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GM6001 improves bone dysfunction and bone
metabolism disorder in SINFH rats
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Abstract: Objective: To explore the effects of intravenously injected matrix metalloproteinase inhibitor GM6001
on serum calcium and phosphorus levels and bone metabolism markers in rats with steroid-induced necrosis of
femoral heads (SINFH). Methods: Out of 90 2-week-old Sprague Dawley rats, 60 were randomly selected for SINFH
modeling, and the other 30 were the control group. Of the 60 SINFH model rats, 30 were randomly selected as the
GM6001 group. The other 30 were not treated, acting as a SINFH model group. Seven rats in each of the three
groups were randomly selected at the second (T1), fourth (T2), sixth (T3), and eighth week (T4) after model es-
tablishment. Serum calcium and phosphorus levels were measured, and serum alkaline phosphatase (BALP) and
osteocalcin (BGP) were detected by ELISA. Anti-tartaric acid phosphatase (StrACP) was detected by colorimetry.
Bilateral femoral head tissues were obtained, and the femoral head density was measured using a dual-energy
X-ray bone density detector. Osteoblasts and osteoclasts were microscopically examined and counted. Results:
Serum calcium, phosphorus, and BGP levels, femoral head density, and osteoblast counts in the GM6011 group
were higher than those in the model group (P < 0.050), which was lower than those in the control group (P < 0.050).
Serum BALP and StrACP levels, and osteoclast counts at T2, T3, and T4 were lower than those in the model group
(P < 0.050), which was higher than those in the control group (P < 0.050). Conclusions: GMB6001 can effectively
improve bone dysfunction and bone metabolism disorder in SINFH rats, which improves bone mechanical strength
and promotes new bone formation. It is expected to be an effective drug for SINFH treatment.
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heads (SINFH) exceeded two million in 2016
[B]. In areas with larger, older populations, such
as China and India, the incidence of SINFH has

Introduction

Glucocorticoid is an adrenocortical hormone

that plays an important role in a variety of au-
toimmune diseases, graft rejection, adrenal
insufficiency, heart failure, cerebrovascular dis-
ease, nervous system inflammation, and che-
motherapy for hematological malignancies [1,
2]. With the frequent use of glucocorticoids in
the clinic, the incidence of side effects caus-
ed by glucocorticoids is also increasing [3].
Extensive use of glucocorticoids can lead to
decreased anti-infective and anti-tumor immu-
ne functions, increased blood sugar, increased
risk of hypertension and diabetes, osteoporo-
sis, fetal malformations, and other hazards [3].
Among them, the incidence of glucocorticoid-
induced femoral head necrosis has increased
in recent years [4]. The number of patients wi-
th new steroid-induced necrosis of femoral

exceeded 5% due to broader glucocorticoid
application [6].

SINFH is not only very painful, but also affects
normal patient functioning and can lead to
more serious problems, such as permanent dis-
ability, collapse of the femoral head, deforma-
tion and joint inflammation [7]. The importance
of glucocorticoids in clinical practice is undis-
putable. However, reducing the associated
complications of glucocorticoid therapy is cur-
rently under active research.

Matrix metalloproteinases (MMPs) are mem-
bers of the protease family involved in the deg-
radation of extracellular matrices, such as bone
[8]. They have been shown to be involved in tis-
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sue development and repair, induction and
development of inflammatory responses, and
tumor development. MMPs may also play an
important role in the development of SINFH. Li
et al. showed that curcumin could improve
bone microstructures in mice with secondary
osteoporosis induced by glucocorticoid by re-
gulating MMP-9 and activating micro365. Du
et al. demonstrated that single nucleotide
polymorphism in MMP-9 was associated with
reduced SINFH risk [9-11] and it is speculated
that MMP inhibitors may be therapeutic targets
for the treatment and prevention of SINFH.

The use of MMP inhibitors for SINFH treatment
has not been reported thus far. Therefore, in
the current study we established a SINFH mo-
del in rats and treated them with an MMP inhib-
itor, GM6001, to examine the potential of MMP
inhibitors in SINFH treatment.

Materials and methods
Animals

A total of 120 Sprague-Dawley rats (clean-
grade, 2-week-old, weighing 180-250 g) were
purchased from Shanghai Kaixue Science and
Technology Co., Ltd. China. Rats were housed
with free access to drinking water and food at
24 + 2°C in 50 + 5% humidity under natural
light. This experiment was approved by the
Seventh People’s Hospital of Shanghai Uni-
versity of Traditional Chinese Medicine Animal
Ethics Committee.

SINFH model

Sixty rats were randomly selected for SINFH
modeling. Using methods based on Weinstein
et al. [12], 20 mg/kg methylprednisolone
(Shanghai Guangrui Biotechnology Co., Ltd.,
RB1336) was injected into the gluteal muscle.
The left and right gluteus maximus were inject-
ed alternately once a day for a total of 6 weeks.
One day after the last injection, two of the mod-
eled rats were randomly selected for histopath-
ological observation to confirm the successful
induction of SINFH. Of the 60 SINFH rats, 30
were randomly selected as the GM6001 treat-
ment group (SINFH + GM6001). These rats re-
ceived a tail vein injection of 70 mg/kg
GM6001 once a week for a total of eight in-
jections. The 30 non-treated rats were used
as a positive SINFH control group (SINFH). An-
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other 30 rats treated with GM6001 only (WT +
GM6001), and 30 untreated rats (WT) were
used as negative control groups.

Detection methods

Seven rats in each of the four groups were ran-
domly selected at the second (T1), fourth (T2),
sixth (T3), and eighth (T4) week after model
establishment (all rats were euthanized in week
8), and 6 mL of heart blood was drawn. After
centrifugation for 10 min at 4000 rpm, the
resulting serum was divided into two aliquots.
One aliquot was used for automatic biochemi-
cal analysis to detect serum calcium and phos-
phorus levels using a CM-800 automatic bio-
chemical analyzer (Jidan Biotechnology Co.,
Ltd.). The other serum aliquot was used for
detection of alkaline phosphatase (BALP) and
osteocalcin (BGP) by enzyme-linked immuno-
sorbent assay (ELISA).

The expression of tartrate-resistant acid phos-
phatase (StrACP) was detected by colorimetry
according to the manufacturer’s instructions.
Briefly, rat serum and R1, R2 reagents were
mixed and incubated at 37°C in a water bath
for 60 min. R3, R4 reagents were added and
left to incubate at room temperature for 40
min, before centrifuging for 10 min at 3500-
4000 rpm. A 0.5 ml aliquot of the resulting
supernatant was mixed with the color develop-
er and left to incubate for 10 min. Samples
were read at 550 nm and 0.5 cm optical path.

The BALP ELISA kit was purchased from
Shanghai Guduo Biotechnology Co., Ltd., GD-
BN6568. The BGP ELISA kit was purchased
from Shanghai Crystal Anti-Bioengineering Co.,
Ltd., JK-(a)-5994. The StrACP kit was purchas-
ed from Shanghai Yaji Biotechnology Co., Ltd.,
AO58.

After rats were sacrificed by cervical disloca-
tion, blood was drawn by heart puncture and
bilateral femoral head tissue was obtained.
Femoral head density was measured using a
dual energy X-ray bone density detector. After
the density measurement, the femoral head
was cut in the middle of the coronal plane, fixed
with 4% formaldehyde, and allowed to stand for
24 h for decalcification treatment. After 24 h,
the bone samples were dehydrated, embedded
in paraffin, and stained with hematoxylin and
eosin prior to light microscopy. Osteoblasts and
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Table 1. Serum calcium levels (mmol/L)

GM6001 group Model group Control group Therapy group F P
T1 2.75 +0.20 2.74 +0.18 3.27 + 0.25%Y 3.29 + 0.24%Y 17.493 <0.001
T2 2.83+£0.22 2.55 + 0.20% 3.34 £ 0.31%V 3.31+0.29%Y 15.387 <0.001
T3 2.94 +£0.25 2.26 +0.147™% 3.21 + 0.29%Y 3.28 + 0.26%Y 24.94 <0.001
T4 3.08 + 0.25" 217 + 0.24"#4 3.31 +0.24%Y 3.32+0.22%Y 36.751 <0.001

“Serum calcium expression level in the same group at T4, P < 0.050; #*serum calcium expression level in the same group at T2,
P < 0.050; 2serum calcium expression level compared with the GM6001 group in the same period, P < 0.050; Yserum calcium

expression level compared with the model group, P < 0.050.

osteoclasts were counted in five fields at 400-
fold magnification using a microscope.

Outcome measures

Outcomes were based on: serum calcium and
phosphorus levels in four groups at T4, T2, T3,
T4; BALP, BGP, and StrACP activities; femoral
head density and bone cell count.

Statistical analysis

The data were analyzed and processed using
SPSS 24.0 statistical software (Shanghai Yu-
chuang Network Technology Co., Ltd.). All
results were expressed as the mean * stan-
dard deviation. A comparison between two
groups was performed using independent
t-test. For multiple-group-comparison, one-way
ANOVA was used. Repeated measure ANOVA
with post hoc Tukey test was performed for
measurements with multiple time points. P <
0.050 was considered statistically significant.

Results
SINFH model

Observation of bone morphology was per-
formed on each sacrificed rat to determine
whether SINFH modeling was successful. The
results showed that osteonecrosis occurred in
7 model rats sacrificed at T4, T2 and T3. Out of
7 model rats were sacrificed at T4, 6 models
were successful. The overall modeling success
rate was 98.33%.

Serum calcium and phosphorus expression
levels

Serum calcium and phosphorus levels in the
four rat groups at T4, T2, T3, and T4 were sta-
tistically significant (P < 0.001). There was no
significant difference in serum calcium and
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phosphorus between the control group and
the model group at any of the time points (P <
0.050). At T1, there was no significant differ-
ence in serum calcium and phosphorus expr-
ession between the GM6001 group and the
SINFH model group (P > 0.050). The control
and therapy groups showed higher expression
of both serum phosphorous and calcium com-
pared to the other two groups (P < 0.050). At
T2, T3, and T4, the serum calcium and phos-
phorus levels were the lowest in the SINFH
model group, followed by the GM6001 group.
Levels in the control group as well as the thera-
py group were higher than those in the other
two groups (P < 0.050). In the SINFH model
group, serum calcium and phosphorus were
highest at T1, and decreased at T2, T3, and T4
(P < 0.050). There was no significant difference
in serum calcium and phosphorus expression
levels between the control group and therapy
group at each time point (P > 0.050) (Tables 1
and 2).

BALP, BGP, and StrACP expression levels

At T4, there was no significant difference in
BALG, BGP or StrACP expression between the
GM6001 group and the SINFH model group (P
> 0.050) (Tables 1-3). At T2, T3, and T4, BGP
levels in the control group were higher than
those in the SINFH model group (P < 0.050),
and lower than those in the control group and
therapy group (P < 0.050) (Table 2). BALP and
StrACP levels in the therapy group were lower
than those in the SINFH model group (P <
0.050) and higher than those in the control
group and therapy group (P < 0.050) (Tables 1
and 3). There was no significant difference in
BALP, BGP and StrACP levels between the con-
trol group and therapy group at each time point
(P > 0.050). At T2, T3, and T4, BALP, BGP and
StrACP levels in the control group were not sig-
nificantly different. However, BALP and StrACP
levels were higher at T1 and BGP was lower at
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Table 2. Serum phosphorus levels (mmol/L)

GM6001 group Model group Control group Therapy group F P
T1 1.12+0.21 1.04 £ 0.16 1.68 + 0.074Y 1.71 + 0.05>Y 34.234 <0.001
T2 1.39+0.14 0.87 £+ 0.15% 1.62 + 0.04~Y 1.73 £ 0.06*" 70.950 <0.001
T3 1.45+0.21 0.70 £ 0.09™2 1.69 + 0.05*" 1.71 + 0.06%Y 102.413 <0.001
T4 1.46 £ 0.12" 0.62 + 0.05"#4 1.66 + 0.08>" 1.74 + 0.05%Y 274.520 <0.001

“Serum calcium expression level in the same group at T1, P < 0.050; #*serum calcium expression level in the same group at T2,
P < 0.050; 2serum calcium expression level compared with the GM6001 group in the same period, P < 0.050; Yserum calcium

expression level compared with the model group, P < 0.050.

Table 3. Comparison of BALP expression levels

Therapy group GM6001 group Model group Control group F P
T1 55.13 + 8.62 57.32 £ 10.24 4716 + 5.24"* 48.08 + 4.49™* 3.164 0.043
T2 62.14 + 6.79 69.33 £ 10.68™*  47.16 + 4.96"* 4759 + 4.717# 16.652 <0.001
T3 64.13 + 8.34%Y 76.14 + 9.68"Y 4723 +5.04"*  48.37 + 4.57"# 25.463 <0.001
T4 63.67 £ 5.69*Y  85.62 + 8.68"~V"  47.14 + 5.22"* 48.62 + 4.68"# 57.020 <0.001

Note: “represents a comparison with therapy group, P < 0.001; #represents a comparison with GM6001 group, P < 0.001;
“represents comparison with T1 within the same groupi, P < 0.001; “represents a comparison with T2 within the same group,
P < 0.001; “represents a comparison with T3 within the same group, P < 0.001.

Table 4. Comparison of BGP expression levels

Therapy group GM6001 group Model group Control group F P
T1 4.76 + 0.55 4,98 + 0.62 6.84 + 0.41"# 6.94 £ 0.35™# 39.242 <0.001
T2 4,51 +0.29% 3.72+0.15™ 6.77 £ 0.39™# 6.89 + 0.38™# 178.124 < 0.001
T3 4.36 + 0.31~Y 2.53 + 0.20"»Y 6.80 + 0.35"# 6.92 + 0.30™ 357.329 <0.001
T4 4.25 + 0.34%Y 1.20 + 0.14"4V° 6.82 + 0.40™* 6.87 + 0.36"* 475.207 <0.001

Note: “represents a comparison with therapy group, P < 0.001; *represents a comparison with GM6001 group, P < 0.001;
represents comparison with T1 within the same groupd, P < 0.001; “represents a comparison with T2 within the same group,

P < 0.001; “represents a comparison with T3 within the same group, P < 0.001.

Table 5. Comparison of StrACP expression levels

Therapy group GM6001 group Model group Control group F P
T1 72.37 £ 8.65 75.24 + 10.33 32.76 + 3.07"* 32.15+2.89"# 80.273 <0.001
T2 70.16 + 10.24 89.57 + 8.68™ 33.42+£3.67"* 3237 +3.07%%  110.325 <0.001
T3 68.22 + 7.67 104.04 + 9.62"~Y 34.16 + 3.25"*  33.08 +3.07"*  185.214 <0.001
T4 63.31+6.12% 113.27 + 12.04"2V"°  33.04 + 3.30"* 32.52 +2.82"*  200.842 <0.001

Note: “represents a comparison with therapy group, P < 0.001; #represents a comparison with GM6001 group, P < 0.001;
represents comparison with T1 within the same groupi, P < 0.001; “represents a comparison with T2 within the same group,
P < 0.001; “represents a comparison with T3 within the same group, P < 0.001

T1 compared to the levels at other time points
(P < 0.05). BALP and StrACP levels increased
and BGP levels decreased with time in the
SINFH model group (P < 0.050) (Tables 4 and
5).

Femoral head density and bone cell count
At T1, there was no significant difference

between the GM6001 group and the SINFH
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model group (P > 0.050). However, at T2, T3,
and T4, femoral head density and osteoblast
counts in the control group were higher than
those in the SINFH model group (P < 0.050),
and lower than those in the control and therapy
groups (P < 0.050). Osteoclast counts in the
GM6001 group were lower than those in the
SINFH model group (P < 0.050) and higher than
those in the control and therapy groups (P <
0.050). Comparison of femoral head density
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Table 6. Comparison of femoral head density

Therapy group GM6001 group Model group Control group F P
T1 0.42 +0.08 0.42 £ 0.02 0.52 £ 0.02"# 0.50 £ 0.02"# 10.193 <0.001
T2 0.45 + 0.05 0.35+0.07 0.51 £ 0.03"* 0.49 £ 0.01"# 16.892 <0.001
T3 0.45 + 0.09 0.29 + 0.05™2Y 0.54 +£0.02"# 0.50 £ 0.01"# 30.351 <0.001
T4 0.47 £ 0.02 0.24 + 0.08"2V° 0.52 £ 0.01"# 0.48 £ 0.02"# 61.720 <0.001

Note: “represents a comparison with therapy group, P < 0.001; *represents a comparison with GM6001 group, P < 0.001;
Arepresents comparison with T1 within the same groupl, P < 0.001; “represents a comparison with T2 within the same group,

P < 0.001; “represents a comparison with T3 within the same group, P < 0.001.

Table 7. Comparison of osteoclast counts

Therapy group GM6001 group Model group Control group F P
T1 18.04 + 3.51 18.23 + 3.17 14.54 + 2.16™*  14.87 + 2.25"# 3.442 0.033
T2 20.62 + 2.16 24.16 + 3.55"* 14.82 £ 2.05™* 15.12 + 2.07*# 22.242 <0.001
T3 21.17 + 3.06 29.72 + 4,215V 15.04 + 1.76**  15.09 + 1.89"# 39.905 <0.001
T4 23.00 £ 2.84* 36.95 + 4.15"2V> 14,96 + 2.00"* 15.08 + 1.92"# 90.852 <0.001

Note: “represents a comparison with therapy group, P < 0.001; *represents a comparison with GM6001 group, P < 0.001;
represents comparison with T1 within the same groupi, P < 0.001; “represents a comparison with T2 within the same group,
P < 0.001; “represents a comparison with T3 within the same group, P < 0.001.

and bone cell counts between the control
group and the SINFH model group at each time
point showed no significant difference (P >
0.050). In the GM6001 group, femoral head
density and osteoclast counts increased with
time and osteoclast counts decreased with
time (P < 0.050). In the SINFH model group,
femoral head density and osteoclast counts
decreased with time and osteoclast counts
were increased with time (Tables 6 and 7).

Discussion

Serum calcium and phosphorus levels are
important indicators of bone health, including
femoral head health. Calcium and phosphorus
levels determine the efficacy of bone resorp-
tion and remodeling and are affected by sever-
al factors, including BALP, BGP, and StrACP
activity [13]. BALP is a marker of early bone cell
maturation, which can provide inorganic phos-
phorus to the body, promote bone salt crystal
formation, and is closely related to bone miner-
alization [14]. BGP is an osteoblast production
factor, and its expression level directly reflects
the rate of bone metabolism in the body [15].
StrACP is produced by osteoclasts, contrary to
BGP, and is commonly used to monitor bone
resorption [16]. GM6001 is a broad-spectrum
matrix metalloproteinase inhibitor and current-
ly the most potent synthetic MMP inhibitor
known [17]. It is a dipeptide containing many
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carboxyl groups, which complex zinc ions re-
quired for protease activity upon binding to
the MMP substrate recognition moiety, there-
by inhibiting metalloproteinase activation [18].
Through the action of GM6001, MMP-induced
collagen destruction can be reduced, and bone
tissue repair can occur. Currently, the applica-
tion of GM6001 in SINFH treatment has not
been confirmed. In this study, we established a
SINFH rat model and treated these rats with
GM6001. Serum calcium and phosphorus lev-
els and bone metabolism markers were mea-
sured to demonstrate the potential of GM6001
as a therapeutic option for SINFH.

Serum calcium and phosphorus levels, BGP lev-
els, femoral head density, and osteoblast
counts were all higher in the GM6001 group
than in the SINFH model group. Conversely,
BALP and StrACP levels and osteoclast counts
were lower in the GM6001 group than the
SINFH model group. This suggests that GM-
6001 can effectively improve bone dysfunction
and metabolism by promoting new bone forma-
tion and inhibiting osteoclast activation. These
significant differences were not found in any of
the indicators between the control group and
the therapy group, which indicated that GM-
6001 had no negative effect on the bone tissue
of rats and could be used for the treatment of
bone tissue diseases in humans.
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Upon glucocorticoid treatment, a large amount
of extracellular matrix accumulates. This accu-
mulation causes a continual increase of the
bone marrow fat system activity, destruction of
intact and compact trabecular bone arrange-
ment, and destabilization of local bone density,
eventually leading to SINFH. After administer-
ing GM6001, fat differentiation was promoted,
with an associated release of large amounts of
many specific factors, such as BGP and osteo-
protegerin. GM6001 promotes inorganic phos-
phorus release from hydrolyzed phospholipids,
strengthens local phosphorus concentrations,
and accelerates bone mineralization. GM6001
inhibits MMPs by binding to a polypeptide in the
MMP, thereby inhibiting its activity [19]. Zinc
ions chelated with GM6001 can induce calci-
um phosphate zinc formation in bone and
increase BALP and BGP expression. By inhibit-
ing MMPs, GM6001 treatment reduced the
rate of apoptosis and bone cell degradation,
effectively improving the bone tissue and re-
storing intact and compact trabecular bone
arrangement. Martin-Martin et al. [20] pro-
duced a similar conclusion when studying GM-
6001 for treatment of joint inflammation, con-
firming the results of this study. However, fur-
ther research on the mechanism of GM6001
on bone function is needed. Jasinska et al.
[21] proposed that GM6001 can improve bone
function and metabolism by regulating certain
genes, such as PPAPy and Runx2. In a study by
Yao et al. [22] examining the effect of glucocor-
ticoids on human bone function, glucocorti-
coids were shown to have no significant effect
on serum calcium and phosphorus levels. The
subjects included in the study by Yao et al. [22]
were osteoporosis patients. Initial serum calci-
um and phosphorus levels of these patients
were lower and no significant changes occurred
upon glucocorticoid use. In this study, the sig-
nificant difference in bone function between
the SINFH model group and the control group
demonstrated that the effects of glucocorti-
coids on bone tissue should not be underes-
timated.

However, the mechanism underlying the effect
of GM6001 on bone metabolism needs further
investigation. Moreover, there are always dif-
ferences between animal models and human
application. Human experiments will be pur-
sued in future, and our experimental methods
will be constantly improved to obtain optimal
experimental results.
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In summary, GM6001 treatment of SINFH
model rats was shown to effectively improve
bone dysfunction and disordered metabolism
in rats. GM6001 treatment also improved bone
mechanical strength and promoted bone for-
mation in SINFH model rats. GM6001 thus has
potential for use as an effective drug for the
treatment of SINFH.
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