased the BV/TV,
Tb.Th, and BMD, while decreased the Th.Sp of lumbar vertebra in OVX mice (Fig S3B in S1 Data).

Three-point bending was used to evaluate changes in the mechanical properties of the tibia. The results exhibited
stiffness, ultimate load, ultimate stress, elastic modulus, and bending energy absorption were significantly decreased in
OVX group. Compared with the OVX group, the MMF exposure restored the stiffness, ultimate load, and bending energy
absorption of tibia. Whereas, there was no significant differences in ultimate stress and elastic modulus between mice in
OVX group and OVX-MMF group (Fig 4E). The axial compression test was used to evaluate changes in the mechanical
properties of the lumbar vertebra. The results showed that stiffness, elastic modulus, and ultimate load of lumbar vertebra
were significantly reduced after OVX, but MMF exposure significantly increases the values of these parameters (Fig. S3C,
B in S1 Data). These results suggested that MMF exposure significantly repairs the weakening of bone strength caused
by OVX.
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Fig 4. Effects of MMF exposure on bone structure and mechanical properties in OVX mice. (A) Three-dimensional images of cortical architecture
in femoral mid-shaft by micro-CT scanning. (B) Three-dimensional images of trabecular architecture in distal femur by micro-CT scanning. (C) Structural

PLOS One | https://doi.org/10.1371/journal.pone.0314199  April 29, 2025 9/18




PLO\Sﬁ\\.- One

parameters of cortical bone, including Ct.Th, Ct.Ar, Ct.Ar/Tt.Ar, Ct.Po, and TMD. (D) Structural parameters of trabecular bone, including BV/TV, Tb.N,
Tb.Th, Tb.Sp, and BMD. (E) Mechanical properties of the tibia in mice were detected through the three-point bending test, including stiffness, ultimate
load, ultimate stress, elastic modulus, and bending energy absorption. n=6. *P<0.05, **P<0.01, ***P<0.001.

https://doi.org/10.1371/journal.pone.0314199.9004

Effects of MMF exposure on bone turnover in OVX mice

Bone formation is mainly mediated by osteoblasts, and bone resorption is mainly mediated by osteoclasts. The osteoblas-
togenesis and osteoclastogenesis were detected by H&E and TRAP staining in femur. The distribution of osteoblasts on
the surface of cortical bone and trabecular bone were displayed in Fig 5A. The statistical results showed OVX decreased
the N.Ob/BS of trabecular bone and cortical bone. Statistical comparisons demonstrated that MMF exposure for 8 weeks
significantly increased the N.Ob/BS of trabecular bone, while have no significant effect on the N.Ob/BS of cortical bone
compared with the OVX mice without MMF exposure (Fig 5B, C). The OVX treatment reduced the levels of OCN and
P1NP in the serum of mice, and the MMF exposure increased the P1NP content in OVX mice (Fig 5D, E). The distribution
of osteoclasts on the surface of cortical and trabecular bone were displayed in Fig 5F. Statistical results demonstrated
OVX increased the N.Oc/BS and OC.S/BS of trabecular bone and cortical bone. MMF exposure could significantly
decreased the N.Oc/BS and OC.S/BS of cortical and trabecular bones in OVX mice (Fig 5G-J). Serum biochemical anal-
ysis showed that MMF exposure significantly decreased bone resorption markers f-CTX compared with the OVX group

(Fig 5K).

Baseline characteristics of subjects in clinical trial

A RCT was implemented to initially and exploratively evaluate the efficacy of MMF in PMOP. As shown in Fig 3, 30 sub-
jects were ultimately enrolled in the clinical trial. During the course of the trial, 8 cases withdrew from the trial, of which 7
cases (4 cases in the control group and 3 cases in the MMF group) voluntarily withdrew their consent and 1 case (in the
MMF group) did not comply with the study procedures. No participants reported any adverse events throughout the clinical
trial. The baseline characteristics of the 22 subjects who persisted to the trial endpoint were showed in Table 1. Partici-
pants in both groups had similar baseline characteristics, including age, age at menopause, height, weight, BMI, serum
BTMs, and VAS scores of low back pain.

Effects of MMF wearable device treatment on bone mineral density of subjects in clinical trial

After 90 days treatment, the aBMD of lumbar spine, total hip, and femoral neck of participants were tested by DXA and
showed in table S2B in S1 Data. The statistical data showed that the lumbar spine aBMD had increased by 1.88% (SE
1.39 [Cl -1.22—4.99]) from baseline in the control group, by 2.86% (SE 1.41 [CI -0.27-5.99]) in the MMF group (Fig

6A). The total hip aBMD had increased by 0.09% (SE 1.11 [Cl —2.38-2.56]) from baseline in the control group, by 2.37%
(SE 1.09 [Cl —0.06—4.81]) in the MMF group (Fig 6B). The femoral neck aBMD had increased by 1.29% (SE 1.69 [CI
-2.47-5.05]) from baseline in the control group, by 2.96% (SE 1.27 [Cl —0.12-5.79]) in the MMF group (Fig 6C). However,
there were no statistically significant changes on aBMD at the lumbar spine, total hip, and femoral neck of participants in
MMF treatment (MMF group) compared with non-MMF exposure (control group). Additionally, the post-hoc power anal-
ysis showed that the post-hoc power of aBMD of lumbar spine, total hip, and femoral neck were 0.075, 0.28, and 0.116,
respectively. The results of the repeated-measures ANOVA showed that the aBMD of lumbar spine in all participants
exhibited a significant time effect (P=0.02), but there was no significant interaction between time and group (P>0.05).
Additionally, significant individual variations were observed in the changes of aBMD of lumbar spine, total hip, and femoral
neck (P<0.001). Furthermore, we analyzed the relationship between the lumbar aBMD of participants and their age. The
enhancing effect of MMF treatment on aBMD had a higher negative correlation with participants’ age compared to the
control group (Fig S4B in S1 Data).
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Fig 5. Effects of MMF exposure on bone remodeling in OVX mice. (A) H&E staining of cortical bone in femoral mid-shaft and trabecular bone in
distal femur (Scale bar=100 pm). Black arrows mark osteoblasts. (B) The osteoblast number per bone surface (N.Ob/BS) in cortical bone. (C) The
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osteoblast number per bone surface (N.Ob/BS) in trabecular bone. Serum bone formation markers, OCN (D) and P1NP (E) were detected using the
commercial ELISA kits. (F) TRAP staining of cortical bone in femoral mid-shaft and trabecular bone on distal femur (Scale bar=100 um). Osteoclast
number per bone surface (N.Oc/BS) (G) and osteoclast surface per bone surface (Oc.S/BS) (H) in cortical bone. osteoclast number per bone surface
(N.Oc/BS) (1) and osteoclast surface per bone surface (Oc.S/BS) (J) in trabecular bone. (K)Serum bone resorption marker, f-CTX was detected using
the commercial ELISA kit. n=6. *P<0.05, *P<0.01, ***P<0.001.

https://doi.org/10.1371/journal.pone.0314199.9005

Table 1. Participants baseline characteristics.

BASE treatment MMF treatment
/Control group IMMF group
(n=11) (n=11)
Age (years) 64.45+5.18 61.82+5.69
Age of menopause (years) 50.45+3.62 48.45+2.66
Body-mass index (kg/m?) 22.14+2.09 21.95+1.61
Areal bone mineral density (g/cm?)
Lumbar spine 0.724+£0.098 0.743+£0.077
Total hip 0.708+0.069 0.693+0.077
Femoral neck 0.631+0.063 0.621+0.066
Bone turnover markers
Serum OCN (pg/L) 22.42+6.39 20.99+8.19
Serum P1NP (ug/L) 65.23+32.44 59.38+26.21
Serum B-CTX (ng/L) 384.7+204.5 423.2+300.2
VAS 3.54+1.64 3.18+1.94

Data are shown in mean +SD. OCN =osteocalcin. P1NP =N-propeptide of type 1 procollagen. 3-CTX=beta-isomer of the C-terminal telopeptide of type |
collagen. VAS =visual analogical scale of low back pain

https://doi.org/10.137 1/journal.pone.0314199.t001

Effects of MMF treatment on bone turnover markers and low back pain of subjects in clinical trial

After 90 days treatment, BTMs level of participants were showed in table S2 B in S1 Data. Compared to the control group,
levels of the bone formation marker OCN decreased more in the MMF group (-22.87% [Cl -16.31-3.15]vs —6.58% [CI
-32.07—13.67], P=0.0135) (Fig 7A). The levels of PINP showed a lesser decrease in MMF group than the control group
(-14.54% [CI —40.16——23.57] vs —31.86% [CI| —25.17—-3.91], P=0.0096) (Fig 7B). The level of bone resorption marker
B-CTX increased by 4.85% [Cl —33.58——43.27] from the baseline value in the control group (Fig 7C). In contrast, B-CTX
levels decreased by 38.83% [Cl —=59.69—-17.97] from the baseline value in the MMF group. Furthermore, the rate of
B-CTX change in the MMF group showed a significant difference when compared to the control group (P=0.0377).

Due to the presence of symptoms of low back pain among some participants, the VAS score was employed to assess
the participants’ low back pain before and after the treatments. The results showed that VAS scores were significantly
lower in the MMF group compared to the control group (-2.800 [Cl —2.25—-0.11] vs =1.182 [Cl —-3.46—2.14], P=0.0114),
suggesting that MMF treatment relieved low back pain of participants (Fig 7D).

Discussion

MMFs have been used in orthopedics diseases studies for over half a century. In this study, we performed a first clinical trial
to evaluate the effects of MMF on PMOP. Although this study was a small sample size RCT, the preliminary results demon-
strated the effectiveness of MMF exposure for PMOP therapy, including reduced bone turnover and alleviated low back pain.
As a chronic and progressive disease, the treatment of PMOP typically requires several years and may even extend
throughout a patient's lifetime [22,23]. Therefore, the compliance of patients is crucial for the effectiveness of osteoporosis
therapy [24,25]. In order to improve patient compliance, we conducted a wearable MMF device which could be carried by
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Fig 7. Change in bone turnover markers and VAS of low back pain after 90 days treatment in clinical trial. (A-C) Mean percentage change in
serum concentrations of bone formation makers, OCN (A) and P1NP (B), as well as bone resorption marker 3-CTX (C). (D) Mean change in VAS of low
back pain after 90 days treatment in clinical trial. OCN = osteocalcin. P1NP =N-terminal propeptide of type 1 procollagen. -CTX=beta-isomer of
C-Terminal Telopeptide of Type | Collagen. *P<0.05, **P<0.01.

https://doi.org/10.1371/journal.pone.0314199.9007

the patients themselves, and allowing them to complete the trial in their own homes. However, home-based trial without
the presence of researchers cannot guarantee participants’ adherence to the designated trial procedures. Therefore, sen-
sors were incorporated into the device to monitor the participants’ wearing status in real-time.

BMD is the gold standard for evaluating the impact of interventions on bone loss. In this study, we assessed the
effect of a MMF device on BMD in OVX mice and evaluated its therapeutic efficacy in preventing postmenopausal
osteoporosis through a clinical trial. The results showed that the continuous MMF exposure for 8 weeks significantly
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increased BMD and microstructure of the femur and lumbar vertebrae in OVX mice. The participants in control and
MMF group demonstrated a well compliance, and no adverse reactions were observed in clinical trial. The results of
the repeated-measures ANOVA showed that aBMD of lumbar spine significantly increased in both groups after the
90-day intervention. Meanwhile, the results indicated that although there was no statistically significant difference

in the improvement of aBMD of lumbar spine, total hip, and femoral neck between the MMF group and the control
group, the MMF treatment demonstrated a greater magnitude of increase in aBMD in PMOP patients. Additionally,
the results of the post-hoc power analysis showed that the statistical powers of aBMD of lumbar spine, total hip, and
femoral neck were low, all being less than 0.5. This indicates a high risk of false negatives in the statistical results for
change of aBMD. Additionally, the statistical results showed significant individual variations in the changes of aBMD
among the participants. Due to the small sample sizes in both the control and experimental groups in this clinical trial,
individual variability could be one of the major reasons for the low statistical power. Bone mineral density changes are
typically a gradual process, and the short duration (90-day interval) of repeated measurements may not have been
sufficient to fully capture the effects of MMF on bone mineral density. Therefore, the future clinical research on the
effects of SMFs on PMOP should consider designing larger-scale and longer trial periods to further investigate the
potential impact.

The results of clinical trial showed that all two treatments approaches exhibited a decrease in the concentration of
bone formation and bone resorption markers in serum. The MMF treatment decreased the levels of serum B-CTX in both
postmenopausal women and OVX mice. In the clinical trial, the MMF wearable device mitigated the decrease in PAINP
levels compared to the control group, a trend consistent with the increase in serum P1NP levels observed in OVX mice
following MMF exposure. The improvement in bone turnover induced by the decreased of B-CTX levels and the relative
increased of PINP may contribute to the beneficial effects of MMF wearable device not only on the lumbar spine’s aBMD
(exposed region) but also on the aBMD of total hip and femoral neck (non-exposed region) in participants. However, for
another bone formation marker, OCN, MMF exposure did not significantly increase its serum levels in mice, even reduced
serum OCN levels compared to the control group in clinical trials. This may be attributed to the inhibitory effect of MMF
on osteoclast activity, as the circulating levels of biologically active OCN are regulated by osteoclasts. During the bone
resorption process, the acidic environment created by osteoclasts leads to the conversion of inactive c-carboxylated
osteocalcin (GlaOCN) to active undercarboxylated osteocalcin (GIuUOCN) [26]. The increased of osteoclast activity in mice
resulted in elevated levels of GIUOCN in the serum, and impaired osteoclast function could decreased the GIUOCN level
[27]. Regarding the fact that MMF exposure did not change serum OCN levels in OVX mice but decreased them in PMOP
patients compared to their respective controls, which may be attributed to differences in MMF exposure patterns between
animal and clinical study. It is worth noting that the clinical trial involved localized exposure to a MMF in the lumbar spine
region, whereas in the animal experiment, mice were whole-body exposed to MMF. Furthermore, there are metabolic
differences between mice and humans.

In this study, we also have investigated the correlation between age and BMD changes among participants in differ-
ent groups. The results showed that there was minimal correlation between age and lumbar spine BMD changes in the
control group. However, there was a negative correlation between lumbar spine BMD changes and age in MMF group,
although no statistically significant. This suggests that MMF is more effective in improving BMD in younger PMOP
patients. With the bone undergoes aging, the sensitivity of bone to mechanical stimuli was reduced gradually [28]. All
subjects in SMFs are subject to the action of magnetic force, which is one of the primary mechanisms SMF biological
effects [29,30]. Therefore, the relationship between the effects of MMF on PMOP patients with different ages and the
magnetic force deserves further research. Additionally, in the early postmenopausal period, the reduction in estrogen
levels leads to rapid bone loss, with an annual bone loss rate of 3-5%. This accelerated bone loss can persist for
5-10 years and primarily affects trabecular bone. In the late postmenopausal period, the rate of bone loss slows down,
and cortical bone loss becomes more predominant, and associated with an increased risk of fragility fractures [4].
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Considering the significant regulatory effect of MMF on bone remodeling in the present study, it is possible that MMF
may have a more pronounced therapeutic effect on bone in a period of rapid bone loss with high bone turnover. In the
future, it would be interesting to include participants from different age groups to study the effects of MMF exposure on
BMD at different stages of aging.

PMOP patients usually suffer from low back pain [31-33]. Various studies indicated that SMFs had an analgesic
effects [34]. Suzan et al. found that 20 mT MMF exposure had a positive effect on patients with chronic lumbar radicular
pain [35]. Studies indicated that the relief of chronic lumbar radicular pain by the SMF was associated with the mag-
netic field intensity [36,37]. In this study, we found that 6 hour per day MMF treatment effectively alleviated low back
pain in PMOP patients. This may be attributed to the regulatory effects of MMFs on neural signal transduction and the
release of inflammatory factors. Additionally, studies have shown that SMF exposure can influence orientation during
the bone formation process [38]. Therefore, although 90 days of MMF treatment did not significantly increase the aBMD of
the lumbar spine in participants, its modulation of bone turnover may have improved the microstructure and stability of the
lumbar spine, potentially contributing to the alleviation of low back pain. Furthermore, due to the inconsistency of con-
clusions derived from a multitude of SMF treatments with varying intensities and exposure durations, further research is
warranted to explore the relationship between the dosage of SMF exposure and its impact on osteoporosis and related
pain.

However, this study still has several limitations. Firstly, the lack of in-depth mechanistic research. This is because
the aim of this study primarily focused on exploring the clinical efficacy of MMF in treating PMOP. Our previous stud-
ies have demonstrated that SMFs regulated cellular and systemic iron metabolism, which is closely associated with
osteoporosis [39-42]. Therefore, we will investigate the mechanisms of MMF therapy for PMOP based on iron metab-
olism in subsequent studies. Secondly, the sample size in the clinical trial was relatively small, and the participants’
characteristics were not comprehensively assessed, including factors such as dietary and exercise habits. Since there
were no clinical reference data on MMF for the treatment of osteoporosis, the initial intention of designing this clinical
trial was to explore the therapeutic effects of MMF on PMOP using a small sample size as a preliminary investiga-
tion. Although the valid data obtained in this clinical trial met the minimum sample size required by the study design,
the withdrawal of 8 cases resulted in a reduced final sample size, which may still reduce the statistical significance
of differences between treatment groups. Incorporating more comprehensive participant characteristics would help
assess the robustness of the experimental results through sensitivity analysis and enhance the understanding of the
relationship between the effects of MMF on PMOP and participants’ characteristics. Surprisingly, we found that MMF
effectively regulated bone turnover, alleviated low back pain, and exhibited a tendency to increase lumbar spine BMD.
Thirdly, the clinical trial in this study had only a single endpoint, and the trial duration was limited to 90 days, which is
relatively short for observing the effects of MMF, a mild intervention, on bone mineral density. The long-term therapeu-
tic effects of MMF on osteoporosis or the potential long-term effects after MMF treatment cessation remain unclear.
Therefore, multicenter, large-scale randomized RCTs with longer durations and multiple time points are necessary to
comprehensively evaluate the therapeutic effects of MMF on osteoporosis. Furthermore, in this study, we have only
investigated the effects of lumbar spine local MMF exposure on BMD and BTMs in PMOP patients. Therefore, further
investigation is needed to explore the effects of whole-body MMF exposure or localized MMF exposure at other sites,
such as the hip, on osteoporosis.

In conclusion, the MMF exposure not only improved the bone microstructure and bone remodeling homeostasis
in OVX mice but also significantly enhanced the bone mechanical properties. The results from RCT demonstrated
that 90-day MMF treatment significantly improved serum BTMs and relieved low back pain in PMOP patients.
Furthermore, MMF treatment exhibited a positive effect on BMD of the lumbar spine in PMOP patients. It indicated
that MMF is a potential adjuvant therapy for osteoporosis and will promote the clinical translation research and
application of SMFs.
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