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Abstract

Background Diabetic myopathy involves hyperglycaemia and inflammation that causes skeletal muscle dysfunction; how-
ever, the potential cellular mechanisms that occur between hyperglycaemia and inflammation, which induces sarcopenia,
and muscle dysfunction remain unknown. In this study, we investigated hyperglycaemia-induced inflammation mediating
high-mobility group box 1 activation, which is involved in a novel form of cell death, pyroptosis, diabetic sarcopenia, atrophy,
and adverse muscle remodelling. Furthermore, we investigated the therapeutic potential of bone morphogenetic protein-7
(BMP-7), an osteoporosis drug, to treat pyroptosis, and diabetic muscle myopathy.
Methods C57BL6 mice were treated with saline (control), streptozotocin (STZ), or STZ + BMP-7 to generate diabetic muscle
myopathy. Diabetes was established by determining the increased levels of glucose. Then, muscle function was examined, and
animals were sacrificed. Gastrocnemius muscle or blood samples were analysed for inflammation, pyroptosis, weight loss,
muscle atrophy, and adverse structural remodelling of gastrocnemius muscle using histology, enzyme-linked immunosorbent
assay, immunohistochemistry, western blotting, and reverse transcription polymerase chain reaction.
Results A significant (P < 0.05) increase in hyperglycaemia leads to an increase in inflammasome (high-mobility group box 1,
toll-like receptor-4, and nucleotide-binding oligomerization domain, leucine-rich repeat and pyrin domain containing protein 3)
formation in diabetic muscle cells. Further analysis showed an up-regulation of the downstream pyroptotic pathway with sig-
nificant (P < 0.05) number of positive muscle cells expressing pyroptosis-specific markers [caspase-1, interleukin (IL)-1β, IL-18,
and gasdermin-D]. Pyroptotic cell death is involved in further increasing inflammation by releasing pro-inflammatory cytokine
IL-6. Structural analysis showed the loss of muscle weight, decreased myofibrillar area, and increased fibrosis leading to muscle
dysfunction. Consistent with this finding, BMP-7 attenuated hyperglycaemia (~50%), pyroptosis, inflammation, and diabetic
adverse structural modifications as well as improved muscle function.
Conclusions In conclusion, we report for the first time that increased hyperglycaemia and inflammation involve cellular
pyroptosis that induces significant muscle cell loss and adverse remodelling in diabetic myopathy. We also report that
targeting pyroptosis with BMP-7 improves diabetic muscle pathophysiology and muscle function. These findings suggest that
BMP-7 could be a potential therapeutic option to treat diabetic myopathy.
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Introduction

Diabetic patients are more susceptible than healthy people in
the development and progression of sarcopenia muscle
atrophy.1 Diabetes is a major metabolic disorder usually ac-
companied with hyperglycaemia, oxidative stress, and inflam-
mation, leading to multiorgan diseases such as
cardiomyopathy, nephropathy, neuropathy, periodontal dis-
ease, retinopathy, impaired wound healing, and skeletal mus-
cle dysfunction.1–5 Skeletal muscle myopathy, especially
when developed due to sarcopenia and muscle atrophy, has
been considered as a major pathophysiological feature of
diabetes.1,2,6 Despite this, little attention has been paid to
diabetes-induced muscle sarcopenia, atrophy, and
progressed muscle dysfunction, although these factors signif-
icantly contribute to impaired quality of life, as well as in-
creased morbidity and mortality in patients. The exact
pathophysiological mechanisms involved in diabetic muscle
dysfunction are complex and need further investigation.

Apoptosis, necrosis, and autophagy have been reported in
skeletal muscle dysfunction in aged humans.7–9 Various stud-
ies reported these types of cell deaths in diabetic muscle dys-
function and suggest that they are generally mediated
through oxidative stress.7–10 Recent studies indicate that dia-
betes involves peripheral inflammation with increased macro-
phages in the blood of diabetic patients11; however, it
remains unknown whether muscle tissue has increased in-
flammation that might trigger cellular mechanisms in the in-
duction of diabetic sarcopenia, atrophy, and muscle
dysfunction. An inflammation-induced cell death, pyroptosis,
has been reported in the gut and other organs involving
infection.12 Infection-initiated inflammation that causes
pyroptosis has been considered to be a major mechanism
that leads to organ dysfunction. Recent evidence suggests
that non-cell dividing organs such as heart involve pyroptosis,
which is caused by sterile inflammation.13 Pyroptosis,
distinct from apoptosis and necrosis, is initiated by
inflammation mediated through microbial infection or
damage-associated molecular patterns (DAMPs). This leads
to the formation of the inflammasome and a series of down-
stream activated pyroptosis markers such as caspase-1,
interleukin (IL)-1β, and IL-18.14,15 It remains unknown
whether diabetes-induced muscle dysfunction involves
inflammation-induced pyroptosis in gastrocnemius muscle
(GM) tissue.

Moreover, antioxidant and pharmacological agents such as
myostatin and activin have been examined to treat skeletal
muscle atrophy and dysfunction in disease conditions; how-
ever, these drugs have been reported to have off-target ef-
fects, which raise concerns regarding their efficacy in
patients.16,17 Therefore, alternative strategies are needed to
attenuate diabetes-induced sarcopenia and atrophy. We re-
cently reported that bone morphogenetic protein-7 (BMP-7),
an osteogenic protein-1, which belongs to the transforming

growth factor β superfamily, inhibits apoptosis and inflamma-
tion in the diabetic heart.18 Furthermore, we also demon-
strated that BMP-7 inhibits plaque formation, monocyte
infiltration, and pro-inflammatory cytokine secretion in
atherosclerosis.19,20 However, it remains unknown whether
BMP-7 attenuates inflammation-induced pyroptosis,
sarcopenia, skeletal muscle atrophy, and adverse remodelling.

This study will examine whether the presence of
inflammation-induced cell death, pyroptosis, leads to
sarcopenia, skeletal muscle atrophy, and adverse muscle re-
modelling that causes skeletal muscle dysfunction in diabetic
male and female mice. Furthermore, we investigated
whether BMP-7 would have a therapeutic effect on diabe-
tes-induced pyroptosis, sarcopenia, muscle atrophy, and
muscle dysfunction in diabetic animals.

Materials and methods

Animal model and experimental design

All animal procedures in the current study were approved by
the Institutional Animal Care and Use Committee of the
University of Central Florida. We used a total of 48 C57BL/
6J mice age 10 ± 2 weeks old, both male and female sexes,
as depicted in Figure 1A. Mice were divided into three
groups: control, streptozotocin (STZ), and STZ + BMP-7
(n = 16; 8M + 8F/group). Animals were administered
200 mg/kg STZ via intraperitoneal injection, whereas recom-
binant mouse BMP-7 (Bioclone, cat#PA-0401) of 200 μg/kg
body weight was administered via intravenous injection im-
mediately after STZ injection. Additional injections of BMP-7
were given on two successive days. Total cumulative dose
of BMP-7 given was 600 μg/kg body weight. Control animals
were administered with saline injections. Body weight was
measured prior to STZ injection and at the time of sacrifice.
On Day 42 (D-42), muscle function was tested, and animals
were euthanized under 4% isoflurane followed by cervical dis-
location. Blood samples were collected by heart puncture via
exsanguination for enzyme-linked immunosorbent assay
(ELISA). GMs were collected, weighed, and stored at �80°C
in RNA later for western blotting and gene expression studies,
or 4% paraformaldehyde for histological staining.

Determination of blood glucose levels

Blood prick method was used to measure the random blood
glucose levels at D-42 using OneTouch Ultra Mini glucose
metre.18 Briefly, all mice were subjected for glucose test
using 3–6 μL of blood collected via tail vein puncture.
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Immunohistochemistry staining

Double immunohistochemistry (IHC) staining was performed
as published by us.18,21 GM tissue sections were
deparaffinized followed by rehydration. Sections were blocked
with 10%normal goat serum (Vector Labs). Following blocking,
sections were stained for skeletal muscle myosin using
anti-myosin primary antibody and Alexa Fluor® 488 goat
anti-rabbit (Invitrogen, Carlsbad, CA) secondary antibody.
After myosin staining, a second blocking step was performed
prior to co-staining with inflammasome primary antibodies
(prepared in 10% GS) of high-mobility group box 1 (HMGB1),
toll-like receptor-4 (TLR4), and nucleotide-binding oligomeri-
zation domain, leucine-rich repeat and pyrin domain contain-
ing protein 3 (NLRP3). Sections were also stained for
pyroptosis-specific markers using caspase-1, IL-1β, IL-18, and
gasdermin-D (GSDMD) as primary antibodies and Alexa flour®
568-goat anti-rabbit antibody as secondary antibody. Finally,

the sections were washed, and the nuclei were stained with
mounting medium containing 4′,6-diamidino-2-phenylindole
(DAPI; Vector Labs cat#H-1200). Images (four to five
fields/section) were taken at ×20magnification using Keyence
fluorescence microscope (Keyence, Itasca, IL) for quantifica-
tion, and representative images were recorded at ×40 magni-
fication. Quantitative data for pyroptotic cell death were
calculated by dividing positive cells over total DAPI times 100
[(total cells+ve/total DAPI)*100], and SigmaPlot software was
used for graphical representation. Details of antibodies were
provided in Supporting Information, Table S1A.

cDNA synthesis and reverse transcription
polymerase chain reaction

Total RNA was isolated from the GM tissue homogenate
using Trizol™ (Invitrogen, Carlsbad, CA) and reverse

Figure 1 Bone morphogenetic protein-7 (BMP-7) treatment attenuates diabetes-induced hyperglycaemia and improves diabetes induced weight loss.
Schematic representation of injection schedule and study design (A). Streptozotocin (STZ)-induced diabetes was confirmed with elevated glucose
levels. Bar graphs represent elevated glucose levels in both male and female mice of STZ-administered mice, whereas BMP-7 treatment potentially
reduced the glucose levels on D42 [B: Male mice (n = 5–6); C: Female mice (n = 6); D: Both male and female mice (n = 12–13)]. Similarly, histogram
represents the gain in body weight (BW) upon BMP-7 treatment after 42 days of STZ administration [E: Male mice (n = 5–8); F: Female mice
(n = 5–8); G: Both male and female mice (n = 11–13)]. Error bars = mean ± standard error of the mean. One-way ANOVA and Tukey tests were per-
formed to assess statistical significance. *P < 0.05, **P < 0.01, and ***P < 0.001 vs. control, #P < 0.05 and ##P < 0.01, vs. STZ.
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transcribed into cDNA using the Superscript™ III First Strand
Synthesis system (Invitrogen, Carlsbad, CA). Following cDNA
synthesis, quantitative real-time polymerase chain reaction
(PCR) was performed using CFX96 C1000 Touch™ Thermal
Cycler Multicolor Real-Time PCR Detection System (Bio-Rad,
Hercules, CA) with SYBR Green (Invitrogen, Carlsbad, CA).
PCR was carried out for pyroptotic initiator HMGB1,
inflammasome marker NLRP3, pyroptotic markers (caspase-
1, IL-1β, IL-18, and GSDMD), and for muscle atrophy marker
muscle RING-finger protein-1 (MuRF1). The used list of
mouse-specific primers is presented in Table S1B. Glyceralde-
hyde 3-phosphate dehydrogenase was used as loading con-
trol. Quantitative PCR was performed with an initial step of
denaturation at 50°C for 2 min, 95°C for 10 min, followed
by 40 cycles of 95°C for 20 s and 60°C for 20 s. Melt curves
were established and normalized fold expression was calcu-
lated by using 2�ΔΔCt method.

Western blot analysis

Western blot was performed as reported previously.18,21 GM
tissue (15–20 mg) was homogenized using
radioimmunoprecipitation lysis buffer, supernatant was
collected after centrifugation, and protein concentration was
estimated using Bio-Rad protein assay. Protein samples
(50–80 μg) were loaded and run on sodium dodecyl sulfate
polyacrylamide gel electrophoresis (10% or 15%) for 90–
120 min at 150 V. The gels were transblotted onto a
polyvinylidene difluoride membrane using Mini Trans-Blot
Electrophoretic Transfer Cell (Bio-Rad, Hercules, CA) for
60 min. Membranes were blocked with 5% non-fat milk in 1×
tris-buffered saline with Tween at room temperature for 1 h
and then incubated with primary antibodies (1:1000 v/v
dilution) for HMGB1, NLRP3, GSDMD, and β-actin (as a loading
control) overnight at 4°C. Following primary antibody
incubation, membranes were washed with 1× tris-buffered
saline with Tween and incubated with horseradish
peroxidase-conjugated goat anti-rabbit IgG secondary
antibody (1:1000 v/v dilution), for 1 h at room temperature.
Finally, membranes were exposed to enhanced chemilumines-
cence reagent (Thermo Technologies, Rockford, IL) and the
signal was detected using X-ray films. Densitometric analysis
was performed using ImageJ software on scanned X-ray films.
All protein band intensities were normalized to beta (β)-actin
and expressed as arbitrary units. Antibody details were given
in Table S1A.

Enzyme-linked immunosorbent assay

Blood samples were centrifuged at 775 g for 20 min. Serum
was separated and stored at �80°C. Pro-inflammatory cyto-
kine levels of IL-6 were analysed in mice serum samples using

a sandwich ELISA kit (Ray Biotech, Inc., Norcross, GA, USA,
cat#ELM-IL6) following the supplier’s protocol. Data were
plotted in a bar graph using SigmaPlot software.

Histological analysis for atrophy and fibrosis

Haematoxylin and eosin staining
To evaluate myofibrillar loss, GM sections were stained
with haematoxylin and eosin as we described pre-
viously.21,22 Sections were deparaffinized, rehydrated, and
subsequently stained with haematoxylin (Thermo Fisher
Scientific; cat#7211), 1% acid alcohol (Poly Scientific R&D
Corp; cat#S104), bluing reagent (Thermo Fisher Scientific;
cat#73011), and eosin (Thermo Fisher Scientific; cat#7111)
solutions. Nuclei were stained in blue/purple, and muscle
cells were in pink. Images were recorded using Keyence mi-
croscope (Itasca, IL, USA). ImageJ software was used to
quantify myofibrillar size (mm2) at ×20 magnification cap-
tured pictures, and data were represented in a bar graph
using SigmaPlot software. Representative images were re-
corded at ×40 magnification.

Masson’s trichrome staining
To determine the interstitial (IF) and vascular (VF) fibrosis,
trichrome staining was performed as we described
previously.18,21,23,24 Using ImageJ, IF was determined by mea-
suring the collagen deposition (blue) in six to eight
areas/section to quantify the fibrotic area in mm2, while VF
was determined by measuring total vessel area and fibrotic
area by imageJ. Percent VF was calculated using (VF/total ves-
sel area) × 100, and graphs were plotted using SigmaPlot soft-
ware. Representative images were recorded at ×40
magnification.

Muscle function tests
To evaluate the effects of STZ-induced diabetes with and
without BMP-7, we determined the muscle function using
grip strength metre,25,26 rotarod,27,28 and weights test29 on
D-42.

Grip strength test
The grip strength of the four limbs of the mouse (combined)
was assessed using grip strength metre (Columbus Instru-
ments, Columbus, OH) as described by Hakim et al. and
Pasteuning-Vuhman et al.25,26 Mice were placed on the mesh
bar, allowed to hold with four limbs, and gently pulled away
from the mesh bar in a horizontal fashion. The force applied
by the mouse to hold the mesh was recorded as peak force
in grammes. The average grip force of six to nine grip
strength measurements was calculated and normalized with
body weight (g). Data were represented in a bar graph using
SigmaPlot software.
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Rotarod test
To test the mouse endurance, mice were placed on the
rotarod apparatus (Columbus Instruments, Columbus, OH)
following the protocol.27,28 Briefly, mice were placed on the
rotating rod with an initial speed of 4 rpm and gradually ac-
celerated to 40 rpm over 5 min. Three trials were performed,
and each trial lasted approximately 5 to 8 min, with a resting
period of 20 min between each trial. Once the mouse had
fallen, time and speed were recorded. The results of three tri-
als were averaged and calculated using latency to fall/dura-
tion in seconds. Results were plotted as a bar graph using
SigmaPlot software.

Weights test
Mice muscle strength was assessed by performing the
weights test procedure as reported.29 Mice were allowed to
freely grasp the weights ranging from 15 to 65 g (15, 25,
35, 45, 50, 55, 60, and 65 g) for 3 s by holding the tail. Score
[trial × time (TT)] was calculated by taking the number of links
in the heaviest weight held for the full 3 s, multiplied by the
time (s) it is held. Three independent trials were performed
with 5 min rest, followed by average time (weight hold) in
seconds calculated, and graph was plotted using SigmaPlot
software.

Statistical analysis
Values are presented as mean ± standard error of the mean.
To test the significance between the groups, statistical analy-
ses were performed using Student’s t-test and one-way anal-
ysis of variance followed by Tukey test using SigmaPlot
software, with P < 0.05 considered as statistically significant.

Results

Bone morphogenetic protein-7 treatment
attenuates diabetes-induced hyperglycaemia

Figure 1B shows a significantly (P < 0.05) elevated blood glu-
cose levels in diabetic male mice, as compared with control,
whereas BMP-7 treatment significantly (P < 0.05; ~34%) at-
tenuated STZ-induced hyperglycaemia. However, female mice
showed significantly (P < 0.05; Figure 1C) elevated glucose
levels in diabetic mice compared with controls, but less than
diabetic males (~2.2 times), whereas BMP-7 treatment
showed a non-significant (~8%) reduction in glucose levels.
The insignificant reduction in female mice with BMP-7 treat-
ment might be due to an insufficient elevation of glucose
levels in females. In addition, we also noticed an increase in
glucose levels of control male mice compared with females,
but the data were statistically insignificant. Further, both
male and female mice data showed significantly increased
(P < 0.05; Figure 1D) hyperglycaemia in diabetic animals,
whereas BMP-7 treatment significantly (P < 0.05; ~27%)

attenuated diabetes-induced hyperglycaemia. Consistent
with our previous studies,18 BMP-7 is able to attenuate dia-
betic hyperglycaemia.

Bone morphogenetic protein-7 treatment improves
diabetes-induced weight loss

To evaluate the effect of BMP-7 on weight loss in STZ-induced
diabetes, mice were weighed prior to the treatment as well
as at the time of sacrifice (D-42). A significant (P < 0.05) de-
crease in body weight was observed in STZ-administered
male mice as compared with the control (Figure 1E), while a
non-significant increase in body weight was observed upon
BMP-7 treatment in STZ-administered male mice. Similarly,
a significant reduction in body weight was observed in STZ-
administered female mice, whereas BMP-7-treated mice
showed a significant gain in body weight (P < 0.05;
Figure 1F). Moreover, STZ-administered female mice demon-
strated an interesting phenomenon of weight loss, which was
approximately 50% less than male mice in STZ group, suggest-
ing that the development and progression of diabetes is dif-
ferent in males and females. However, our male and female
mice combined data showed a significant (P < 0.05) reduc-
tion in body weight in STZ-administered mice, whereas a sig-
nificant (P < 0.05) improvement in body weight was
observed with BMP-7 treatment (Figure 1G), suggesting that
BMP-7 treatment attenuated weight loss observed following
diabetes development.

Bone morphogenetic protein-7 treatment inhibits
pyroptosis initiator high-mobility group box 1

Immunohistochemistry staining was performed to evaluate
the effects of BMP-7 treatment on total number of positive
cells for pyroptotic initiator HMGB1. In Figure 2i-A, images
demonstrated the presence of a higher number of HMGB1
positive cells in the STZ-administered group (f–j) compared
with control (a–e). Moreover, BMP-7 treatment significantly
(P < 0.05) reduced the HMGB1+ve cells (k–o). Our HMGB1
data in male and female mice showed a significant
(P < 0.05; Figure 2i-B and 2i-C) increase in number of positive
cells in diabetic group, and this increase was significantly
(P< 0.05) attenuated with BMP-7 treatment. Male animal di-
abetic changes on HMGB1 were similar in pattern as of fe-
male animals. Combined data of male and female mice
showed a significant (P < 0.05; Figure 2i-D) increase in the
number of positive cells in diabetic animals, whereas a signif-
icant (P < 0.05) reduction was observed with BMP-7
treatment.

To strengthen our findings, we performed reverse tran-
scription PCR (RT-PCR) (gene) and western blot (protein)
analysis. A significant (P < 0.05) increase in both gene
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(Figure 2i-E) and protein expression (Figure 2i-H) was ob-
served in diabetic male mice as compared with controls,
whereas a significant (P < 0.05) reduction was observed with
BMP-7 treatment. Female mice showed a significant
(P < 0.05; Figure 2i-F) increase in HMGB1 gene expression
as compared with control, whereas BMP-7 treatment re-
duced the HMGB1 gene expression, but the data were statis-
tically non-significant. Western blot analysis data revealed an
increase in HMGB1 protein expression in diabetic female

mice compared with control (Figure 2i-I), but the results are
not statistically significant. Additionally, a non-significant re-
duction in HMGB1 protein expression was observed with
BMP-7 treatment. Noticeably, we observed that HMGB1 pro-
tein expression in diabetic female mice is less compared with
male mice. Moreover, combined data of male and female
mice showed a significant (P < 0.05; Figure 2i-G and 2i-J) in-
crease in HMGB1 gene and protein expression in diabetic
mice, which was significantly reduced upon BMP-7

Figure 2 (i) Bone morphogenetic protein-7 (BMP-7) treatment inhibits pyroptosis initiator high-mobility group box 1 (HMGB1).
Hyperglycaemia-induced HMGB1 can initiate the inflammasome activation and subsequent pyroptotic cascade results in pyroptotic cell death. Repre-
sentative photomicrographs of muscle sections stained with myosin and inflammasome markers. Individual boxes in panel (A) show HMGB1+ve cells
shown in red (a, f, k), muscle cells in green (b, g, l), DAPI in blue (c, h, m), and merged images (d, i, n). Scale bar = 100 μm. White dotted boxes
and arrows indicate enlarged section of merged images (e, j, o). Quantitative analysis-derived in bar graphs of HMGB1+ve muscle cells quantified over
total DAPI [B: Male mice (n = 8); C: Female mice (n = 7–8); D: Both male and female mice (n = 16)]. Relative fold change in gene expression of HMGB1
[E: Male mice (n = 5–7); F: Female mice (n = 5); G: Both male and female mice (n = 11–12)]. Representative blot and densitometric analysis of HMGB1
[H: Male mice (n = 7); I: Female mice (n = 4–5); J: Both male and female mice (n = 13–14)]. One-way ANOVA and Tukey tests were performed to assess
statistical significance. *P < 0.05, **P < 0.01, and ***P < 0.001 vs. control, #P < 0.05, ##P < 0.01, and ###P < 0.01 vs. STZ. (ii) BMP-7 treatment
decreases nucleotide-binding oligomerization domain, leucine-rich repeat and pyrin domain containing protein 3 (NLRP3) inflammasome formation
in diabetes. HMGB1-toll-like receptor-4 (TLR4) signalling initiates the NLRP3 inflammasome activation. Representative photomicrographs of muscle sec-
tions stained with myosin and inflammasome markers NLRP3. Individual boxes in panel (A) shows NLRP3+ve cells in red (a, f, k), muscle cells in green (b,
g, l), DAPI in blue (c, h, m), and merged images (d, i, n). Scale bar = 100 μm. White dotted boxes and arrows indicate enlarged section of merged images
(e, j, o). Quantitative analysis-derived in bar graphs of NLRP3+ve muscle cells quantified over total DAPI [B: Male mice (n = 7–8); C: Female mice (n = 8);
D: Both male and female mice (n = 15–16)]. Relative fold change in gene expression of [E: Male mice (n = 5–7); F: Female mice (n = 4–6); G: Both male
and female mice (n = 9–11)]. Representative blot and densitometric analysis of NLRP3 [H: Male mice (n = 6–7); I: Female mice (n = 5–6); J: Both male
and female mice (n = 14–15)]. One-way ANOVA and Tukey tests were performed to assess statistical significance. *P < 0.05 and ***P < 0.001 vs.
control, #P < 0.05, ##P < 0.01, ###P < 0.001 vs. streptozotocin (STZ).
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treatment, suggesting the efficacy of BMP-7 in attenuating
hyperglycaemia-induced pyroptosis initiator HMGB1.

Bone morphogenetic protein-7 treatment inhibits
toll-like receptor-4 expression in diabetes

Published studies suggest the activation of intracellular sig-
nalling pathways via TLR4 in presence of DAMP protein
HMGB1.30,31 IHC staining was performed to evaluate whether
TLR4 expression is up-regulated in diabetes. We further eval-
uated effects of BMP-7 on TLR4 expression. As shown in
Figure S1A, representative photomicrographs specify the
presence of higher number of +ve cells for TLR4 in diabetic
animal group (f–j) as compared with controls (a–e). A signifi-
cant reduction in the number of TLR4+ve cells (k–o) was ob-
served upon BMP-7 treatment, suggesting the potential role
of BMP-7 in the inhibition of TLR4 expression. Moreover,
quantitative analysis for TLR4 (Figure S1B and S1C) in male
and female mice showed a significant increase in number of
positive cells in diabetes, whereas BMP-7 treatment signifi-
cantly diminished the TLR4 positive cells. Importantly, TLR4
positive cells in diabetic females were lesser (~22%) com-
pared with males. Male and female mice combined data
(Figure S1D) showed a significant increase in TLR4 in diabetes,
whereas BMP-7 treatment counteracted TLR4 expression,
suggesting the inhibitory potency of BMP-7.

Bone morphogenetic protein-7 treatment
decreases nucleotide-binding oligomerization
domain, leucine-rich repeat and pyrin domain
containing protein 3 inflammasome formation in
diabetes

Nucleotide-binding oligomerization domain, leucine-rich re-
peat and pyrin domain containing protein 3 (NLRP3) is a
downstream regulator as published by us and others.21,32–34

Therefore, we evaluated whether HMGB1 initiation would
lead to inflammasome formation with TLR4 and NLRP3. To
identify the role of BMP-7 in NLRP3 inflammasome forma-
tion, we performed IHC staining followed by gene and protein
analysis. The fluorescent images (Figure 2ii-A) showed signif-
icantly (P < 0.05) higher number of NLRP3 positive cells in
STZ-administered mice (f–j) as compared with control (a–e).
However, a significant (P < 0.05) reduction in NLRP3+ve cells
(k–o) was observed upon BMP-7 treatment. Further quantita-
tive analysis (Figure 2ii-B and 2ii-C) for males and females
showed a significant increase in number of NLRP3 positive
cells in STZ-administered mice, which was significantly re-
duced upon BMP-7 treatment. IHC data for both male and fe-
male mice (P < 0.05; Figure 2ii-D) showed a significant
increase in NLRP3 positive cell in diabetes mice, and this

increased number of positive cells was significantly
(P < 0.05) decreased with BMP-7 treatment.

Next, NLRP3 gene expression (RT-PCR analysis) was signif-
icantly (P < 0.05; Figure 2ii-E) increased in diabetic male mice
as compared with control, whereas BMP-7 treatment signifi-
cantly (P < 0.05) reduced diabetes-induced NLRP3 gene ex-
pression. However, female mice showed similar pattern
(Figure 2ii-F) as of males, but the data were not statistically
significant.

Western blot analysis revealed a significant (P < 0.05) in-
crease in NLRP3 protein expression in STZ-administered male
and female mice as shown in Figure 2ii-H and 2ii-I. BMP-7
treatment significantly (P < 0.05; Figure 2ii-H and 2ii-I) de-
creased the NLRP3 protein expression. Further, we noticed
that the increase in NLRP3 gene and protein expression in di-
abetes female mice is less compared with male mice, which is
consistent with IHC data. Both male and female mice data
showed a significant (P < 0.05; Figure 2ii-G and 2ii-J) increase
in gene and protein expression in diabetes mice, whereas
BMP-7 treatment significantly decreased the inflammasome
formation, suggesting its therapeutic efficacy in attenuation
of NLRP3 inflammasome formation.

Bone morphogenetic protein-7 treatment reduces
pyroptosis cascade markers caspase-1, interleukin-
β, and interleukin-18

Toll-like receptor-4 expression and inflammasome formation
leads to the activation of pyroptosis cascade such as
caspase-1 and downstream markers IL-1β and IL-18.35,36 We
first established presence of these markers in diabetic mice
tissue and then determined the potential role of BMP-7 on
STZ-induced pyroptotic cascade in GM tissue. Representative
fluorescent images demonstrated significantly (P < 0.05)
higher number of pyroptosis markers caspase-1 (Figure 3i-A),
IL-1β (Figure 3ii-A), and IL-18 (Figure 3iii-A) +ve cells in STZ ad-
ministered mice (f–j) as compared with control (a–e). Diabetic
mice treated with BMP-7 showed significantly (P < 0.05) re-
duced number of +ve cells (k–o) specific for pyroptosis
markers caspase-1, IL-β, and IL-18. Our pyroptotic cascade
quantitative data for male and female mice showed a signifi-
cant (P< 0.05; Figure 3i, 3ii, 3iii-B and 3C) increase in number
of positive cells in diabetic group and this increase was signifi-
cantly (P < 0.05) reduced with BMP-7 treatment. Combined
data of male and female mice showed a significant (P < 0.05;
Figure 3i-D, 3ii-D, and 3iii-D) increase in pyroptosis markers
in diabetic mice, whereas BMP-7 treatment significantly
(P < 0.05) reduced all pyroptosis-specific markers.

To strengthen our findings, we performed RT-PCR (gene)
analysis. A significant (P < 0.05) up-regulation of caspase-1
gene expression was observed in diabetic male (Figure 3i-E)
and female mice (Figure 3i-F) as compared with control,
whereas BMP-7 treatment significantly down-regulated
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caspase-1 expression. However, an insignificant increase in
downstream markers IL-1β (Figure 3ii-E) and IL-18 (Figure
3iii-E) was observed in diabetic male mice vs. control and a
non-significant decrease was observed upon BMP-7 treat-
ment. Whereas there was a significant (P < 0.05) increase
in IL-1β (Figure 3ii-F) and IL-18 (Figure 3iii-F), gene expres-
sions were observed in diabetic female mice while BMP-7
treatment significantly (P < 0.05) reduced the gene up-
regulation.

Combined male and female mice data for gene analysis of
caspase-1 (Figure 3i-G), IL-1β (Figure 3ii-G), and IL-18 (Figure
3iii-G) showed a significant (P < 0.05) increase in all the
pyroptosis markers in diabetes mice, whereas BMP-7 treat-
ment significantly attenuated all pyroptosis markers. Addi-
tionally, we also noticed that except IL-18, the increase in
downstream marker gene expressions in diabetes females is
less compared with males.

Bone morphogenetic protein-7 treatment inhibits
pyroptosis executioner gasdermin-D

Recently, GSDMD has been considered as key pyroptosis
executioner.15,37 In Figure S2A, IHC images demonstrated
the presence of a higher number of GSDMD positive cells in
the diabetic group (f–j) as compared with control (a–e).

Moreover, BMP-7 treatment significantly (P < 0.05) reduced
the GSDMD+ve cells (k–o). Our quantitative GSDMD data in
male (Figure S2B) and female (Figure S2C) mice showed of
significant (P < 0.05) increase in number of positive cells in
diabetic group and this increase was significantly (P < 0.05)
decreased with BMP-7 treatment. Diabetic changes of female
mice on GSDMD were similar in pattern as of males. Com-
bined data of male and female mice showed a significant
(P< 0.05; Figure S2D) increase in the number of positive cells
in diabetic animals, whereas a significant (P< 0.05) reduction
was observed with BMP-7 treatment.

To strengthen our findings, we performed RT-PCR (gene)
and western blot (protein) analysis. A significant (P < 0.05)
increase in GSDMD gene expression was observed in dia-
betic male (Figure S2E) and female (Figure S2F) mice as com-
pared with controls, whereas BMP-7 treatment significantly
(P < 0.05) attenuated the GSDMD expression. Western blot
analysis data revealed a significant increase in GSDMD pro-
tein expression in diabetic male (Figure S2H) and female
(Figure S2I) mice compared with control, and this increase
was significantly (P < 0.05) reduced upon BMP-7 treatment.
Remarkably, we observed that GSDMD gene and protein ex-
pressions in diabetic male mice are less compared with fe-
male mice. Both male and female mice data showed a
significant (P < 0.05) increase in gene (Figure S2G) and pro-
tein (Figure S2J) expression in diabetes mice, whereas

Figure 3 Bone morphogenetic protein-7 (BMP-7) treatment reduces pyroptosis cascade markers caspase1, interleukin (IL)-β, and IL-18. Activation of
nucleotide-binding oligomerization domain, leucine-rich repeat and pyrin domain containing protein 3 (NLRP3) inflammasome furthers the pyroptosis
cascade. Representative photomicrographs of muscle sections stained with myosin and pyroptosis markers (i: caspase-1, ii: IL-1β, and iii: IL-18; Panel
A). Individual boxes in panel (A) show caspase-1+ve, IL-1β+ve, and IL-18+ve cells in red (a, f, k), muscle cells in green (b, g, l), DAPI in blue (c, h, m), and
merged images (d, i, n). Scale bar = 100 μm. White dotted boxes and arrows indicate enlarged section of merged images (e, j, o). Quantitative
analysis-derived histogram of (i) caspase-1+ve, (ii) IL-1β+ve, and (iii) IL-18+ve muscle cells quantified over total DAPI [B: Male mice (n = 7–8); C: Female
mice (n = 8); D: Both male and female mice (n = 15–16)]. Relative fold change in gene expression of (i) caspase-1 [E: Male mice (n = 5–6); F: Female mice
(n = 4–5); G: Both male and female mice (n = 12)], (ii) IL-1β [E: Male mice (n = 5); F: Female mice (n = 4–5); G: Both male and female mice (n = 10–11)],
and (iii) IL-18 [E: Male mice (n = 4–5); F: Female mice (n = 4–5); G: Both male and female mice (n = 8–10)]. One-way ANOVA and Tukey tests were
performed to assess statistical significance. *P < 0.05, **P < 0.01, and ***P < 0.001 vs. control, #P < 0.05, ##P < 0.01, and ###P < 0.001 vs.
streptozotocin (STZ). Fold change in gene expression was represented as arbitrary units.
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BMP-7 treatment significantly inhibited the pyroptosis exe-
cutioner GSDMD, suggesting its potency in pyroptosis
attenuation.

Bone morphogenetic protein-7 treatment inhibits
diabetes-induced pro-inflammatory cytokine
interleukin-6

To understand pyroptosis-associated pro-inflammatory cyto-
kine with or without BMP-7 treatment, we performed ELISA
in mice serum samples. As shown in Figure 4i, data analysis
for male and female mice revealed a significant (P < 0.05;
Figure 4i-A and 4i-B) increase in IL-6 levels in diabetic mice,
suggesting inflammatory response. However, a significant
(P < 0.05; Figure 4i-A and 4i-B) decrease in IL-6 levels was ob-
served upon BMP-7 treatment, suggesting the efficacy of
BMP-7 in immune regulation. Moreover, we observed an in-
teresting phenomenon that increased levels of IL-6 were
lesser in diabetes female mice compared with male mice.
Our results of male and female mice combined data showed
a significant (P < 0.05; Figure 4i-C) increase in IL-6 levels in
diabetic mice, whereas BMP-7 treatment significantly
(P < 0.05) attenuated the IL-6 levels.

Bone morphogenetic protein-7 treatment improves
diabetes-induced sarcopenia

To determine the impact of BMP-7 on GM mass after STZ
administration, the ratio of muscle weight to body weight
was calculated. Our data show a significantly (P < 0.05;
Figure 4ii-A) developed sarcopenia (decrease in the GM
mass) in male mice following STZ treatment as compared
with control. A significant improvement in sarcopenia was
observed upon BMP-7 treatment in male mice (P < 0.05;
Figure 4ii-A). Consistent with male mice, a significant
(P < 0.05; Figure 4ii-B) sarcopenia development was ob-
served in STZ-administered female mice, whereas treatment
with BMP-7 showed a trend of improved sarcopenia, but
data were statistically non-significant. Moreover, both male
and female mice combined data (Figure 4ii-C) showed a
significant increase in developed sarcopenia in diabetic ani-
mals, which was attenuated with BMP-7 treatment.

Bone morphogenetic protein-7 treatment inhibits
diabetes-induced muscle atrophy

Histological staining (haematoxylin and eosin) was performed
on GM tissue sections to determine the effect of BMP-7 on

Figure 4 (i) Bone morphogenetic protein-7 (BMP-7) inhibits pro-inflammatory cytokine interleukin (IL)-6. Enzyme-linked immunosorbent assay (ELISA)
was performed to determine the serum levels of pro-inflammatory cytokine IL-6. Bar graphs represent elevated IL-6 levels in (A) male mice, (B) female
mice, and (C) both male and female mice of streptozotocin (STZ)-administered mice, whereas BMP-7 treatment potentially reduced the IL-6 levels on
D42. Error bars = mean ± standard error of the mean (SEM). One-way ANOVA and Tukey tests were performed to assess statistical significance.
*P < 0.05 vs. control, #P < 0.05 and ##P < 0.01 vs. STZ, n = 12–14 (both males and females), n = 5–7 (male mice), and n = 6–7 (female mice). (ii)
BMP-7 treatment improves diabetes-induced sarcopenia. Bar graph demonstrating the ratio of muscle weight-to-body weight (in grammes) was sig-
nificantly decreased in STZ administered on D42. (A: Male mice; B: Female mice; C: Both male and female mice), whereas BMP-7 treatment significantly
increased the muscle mass. Error bars = mean ± SEM. One-way ANOVA and Tukey tests were performed to assess statistical significance. *P< 0.05 and
***P < 0.001 vs. control, #P < 0.05 vs. STZ, n = 11–16 (both males and females), n = 5–7 (male mice), and n = 5–7 (female mice).
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muscle atrophy in diabetes. In Figure 5A, representative pho-
tomicrographs demonstrated a significant decrease in GM
myocyte area, suggesting muscle atrophy (Figure 5A-b) in
STZ-administered mice as compared with control (Figure 5A-
a). Following treatment with BMP-7, a significant (P < 0.05;
Figure 5A-c) increase in GM myocyte area was observed, sug-
gesting decrease in atrophy in diabeticmice. Further, quantita-
tive analysis of male and female mice confirmed that the cell
size was significantly (P < 0.05; Figure 5B and 5C) decreased
in GM tissues of STZ received mice compared with control,
whereas a significant (P < 0.05) increase in muscle cell size
was observed with BMP-7 treatment. Additionally, our male
and female mice combined data showed significantly
(P< 0.05; Figure 5D) decreasedmuscle myocyte area in diabe-
tes mice, which was significantly increased upon BMP-7 treat-
ment (P < 0.05; Figure 5D). Furthermore, to confirm
attenuated atrophy by BMP-7 at the molecular level, we per-
formed RT-PCR analysis for MuRF1 gene expression, which is
considered as a major atrophy gene in skeletal muscle.38 In
STZ-administered male mice, MuRF1 gene expression was sig-
nificantly (P < 0.05; Figure 5E) increased as compared with

control, whereas BMP-7 treatment significantly (P < 0.05)
reduced STZ-induced MuRF1 gene expression. Noticeably,
the MuRF1 gene expression was not statistically significant in
diabetes female mice as compared with control. The exact rea-
son for this discrepancy compared with histological finding on
atrophy is not known. However, BMP-7 treatment significantly
(P < 0.05; Figure 5F) diminished the MuRF1 expression in
female diabetic mice. Both male and female mice data showed
significantly (P < 0.05; Figure 5G) induced atrophy in
diabetes animals, whereas BMP-7 treatment attenuated the
diabetes-inducedmuscle atrophy geneMuRF1. This set of data
suggests the presence of atrophy in diabetes, which is attenu-
ated with BMP-7.

Bone morphogenetic protein-7 treatment
significantly reduces diabetes-induced muscle
fibrosis

Skeletal muscle fibrosis is an adverse remodelling mechanism
that occurs in diabetes.18 To determine whether BMP-7

Figure 5 Bone morphogenetic protein-7 (BMP-7) treatment inhibits diabetes-induced muscle atrophy. (A) Representative photomicrographs (×40) are
sections stained with haematoxylin and eosin to detect atrophy in gastrocnemius muscle on Day 42 after streptozotocin (STZ) administration in control
and experimental groups. Stained sections were quantified at ×20magnification and magnified for visualization of atrophy. Bar graph represents quan-
titative analysis for muscle atrophy [B: Male mice (n = 7–8); C: Female mice (n = 8); D: Both male and female mice (n = 16)]. Scale bar = 100 μm. Relative
fold change in MuRF1 gene expression in bar graph [E: Male mice (n = 6–7); F: Female mice (n = 4–6); G: Both male and female mice (n = 11–14)]. Error
bars = mean ± standard error of the mean. One-way ANOVA and Tukey tests were performed to assess statistical significance. *P < 0.05 and
***P < 0.001 vs. control, #P < 0.05, ##P < 0.01, and ###P < 0.001 vs. STZ.
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attenuates IF and VF in STZ-induced GM, Masson’s trichrome
staining was performed to quantify the presence of
collagen. Blue area in representative photomicrographs
(Figure 6) demonstrated significantly (P < 0.05) increased IF
(Figure 6A-b) and VF (Figure 6B-e) in STZ-administered mice
as compared with control (Figure 6A-a and 6B-d). Following
BMP-7 treatment, a significant (P < 0.05; Figure 6A-c and
6B-f) reduction in IF and VF was observed. Furthermore,
our quantitative IF data were significantly increased
(P < 0.05; Figure 6C–6E) in STZ-induced diabetes mice com-
pared with controls, whereas BMP-7 treatment significantly
(P < 0.05) reduced IF in both male and female mice. Our
VF quantitative data were significantly (P < 0.05; Figure

6F–6H) increased in STZ-administered male and female mice
as compared with control, whereas BMP-7 treatment statisti-
cally reduced VF in GM in diabetic males and females. These
results suggest that reduction in collagen deposition and fi-
brosis further potentiate the therapeutic efficacy of BMP-7
in diabetic animals.

Bone morphogenetic protein-7 treatment improves
diabetes-induced muscle dysfunction

To assess whether BMP-7 treatment can improve the muscle
function, animals were subjected to three different types of

Figure 6 Bone morphogenetic protein-7 (BMP-7) treatment significantly reduces diabetes-induced muscle fibrosis. Representative images of Masson’s
trichrome demonstrated interstitial (Panel A) and vascular fibrosis (Panel B) in gastrocnemius muscle on Day 42 after streptozotocin (STZ) administra-
tion in control and experimental groups. Stained sections were quantified at ×20 magnification and magnified for visualization of interstitial and
vascular fibrosis. Quantitative analysis for intestinal fibrosis [C: Male mice (n = 7–8); D: Female mice (n = 7–8); E: Both male and female mice
(n = 14–16)]. Percentage of vascular fibrosis quantified over the vessel area [F: Male mice (n = 5–6); G: Female mice (n = 6–8); H: Both male and female
mice (n = 11–14)]. One-way ANOVA and Tukey tests were performed to assess statistical significance. *P < 0.05, **P < 0.01, and ***P < 0.001 vs.
control, #P < 0.05, ##P < 0.01, and ###P < 0.001 vs. STZ. Scale bar = 100 μm.

BMP-7 inhibits diabetes induced muscle atrophy 413

Journal of Cachexia, Sarcopenia and Muscle 2021; 12: 403–420
DOI: 10.1002/jcsm.12662



tests: (1) grip strength for four limbs, (2) rotarod test, and (3)
weights test for forelimb muscle strength.

Grip strength analysis showed a significant (P < 0.05) in-
crease in grip strength of control female mice (~12%) as com-
pared with control males. Further, our data showed a
significant (P < 0.05; Figure 7A and 7B) deficit in grip strength
in diabetic male (~13%) and female (~11%) mice as compared
with respective controls, whereas BMP-7 treatment signifi-
cantly (P < 0.05) improved the grip strength. Noticeably,
we observed a significant (P < 0.05) improvement in grip
strength in BMP-7-treated males (~29%) and females (~8%)
as compared with diabetic mice. Combined data of male
and female mice showed significantly (P < 0.05; Figure 7C)
reduced grip strength in diabetic mice, which was significantly
improved with BMP-7 treatment.

For the rotarod test, a significant (P < 0.05) increase in la-
tency to fall was observed in female mice (~42%) as com-
pared with control males. Then, a significant (P < 0.05;
Figure 7D and 7E) decrease in muscle function performance,
that is, the number of seconds stayed on a rotating rod
(latency to fall) was observed in STZ-administered male

(~37%) and female (~30%) mice as compared with control.
On the other hand, a significant (P < 0.05) improvement in
diabetic mice muscle function was observed with BMP-7
treatment, suggesting the potential impact of BMP-7 treat-
ment on muscle dysfunction. Our result of combined data
for male and female mice showed a significant (P < 0.05,
Figure 7F) decrease in muscle function in diabetic mice,
whereas BMP-7 treatment significantly (P < 0.05) improved
the diabetes-induced muscle dysfunction.

For the weights test, a significant (P < 0.05) decrease in
forelimb muscle strength was observed in STZ-administered
male mice as compared with control (Figure 7G) using
trial × time method. BMP-7 treatment showed an increase
in the gain of muscle strength, but data were statistically
non-significant. A significant (P < 0.05; Figure 7H) decrease
in muscle strength was observed in STZ-administered female
mice as compared with control. Female mice lost 16% of mus-
cle strength compared with male counterparts. Importantly,
BMP-7 treatment significantly restored the diabetes-induced
muscle dysfunction. Male and female mice combined data
showed a significant (P < 0.05; Figure 7I) reduction in muscle

Figure 7 Bone morphogenetic protein-7 (BMP-7) treatment improves diabetes-induced muscle dysfunction. BMP-7 treatment improves muscle func-
tion under hyperglycaemic conditions. To evaluate this on Day 42 after streptozotocin (STZ) administration, animals were subjected to different muscle
function tests. Bar graphs represent the quantification and analysis for four-limb grip strength [A: Male mice (n = 6–7); B: Female mice (n = 6–7); C:
Both male and female mice (n = 14–15)], rotarod performance test [D: Male mice (n = 5–6); E: Female mice (n = 5–7); F: Both male and female mice
(n = 12–13)], and weights test-TT method [G: Male mice (n = 5); H: Female mice (n = 6); I: Both male and female mice (n = 11–15)]. Error
bars = mean ± standard error of the mean. One-way ANOVA and Tukey tests were performed to assess statistical significance. *P < 0.05 and
***P < 0.001 vs. control, #P < 0.05 and ###P < 0.001 vs. STZ.
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strength in diabetic animals, whereas BMP-7 treatment sig-
nificantly (P<0.05; Figure 7I) improved the forelimb muscle
strength. These results confirm that BMP-7 significantly coun-
teracts diabetes-induced sarcopenia and atrophy further
muscle dysfunction.

Discussion

Apoptosis and oxidative stress are key players in skeletal mus-
cle sarcopenia, cachexia, and in adverse muscle remodelling
(fibrosis and atrophy) in aging, cancer, and diabetes.1,2,39 Re-
cent data show that inflammation could be a triggering agent
in the development and progression of sarcopenia and
cachexia.40–42 Moreover, in the diabetic condition,
hyperglycaemia dominates in the blood stream as well as var-
ious diabetic organs such as muscle and causes diabetic mus-
cle myopathy.3,43 Therefore, hyperglycaemia and
inflammation are detrimental in diabetic muscle myopathy.
However, close association between hyperglycaemia and in-
duced inflammation in diabetic muscle myopathy is unknown.
Additional questions that further arise are as follows: (1)
what the cellular mechanisms involved between the
hyperglycaemia and inflammation are and (2) whether those
cellular mechanisms are the key players that cause
sarcopenia, fibrosis, and atrophy that lead to diabetic muscle
dysfunction and chronic muscle myopathy. The current study
is undertaken to establish the close link between
hyperglycaemia and inflammation as well as the involved cel-
lular level mechanisms that induce sarcopenia, fibrosis, and
muscle dysfunction. Furthermore, we will provide strong evi-
dence on the use of BMP-7, an osteoporosis drug that atten-
uated induced hyperglycaemia, inhibited cellular mechanisms
involved in the inflammatory process, inhibited sarcopenia, fi-
brosis, and improved muscle dysfunction.

In the present study, we developed an STZ-induced dia-
betic mouse model that shows a significant increase in
hyperglycaemia and weight loss. These data are consistent
with previously published reports by us and others.2,18 Re-
cent data show that diabetic patients and animal models
have increased hyperglycaemia associated with increased
levels of inflammation.44,45 Increase in hyperglycaemia has
also been observed in lipopolysaccharide-induced septic rat
model.46 This increase in hyperglycaemia and inflammation
in the rat model is consistent with critically ill sepsis
patients.47 Increased sterile inflammation has been involved
in the release of DAMPs such as HMGB1. In addition, HMGB1
has been observed in these patients and in the acute lung in-
jury rat model, suggesting its association with inflammation.
HMGB1 has been reported to be present in vascular smooth
muscle cells, endothelial cells, and monocytes in normal
homeostasis.48 However, an increased level of HMGB1 has
also been observed in various tissue trauma, ischaemia, and

inflammatory diseases.49,50 Consistent with these studies,
we report in the present findings that HMGB1 was signifi-
cantly increased in diabetic skeletal muscle cells. Moreover,
we also report that increased HMGB1 in diabetic muscle my-
opathy induces sterile inflammation. To further understand
the significance of increased HMGB1 in diabetic muscle cells,
we investigated the presence of its receptor, TLR4. Interest-
ingly, we observed significantly increased levels of TLR4
(Figure S1), confirming that the increase in HMGB1 is associ-
ated with increased levels of TLR4 that may initiate further
cell signalling and sterile inflammation. Therefore, we investi-
gated activation of inflammation-induced cell death called
pyroptosis in diabetic muscle myopathy. Pyroptosis is a newly
investigated inflammation-induced cell death that was re-
ported to occur with bacterial infections.51–53 Recently, we
and others have reported that doxorubicin (anti-cancer drug)
induced cardiomyopathy, myocardial ischaemia, and cancer
involve sterile inflammation, which induces pyroptosis.12,21,32

However, it was never investigated whether increased levels
of hyperglycaemia can induce the HMGB1 via TLR4 that trig-
gers sterile inflammation and forms the NLRP3-associated
inflammasome and the downstream pathway of pyroptotic
cell death in diabetic skeletal muscle.

We report that HMGB1–TLR4 signalling gives rise to
NLRP3-mediated inflammasome formation (Figure 2ii). This
inflammasome formation has been reported in the in vitro
doxorubicin-treated H9C2 cells32 and Sol8 cells,54

Porphyromonas gingivalis-stimulated macrophages,55 as well
as in vivo models of ischaemia reperfusion injury,13 myocar-
dial infarction,56 dox-induced cardiomyopathy,21 and brain
diseases.57 Our data are in agreement with these findings
on sterile inflammation and formed NLRP3 inflammasome
as previously published in vitro and in vivo
reports.13,21,32,54,56 However, it would be interesting in the
future studies to examine whether HMGB1–TLR4 complex
formation contributes differently compared with the
HMGB1–TLR4 signalling pathway in diabetic myopathy.

Moreover, these studies suggest that formed
inflammasome triggers up-regulation of pyroptosis markers
caspase-1, IL-1β, and IL-18 that cause pore formation in the
cells and induce cell death pyroptosis. To confirm the role
of NLRP3 inflammasome in muscle pyroptosis, we examined
the cascade of pyroptotic cell death markers caspase-1, IL-
1β, IL-18, and GSDMD, using IHC, western blotting, and
RT-PCR techniques. We observed a significant increase in
pyroptosis markers caspase-1, IL-1β, and IL-18 (Figure 3), sug-
gesting the presence of the new form of cell death pyroptosis
in diabetic muscle cells. Our data on pyroptosis death
markers are consistent with previously published reports on
bacteria-induced pyroptosis in macrophages and sterile
inflammation-induced pyroptosis in the heart, kidney, and
brain.21,58,59 Up-regulation of caspase-1 and release of IL-1β
mediated through caspase-1 and a substrate of GSDMD, are
commonly reported in bacterial-induced pyroptosis in
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macrophages60; however, it remains elusive whether GSDMD
is up-regulated to execute pyroptosis in sterile
inflammation-induced diabetic muscle cell pyroptosis. Our
data shows an up-regulation in diabetic muscle cells of the
executor of pyroptosis, GSDMD (Figure S2), as reported by
others in macrophages, which further confirms the presence
of muscle cell pyroptosis.61

Previous studies have shown that HMGB1 induces sterile
inflammation in diseases such as septic shock, ischaemia,
and various neurological disorders including Parkinson’s, mul-
tiple sclerosis, and Alzheimer’s.48,62–67 However, to confirm
whether HMGB1-triggers inflammation in diabetic muscle
myopathy, we studied the presence of inflammatory cytokine
IL-6. Data reported in this study confirm the significant in-
crease in pro-inflammatory cytokine IL-6 (Figure 4i) and pres-
ence of HMGB1-induced sterile inflammation. The increased
level of IL-6 is detrimental due to its association in the devel-
opment and progression of diabetic cardiomyopathy, inflam-
matory disease, and lung dysfunction.68–70 Therefore, our
data on inflammatory IL-6 are in agreement with these pub-
lished reports on sterile inflammation.

Next, we determined the functional significance of
pyroptosis and inflammation in the diabetic muscle. To estab-
lish that this form of cell death has significance in diabetic
muscle myopathy, we determined muscle weight loss,
sarcopenia, muscle cell atrophy, fibrosis, and muscle dysfunc-
tion. In the present study, we report that pyroptosis occur-
ring in diabetic muscle cells shows a significant loss of
muscle mass. Then, we examined whether loss of muscle
mass leads to structural modification in the skeletal muscle
such as atrophy and fibrosis and further contributes in
sarcopenia development and progression. Noticeably, we ob-
served a significant decrease in loss of myofibrillar area and
increased levels of MuRF1 gene, suggesting the presence of
muscle atrophy. Increased levels of HMGB1-induced
pyroptosis and inflammation-mediated muscle loss give rise
to myofibroblast cell proliferation that provides structural ad-
verse remodelling and stiffness in the diseased organ; there-
fore, we found presence of IF and VF following pyroptosis in
the diabetic skeletal muscle. These data strongly suggest that
a series of pathological events such as pyroptosis, sarcopenia,
and adverse muscle remodelling could lead to muscle dys-
function. Further, our muscle dysfunction data showed a sig-
nificant decrease in muscle function and confirmed the
functional significance of these series of pathological events
in STZ-induced diabetic muscle myopathy. Our muscle dys-
function data are consistent with earlier published studies,
which implied that sarcopenia, muscle atrophy, and fibrosis
are key contributors in skeletal muscle dysfunction.39,71–73

Moreover, we mentioned above that HMBG1-induced
pyroptosis and sterile inflammation leading to sarcopenia, at-
rophy, and muscle dysfunction are the major contributors in
the development and progression of diabetic muscle myopa-
thy. Therefore, targeting HMGB1 directly or with a growth

factor that can attenuate sterile inflammation and pyroptosis,
which further attenuates a series of pathological events,
could be a potential therapeutic agent to treat diabetic mus-
cle myopathy, as there are limited options to treat this condi-
tion. We explored the potential of BMP-7, a commonly used
drug to treat osteoporosis in patients, and was examined in
animal models of atherosclerosis, where it was found to po-
larize pro-inflammatory M1 macrophages into
anti-inflammatory M2 macrophages and decrease
atherosclerosis.19 Moreover, BMP-7 has also been used to
treat inflammation and fibrosis in kidneys.74 However, the
role of BMP-7 in the inhibition of HMGB1, pyroptosis,
sarcopenia, fibrosis, atrophy, and muscle dysfunction in dia-
betic muscle myopathy has never been established. We
treated STZ-induced diabetic animals with BMP-7 and exam-
ined the levels of hyperglycaemia, HMGB1, and sterile inflam-
mation. Our data show a significant decrease in
hyperglycaemia and sterile inflammation, which is consistent
with our previously published report in diabetic
cardiomyopathy.18 Next, we examined levels of HMGB1 and
its receptor, TLR4, which were significantly reduced along
with the NLRP3 inflammasome and pyroptosis markers, sug-
gesting that BMP-7 targets HMGB1 and its downstream path-
way of pyroptosis (Figures 2 and 3). These novel findings
reported raise further questions on the involvement of cell
signalling pathways. In this report, involvement of cell signal-
ling pathways was not examined. However, we anticipate
that this opens a new avenue for investigation in the future
studies in this subject matter by our lab or others. Our fibro-
sis data show a significant reduction following BMP-7 treat-
ment. This reduced fibrosis following BMP-7 treatment is in
agreement with previously published report in kidney
disease.74 Interestingly, the present study shows that
BMP-7 treatment significantly reduces muscle atrophy and
sarcopenia while improving diabetic muscle dysfunction
(Figure 8), which could be a future therapeutic drug to treat
diabetic patients suffering from muscle myopathy.

Understanding the effects of sex differences on aging, dis-
ease development, and progression is a current area of inves-
tigation. Specifically, it has been identified that sex hormones
cause the difference in anabolic and catabolic muscle rate in
younger women who experience menopause.75 Recent data
suggest that in muscle regeneration, sex hormone testoster-
one acts via androgen receptor and enhances anabolic cell
signalling in skeletal muscle cell.76 Additionally, it has been
observed that oestrogen, another active hormone that plays
a role in skeletal muscle cell catabolic and anabolic processes,
decreases muscle atrophy, oxidative stress, and inflammation
in post-menopausal women.77,78 The current study does not
investigate the role of testosterone or oestrogen in meno-
pausal animals. This study suggests that female animals at
their young age, between 10–12 weeks, show lower levels
of hyperglycaemia, weight loss, inflammation, myofibrillar
loss, and atrophy-specific MuRF1 gene compared with male
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animals of the same age group. This set of data suggests that
females have a better recovery rate to improve
hyperglycaemia, atrophy, and weight loss in diabetes. How-
ever, the exact reason for this improved recovery in diabetic
females is not well understood or investigated in the present
study. Nevertheless, based on published reports, we state
that oestrogen plays a pivotal role to decrease atrophy, oxi-
dative stress, and inflammation, which is in agreement with
our findings. Therefore, this report starts a new area of inves-
tigation to understand whether oestrogen directly initiates
cell signalling and plays a role in the recovery of diabetic path-
ological alterations. Noticeably, we observed the same level
of HMGB1–TLR4 signalling, inflammasome formation, and
pyroptosis in male and female animals. Here, we could postu-
late that up-regulated hyperglycaemia and inflammation trig-
gered the process of pyroptosis, but oestrogen may not
target the specific pathway of pyroptosis. This could be a po-
tential reason that a difference in pyroptosis was not seen in
these sex differences. Additionally, there could be more rea-
sons that need further investigation to understand why the
levels of pyroptosis are same in both sexes. Moreover, we ob-
served that skeletal muscle function measurements with grip
strength and rotarod tests were superior in diabetic female

group compared with the male counterpart. As mentioned
above, the decrease in hyperglycaemia, inflammation, and at-
rophy in female animals could be a potential reason to see
improved muscle function. The effects of BMP-7 on the im-
provement of hyperglycaemia and muscle function were the
same in both sexes. Importantly, this study describes the as-
sociation between hyperglycaemia-induced pyroptosis
through the initiation of HMGB1–TLR4 signalling, subsequent
inflammasome activation, and downstream up-regulation of
pyroptosis in diabetic muscle cells. So, this study does not ad-
dress the exact causative mechanistic role of BMP-7 in the at-
tenuation of hyperglycaemia and inflammatory cell death.
Therefore, future studies are required to establish a causative
mechanistic relationship on hyperglycaemia-induced
pyroptosis and its attenuation by BMP-7 in diabetic muscle
myopathy. Moreover, this study design determines the effect
of BMP-7 in STZ treatment and for 2 days after; therefore, fu-
ture studies are warranted to examine whether BMP-7 is ef-
fective in the developed acute and chronic stages of diabetic
myopathy.

In conclusion, we report for the first time, to the best of
our knowledge, that diabetes induces hyperglycaemia and in-
flammation, which triggers a cellular pathway mediated

Figure 8 Schematic representation of overall study: Bone morphogenetic protein-7 (BMP-7) attenuates diabetes-induced pyroptosis, muscle atrophy,
and fibrosis.
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through up-regulation of HMGB1 via TLR4 receptor. This in
turn further initiates NLRP3 inflammasome and downstream
pathway of pyroptosis, which is executed by GSDMD and
pore formation. These pyroptotic cells release inflammatory
cytokines IL-18 and IL-6 that further cause atrophy, adverse
muscle remodelling, and muscle dysfunction. We also report
that females recover much faster in hyperglycaemia, inflam-
mation, atrophy, and muscle function. This study opens
new areas of investigation: (1) what cell signalling mecha-
nisms contribute to further pyroptosis, (2) how oestrogen
plays a role in diabetes, and (3) whether oestrogen could be
a future therapy for diabetes in females. Moreover, we pro-
vide the data and postulate that BMP-7, which was never
tested to treat HMGB1-mediated pyroptosis, could be a fu-
ture therapeutic agent to treat diabetes.
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