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The microbial metabolite imidazole
propionate dysregulates bone
homeostasis by inhibiting AMP-activated
protein kinase (AMPK) signaling
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Zhao Wang1,2, Je-Hwang Ryu1,2, Nacksung Kim2,3, Ok-Su Kim2,4 & Jeong-Tae Koh 1,2

Microbial metabolites provide numerous benefits to the human body but can also contribute to
diseases such as obesity, diabetes, cancer, and bone disorders. However, the role of imidazole
propionate (ImP), a histidine-derived metabolite produced by the intestinal microbiome, in bone
metabolism and the development of osteoporosis is still poorly understood. In this study, we
investigated the role of ImPand its underlyingmechanisms in regulating bone homeostasis.When ImP
was administered to 8-week-old mice for 4 weeks, bone loss was observed, along with a decrease in
alkaline phosphatase-positive osteoblast cells. Additionally, bone marrow stromal cells (BMSCs)
isolated from ImP-treated mice exhibited reduced osteogenic potential. In BMSCs from control mice,
ImP treatment inhibited BMP2-induced osteoblast differentiation while promoting adipocyte
differentiation. However, ImP had no effect on RANKL-induced osteoclast differentiation or activity in
bone marrow macrophages. Mechanistically, ImP treatment increased p38γ phosphorylation and
decreased AMPK (T172) phosphorylation in BMSCs. Suppression of p38γ expression using si-p38γ
reversed the inhibitory effects of ImPon osteoblast differentiation, with a concurrent increase in AMPK
(T172) phosphorylation. Conversely, ImP stimulated adipocyte differentiation by decreasing AMPK
(T172) phosphorylation. Treatment with the AMPK agonist metformin significantly reversed the
inhibitory effects of ImP on osteoblast differentiation and the promotion of adipocyte differentiation,
along with enhanced AMPK (T172) phosphorylation. These findings suggest that the microbial
metabolite ImPmay disrupt bone homeostasis by stimulating p38γ phosphorylation and inhibiting the
AMPK pathway, presenting a potential therapeutic target for managing metabolic bone diseases.

Bones undergo a constant process of bone formation by osteoblasts and
bone resorption by osteoclasts to perform various functions in the body1,2.
Osteoblasts are derived from bone marrow stromal cells (BMSCs) through
differentiation3, and the BMPs−smads−Runx2 /osteoblast-specific tran-
scription factor pathway plays an important role in this process4,5. Hor-
monal changes, aging, metabolic diseases, and gut microbiota alterations
induce an imbalance of osteoblasts and osteoclasts, leading to reduced bone
mass and increased fat accumulation6. Diabetes is associated with

osteoporosis due to elevated levels of glucose and adipokines in the blood,
leading to increased bone resorption, reduced regenerative capabilities, and
higher risk of fractures7,8.

Recently, the balance of gut microbiota and their metabolites has been
emphasized as an important regulator in maintaining bone homeostasis9,10.
Trimethylamine N-oxide11, a degradation product of carnitine and phos-
phatidylcholine by gut microbes, promotes inflammatory responses and
damages BMSCs. Branched-chain amino acids produced by Lactobacillus
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and Weissella increase the incidence of insulin resistance and type 2
diabetes12.

Imidazole propionate (ImP) is a histidine-derived metabolite produced
by urocanate reductase, an enzyme produced by the gut microbiome, it is
found in high levels in the bloodstream of patients with diabetes and has been
implicated inexacerbatingdiabetes13. Indiabetes, glucoseproduction increases
due to a significant reduction in AMPK activation, which is essential for
maintaining energy homeostasis14,15. Metformin, a widely used anti-diabetic
medication, works by enhancingAMPKactivation to regulate glucose levels14.
ImP accelerates the rate of diabetes progression by inducing AMP-activated
kinase (AMPK) phosphorylation at S485 and inhibiting AMPK phosphor-
ylation at T172, which inhibits the glucose-lowering effects of metformin16.

This study shows that ImP activates P38γ in BMSCs to regulateAMPK
(T172) phosphorylation. This, in turn, promotes adipocyte differentiation
while inhibiting osteoblast differentiation, ultimately disrupting bone
homeostasis. Our results suggest that ImP may play a role in the develop-
ment ofmetabolic bone diseases, and targeting this signaling pathway could
be a therapeutic strategy.

Results
The microbial metabolite ImP causes bone loss in mice
To examine the systemic influence of ImP on bone homeostasis, the agent
was administered to mice for 4 weeks using a subcutaneous osmotic pump,
and bone tissueswere analyzedusingmicro-computed tomography (µ-CT).
The µ-CT image analysis showed that ImP markedly induced trabecular
bone loss compared to the control group (Fig. 1a). In addition, quantitative
analysis of trabecular boneparameters revealed significantdecreases inbone
mineral density (BMD), bone volume fraction (BV/TV), trabecular number
(Tb.N), and trabecular thickness (Tb.Th) (Fig. 1b).Histological analysis was
also performed to observe pathological changes in the bone. The bone loss
was confirmed through H&E staining (Supplementary Fig. 1a), and a
decrease in the osteoblast differentiationmarker was observed (Fig. 1c) with
ALP staining, while no difference was noted in the osteoclast differentiation
marker through TRAP staining (Fig. 1d). To further understand the
cellular-level effects on bone, BMSCs and bone marrow macrophage
(BMM) cells were isolated from ImP-treated mice and identified differ-
entiation colonies. In ImP-treated BMSCs, calcium deposition decreased
(Fig. 1e), while there was no change in RANKL-induced osteoclastogenesis
of BMM cells, as confirmed by TRAP staining (Fig. 1f). To assess the local
effects of ImPonBMP2-induced ectopic bone formation in vivo, BMP2and
ImP were administered with a collagen sponge into the back of mice. ImP
decreased BMP2-induced ectopic bone formation but increased adipocytes,
as confirmed by hematoxylin and eosin (H&E) staining and µ-CT analysis
(Supplementary Fig. 2a, b). These findings suggest that the microbial
metabolite ImP suppresses bone formation and disrupts bone homeostasis.

ImP suppresses osteoblast differentiation
To investigate the cellular actions of ImP underlying bone loss, primary
BMSCs were cultured with ImP. Concentrations of ImP below 200 μMdid
not affect the viability of the BMSCs (Fig. 2a). In osteogenic media (OM)
containing BMP2, BMSCs significantly increased the mRNA expression of
osteoblast differentiation markers, such as Runx2,Osx, Alp, Bsp, andOc. In
contrast, ImP treatment at concentrations ranging from 50 to 200 μM
significantly inhibited the expression, as confirmedby reverse transcription-
polymerase chain reaction (RT-PCR) and quantitative real time PCR (qRT-
PCR) (Fig. 2b, c). The protein levels were also significantly reduced by the
ImP treatment (Fig. 2d). In addition, ImP significantly inhibited osteogenic
medium (OM)-induced calcium deposition, as evidenced by alizarin red S
(ARS) staining (Fig. 2e). These results suggest that ImP may impair bone
formation by inhibiting osteoblast differentiation.

ImPdoesnot affectRANKL-inducedosteoclastogenesis inBMMs
To further examine the effects of ImP on RANKL-induced osteoclast dif-
ferentiation, we isolated and cultured primary BMMs with M-CSF and
RANKL in the presence of ImP. Treatment with RANKL increased the

mRNAexpression levels ofTrap andCtsk inBMMs (Fig. 3b, c), aswell as the
number of osteoclast-like TRAP-positive multinuclear cells (Fig. 3d, e).
However, ImP did not affect the RANKL-induced osteoclast differentiation
(Fig. 3b–e). In addition, it was confirmed that there was no change in bone
resorption in the pit assay conducted to assess the activity of osteoclasts
(Fig. 3d, f). These results suggest that ImP-induced bone loss in mice may
not be due to an increase in osteoclast activity.

ImP stimulates adipocyte differentiation
Previous studies have shown that adipogenic factors inhibit osteogenesis,
while osteopromoting factors suppress adipogenesis17. Our findings
demonstrated that ImP inhibits osteoblast differentiation, so we further
investigated its effects on adipocyte differentiation. When ImP was sys-
temically administered to mice using an osmotic pump, a dose-dependent
increase in bone marrow adipocytes was observed, confirmed by H&E
staining (Fig. 4a). To explore cellular-level changes, BMSCs cells were iso-
lated frommice injectedwith ImP (3mg/kg) for 4weeks and identified lipid
droplet formation. This revealed a significant increase in lipid droplet for-
mation, as shown by oil red O staining (Fig. 4b). Additionally, in vitro
treatment of BMSCs with ImP to induce differentiation also increased lipid
droplet formation (Fig. 4c). In BMSC cultures, ImP dose-dependently
increased lipid droplet formation, along with the expression of adipocyte
differentiation markers such as AdipoQ, Pparγ2, Fabp4, and Glut4mRNA
(Fig. 4d–e). Consistent with this, western blot analysis showed that ImP
increased the expression of adipogenic proteins, including adiponectin,
PPARγ, and FABP4 (Fig. 4f). Furthermore, in 3T3-L1 preadipocyte cul-
tures, ImP treatment also dose-dependently increased lipid droplet for-
mation, as confirmed by BODIPY (493/503) and oil red O staining
(Supplementary Fig. 3a, b). These results suggest that ImP may promote
adipocyte differentiation from BMSCs, potentially disrupting bone
homeostasis.

ImP regulates bone homeostasis by activating p38γ and mod-
ulating AMPK phosphorylation
ImP is known to regulate various signaling pathways by activating p38γ16.
To investigate whether ImP promotes p38γ phosphorylation in BMSCs,
immunoprecipitation andwestern blot analyseswere performed.When200
μM of ImP was added to BMSC cultures, the phosphorylation of p38γ
significantly increased (Fig. 5a). To further explore the relationship between
p38γ activation and osteoblast differentiation, we examined the expression
of osteoblast-specific genes such as Bsp and Oc following treatment with
ImP and/or p38γ siRNA. ImP treatment alone decreased the expression of
these genes, while treatment with p38γ siRNA partially reversed the effects
of ImP (Fig. 5b).

Previous studies have shown that ImP modulates AMPK phosphor-
ylation via p38γ activation16, and AMPK plays a crucial role in osteoblast
differentiation18. In this study, ImP inhibited the expression of Runx2, a key
regulator of osteoblast differentiation, along with a decrease in AMPK
phosphorylation. Moreover, p38γ siRNA treatment restored Runx2
expression, counteracting the effects of ImP (Fig. 5c). Similarly, p38γ siRNA
treatment rescued ImP-mediated inhibition of calciumdeposition (Fig. 5d).
These findings suggest that ImP regulates bone homeostasis bymodulating
AMPK phosphorylation through p38γ activation.

ImP inhibits osteoblast differentiation by regulatingAMPK (T172)
phosphorylation in primary BMSCs
The activation of AMPK stimulates osteogenesis and inhibits
adipogenesis19. Our previous study also showed that the antidiabetic med-
ication metformin promotes osteoblastic differentiation by increasing
AMPK phosphorylation18. Here, in this study, we examined whether met-
formin or BMP2 could enhance osteoblast differentiation by increasing
AMPK (T172) phosphorylation. Western blot analyses revealed that met-
formin (100 μM) or BMP2 (100 ng/ml) increased AMPK (T172) phos-
phorylation (Supplementary Fig. 4). As ImP decreased AMPK (T172)
phosphorylation and increased AMPK (S485) phosphorylation, inhibiting
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the glucose-lowering effect of metformin16, we also examined the effect of
ImP onAMPKphosphorylation and osteoblast differentiation-related gene
expression in primary BMSCs. ImP treatment inhibited BMP2-induced
phosphorylation of AMPK (T172), leading to the inhibition of the down-
stream signals, such as the protein expression of RUNX2 andOSX (Fig. 6a).
To confirm that these effects were due to the regulation of AMPK

phosphorylation, we used an AMPK agonist (metformin), administered
3 hours before ImP treatment. Metformin significantly increased AMPK
(T172) phosphorylation, which was suppressed by ImP, and also restored
the expression of OSX protein, a key downstream signal (Fig. 6b). We also
reversed the treatment order, administering ImP 3 hours beforemetformin.
Under these conditions, ImP significantly reduced the effects of metformin,

Fig. 1 | ImPproduces bone loss inmice. a ImPwas administered for 4weeks using a
subcutaneously implanted osmotic pump, and micro-computed tomography ana-
lysis was performed on the femurs of themice (n = 6).bTrabecular bone parameters,
including BMD (g/cm3), BV/TV (%), Tb.Th (mm), and Tb.N (1/mm) were mea-
sured using CT analyzer program (n = 6). c, d Pathological bone changes were
observed through histological analysis of the samples shown in (a). Immunohis-
tochemistry (IHC) analysis was performed using ALP staining (c) (n = 3). Addi-
tionally, TRAP staining was performed using a TRAP detection kit (d) (n = 3).

e, f BMSCs and BMM cells were isolated frommice injected with ImP (3 mg/kg) for
4 weeks and identified differentiation colonies (n = 3). The results were confirmed
through alizarin red S staining (e) and TRAP staining (f). ImP, imidazole propio-
nate; BMD, bone mineral density; BV/TV, percentage bone volume; Tb.Th, trabe-
cular thickness; Tb.N, trabecular number; IHC, Immunohistochemistry; black
arrow, ALP-positive osteoblasts; red arrow, TRAP-positive osteoclasts; Values are
presented as themean ± SD; *, P < 0.05; **, P < 0.01; ***, P < 0.001; compared to the
control group.
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as evidenced by decreased AMPK (T172) phosphorylation and reduced
OSX protein expression (Supplementary Fig. 5a-c). In an animal model,
ImP andmetforminwere administered tomice, anddifferentiation colonies
were identified on extracted cells. Metformin was administered orally
24 hours before ImP injection. As a result, metformin restored the ImP-
induced reduction in calcium deposition (Fig. 6c), and western blot analysis
confirmed that this increase in calciumdepositionwas due to the regulation
of AMPK phosphorylation (Fig. 6d). These findings suggest that ImP
inhibits osteoblast differentiation by suppressing AMPK (T172) phos-
phorylation and its downstream transcription factors.

ImP increases adipocyte differentiation by regulating AMPK
(T172) phosphorylation in primary BMSCs
Several AMPK activators have been shown to suppress adipocyte
differentiation20. In this study, we also examined the effect of ImP on adi-
pocyte differentiation, as it inhibited AMPK (T172) phosphorylation and
osteogenic differentiation in BMSCs. During adipocyte differentiation of
BMSCs, AMPK (T172) phosphorylation was reduced, and ImP treatment
further decreased it while increasing adiponectin protein expression, a
downstream signal (Fig. 7a). However, treatment with the AMPK agonist
metformin significantly restored AMPK (T172) phosphorylation, which

Fig. 2 | ImP inhibits BMP2-induced osteoblast
differentiation. BMSCs were isolated from the tibia
andmaintainedwithGMorOM. a Effects of ImP on
cell viability were evaluated using a CCK8 assay
reagent (n = 3). b, c BMSCs were cultured for 6 days
and analyzed through RT-PCR and qRT-PCR
(n = 3). d Western blotting was performed with
Runx2 and Osx antibodies (n = 3). β-actin was used
as an internal control. e BMSCs were cultured for
14 days, and alizarin red S staining was performed to
determine calcification (n = 3). ImP, imidazole
propionate; BMSC, bone marrow stromal cell; GM,
growth media; OM, osteogenic media (ascorbic acid
50 µg/ml, β-glycerophosphate 5 mM, and BMP2
100 ng/ml); Values are presented as the mean ± SD;
NS, non-significant; **P < 0.01; ***P < 0.001;
compared to the control group.
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had been inhibited by ImP, while reducing adiponectin expression (Fig. 7b).
To confirm the involvement of AMPK in ImP-induced adipocyte differ-
entiation in an animal model, we performed a lipid droplet formation assay
in BMSCs isolated frommetformin-treated and/or ImP-treatedmice. ImP-
induced lipid droplet formation was reduced following metformin treat-
ment (Fig. 7c), alongwith the increases inAMPKphosphorylation (Fig. 7d).
These results suggest that ImP can increase adipocyte differentiation by
suppressing AMPK (T172) phosphorylation.

Discussion
Microbes in the gut and their food metabolites play important roles in
maintaining the homeostasis of bone and adipose metabolism21,22. In this
study, we demonstrated that themicrobial metabolite imidazole propionate

inhibits the osteogenic differentiation of BMSCs and promotes their dif-
ferentiation into adipocytes by regulating AMPK (T172) phosphorylation,
leading to decreased bone mass.

ImP is a histidine-derived metabolite generated by the gut microbial
enzyme urocanate reductase13. Although the biological actions of ImP are not
well understood, an increased concentration of ImP in the blood has been
observed in patients with diabetes, and it diminishes the blood glucose-
lowering effects of metformin16. Diabetic or high-glucose conditions induce
anti-osteogenic differentiation and decrease bone mass while increasing the
activity of adipocytes23,24. These findings led us to investigate the systemic and
local effects of ImP on bone formation and homeostasis. In the present study,
continuous ImP administration using an osmotic pump resulted in decreased
bonemass in the femur, and local ImP administration to subcutaneous tissue

Fig. 3 | ImP does not affect RANKL-induced
osteoclastogenesis in BMMs. Cells were isolated
from the tibia and maintained for 4 days with α-
MEM containing RANKL (100 ng/ml) and M-CSF
(30 ng/ml). a Effects of ImP on cell viability were
evaluated using a CCK8 assay reagent (n = 3).
b, c RT-PCR and qRT-PCR analyses were per-
formed with the indicated primers. β-actin was used
as an internal control (n = 3). d (upper panel), eTrap
staining was performed, and osteoclast-like Trap-
positive cells were counted (n = 3). d (lower panel),
f A pit assay was performed to assess bone resorp-
tion (n = 3). ImP, imidazole propionate; BMM, bone
marrow macrophage; Black triangle, bone resorp-
tion pit; Values are presented as the mean ± SD; NS,
non-significant; compared to the control group.
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reduced BMP2-induced ectopic bone formation. These findings suggest that
ImP exerts a negative effect on bone homeostasis. In contrast, previous studies
have shown that short-chain fatty acids derived from dietary fiber, such as
butyrate andpropionate, producedby gutmicrobes, promote osteogenesis25,26.
Taken together, these observations imply that changes in gut microbial
compositionand theirmetabolites, dependingondietary intake, canmodulate
bone homeostasis in various ways.

Bone tissue is maintained through the balanced regulation of osteoblasts
andosteoclasts27,28. Inour study, ImPsuppressedosteoblastic differentiation in
culturedosteoblast lineage cells,while it didnot affect osteoclast differentiation
in cultured osteoclast lineage cells. Moreover, ImP stimulated adipogenic
differentiation inpreadipocytes andBMSCcultures.These results indicate that
the bone loss observed following in vivo ImPadministrationmay be related to
the functional alteration of osteoblasts rather than that of osteoclasts.

Previously, ImP has been shown to inhibit AMPK (T172) phosphor-
ylation and increaseAMPK (S485) phosphorylation in hepatocytes, thereby
reducing the glucose-lowering effects of metformin16. Against this back-
ground, we investigated the involvement of AMPK (T172) activation in the
differentiation ofBMSCs. InBMSCculture, treatmentwithBMP2 increased
AMPK (T172) phosphorylation along with the expression of osteoblast-

specific transcription factors, such as RUNX2 and OSX (Fig. 6a). In our
previous study, chemical activators of AMPK, such as metformin and 5-
amino-4-imidazole carboxamide riboside (AICAR), enhanced BMP-
induced osteoblast differentiation with Runx2 activation18. Moreover,
BMP2 induces AMPK (T172) phosphorylation in human urethra-derived
stem cells, promoting calcification29. These findings suggest that AMPK
(T172) activation may act as a molecular link between BMP2 signaling and
osteoblast differentiation and that ImP may negatively regulate bone
homeostasis by suppressing AMPK activation. Although the cellular
mechanisms of ImP are not yet well understood, in hepatocytes, ImP has
been shown to ameliorate the effects of metformin on glucose lowering by
increasing AMPK (S485) phosphorylation16. In the present study, ImP
decreased AMPK (T172) phosphorylation and increased AMPK (S485)
phosphorylation while inhibiting the differentiation of BMSCs into osteo-
blasts. Conversely, it stimulated the differentiation of BMSCs into adipo-
cytes. Considering that the activation of AMPK reduces adipocyte
formationandpromotes bone formation30,31, the effects of ImPonosteoblast
and adipocyte differentiation may result from the inhibition of AMPK
activation in BMSCs. In fact, ImP-mediated inhibition of osteoblast dif-
ferentiation was significantly restored by treatment with the AMPK

Fig. 4 | ImP stimulates adipocyte differentiation.
a ImP was administered for 4 weeks using a sub-
cutaneously implanted osmotic pump, and H&E
analysis was performed on the femurs. H&E-stained
bone marrow adipocytes were quantified (n = 5).
b BMSCs cells were isolated frommice injected with
ImP (3 mg/kg) for 4 weeks and identified lipid
droplet formation. After inducing adipocyte differ-
entiation, the results were confirmed through oil red
O staining (n = 3). c BMSCs were cultured in GM
and AM for 8 days. Oil red O staining was per-
formed, and the oil redO-positive cells were counted
(n = 3). d, e Total RNA was isolated from the cell
cultures, and RT-PCR and qRT-PCR analyses were
performed (n = 3). f Western blotting was per-
formed with antibodies against adiponectin,
PPARγ, and FABP4 (n = 3). β-actin was used as an
internal control. ImP, imidazole propionate; H&E,
hematoxylin and eosin; BMSC, bone marrow stro-
mal cell; GM, growth media; AM, adipogenic media
(1 µg/ml insulin, 2 µM rosiglitazone, and 100 nM
dexamethasone); Red triangle, adipocyte; Values are
presented as themean ± SD; *, P < 0.05; **, P < 0.01;
***, P < 0.001; compared to the control group.
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activator metformin (Fig. 6b-d). In addition, metformin treatment sig-
nificantly reduced adipogenesis with an increase inAMPKphosphorylation
(T172) (Fig. 7b-d). These suggest that ImP can affect the imbalance of bone
homeostasis by regulating the activation of AMPK (T172).

Although the mechanism trough which ImP regulates AMPK activity
is not well understood, a study conducted on liver tissues has reported that
ImP promotes p38γ phosphorylation, which in turn inhibits AMPK(T172)
phosphorylation and promotes inhibitoryAMPK(S485) phosphorylation16.
In this study,we also investigatedwhether p38γ is involved in the changes in
AMPK phosphorylation and osteoblast differentiation induced by ImP in
BMSCs. ImP treatment alone promoted p38γ phosphorylation, reduced
phosphorylation of AMPK(T172), and inhibited osteoblast differentiation.
Furthermore, si-p38γ treatment restored these effects of ImP (Fig. 5). These

results suggest that ImP inhibits osteoblast differentiation by altering the
activity of p38γ and AMPK. However, further research is needed to deter-
mine whether ImP directly regulates p38γ after entering the cell.

Patients with diabetes are particularly susceptible to bone loss, a con-
dition exacerbated by metabolic imbalances and hyperglycemia32. Metfor-
min, widely recognized for its glucose-lowering effects through the
activation of AMPKphosphorylation in liver cells, also promotes osteoblast
differentiation through AMPK pathways18,33,34 This dual action positions
metformin as a promising candidate for addressing bone-related compli-
cations in diabetes.

In our diabetes in vitro model, metformin successfully restored
calcium deposition in bone marrow mesenchymal stem cells (BMSCs)
under high glucose conditions, demonstrating its osteoblast-promoting

Fig. 5 | ImP regulates bone homeostasis by activating p38γ and controlling
AMPK phosphorylation. a BMSCs were treated with ImP at different concentra-
tions, cultured for 2 days, and p38γ activation was confirmed by IP (n = 3). b After
transfecting p38γ siRNA, qRT-PCR analysis was performed to examine the
expression of p38γ, Bsp, and Oc (n = 3). c After transfecting p38γ siRNA, p38γ,
p-AMPK (T172), AMPK, and RUNX2 protein expression levels was assessed using

western blot (n = 3). d After transfection with p38γ siRNA, calcium deposition was
evaluated using alizarin red S staining (n = 3). ImP, imidazole propionate; BMSC,
bone marrow stromal cell; GM, growth media; IP, Immunoprecipitation; Values are
presented as themean ± SD; *, P < 0.05; **, P < 0.01; ***, P < 0.001; compared to the
control group.
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potential. However, this benefit was significantly reduced by the pre-
sence of ImP, which modulates AMPK activity. Even in normal glucose
conditions, ImP diminished metformin’s ability to promote osteoblast
differentiation (Supplementary Fig. 6). These findings strongly suggest
that ImP negatively regulates metformin’s efficacy, which may explain
its limited therapeutic effects in certain cases. To confirm these findings
and further investigate the mechanistic interactions between ImP,
AMPKactivity, andmetformin, studies using diabetic animalmodels are
still required.

While the osteoblast-promoting effects ofmetformin have beenwidely
reported, its effectiveness in in vivo animal models and randomized clinical
trials remains inconsistent35,36.

Based on our findings, these discrepancies could be partly attributed to
the influence of gut microbial metabolites, such as ImP, which may reduce
metformin’s therapeutic efficacy.

Overall, AMPK (T172) phosphorylation in osteoblasts is an important
factor in promoting bone formation. ImP suppresses AMPK (T172)
phosphorylation to inhibit osteoblast differentiation and stimulate

Fig. 6 | ImP inhibits osteoblast differentiation by regulating AMPK (T172)
phosphorylation in primary BMSCs. a BMSCs were cultured for 6 days with OM
and ImP (100 and 200 µM), and western blot analysis was performed (n = 3).
b BMSCs were cultured for 6 days with OM, ImP (200 µM) and metformin
(500 µM), and western blot analysis was performed. β-actin was used as an internal
control (n = 3). c, d BMSCs cells were isolated from mice injected with ImP (3 mg/

kg) and metformin (100 mg/kg) for 4 weeks and identified differentiation colonies
(n = 3). The analysis was conducted through alizarin red S staining (c) and western
blot (d). ImP, imidazole propionate; Met, metformin; BMSC, bone marrow stromal
cell; OM, osteogenic media (ascorbic acid 50 µg/ml, β-glycerophosphate 5 mM, and
BMP2 100 ng/ml); Values are presented as the mean ± SD; **, P < 0.01; ***,
P < 0.001; compared to the control group.
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adipocyte differentiation via activating p38γ phosphorylation, thereby
causing bone loss (Fig. 7e). Our results suggest that the gut microbial
metabolite ImP may be an important factor in the pathogenesis of diabetic
bone loss and that inhibiting the action of ImP could be a crucial strategy for
controlling diabetic osteoporosis.

Materials and Methods
Chemicals and Antibodies
ImP (deamino-histidine, sc294276), metformin (317240) was purchased from
Santa Cruz Biotechnology (Dallas, TX, USA) and EMD Millipore (USA)
respectively. Anti-rabbit AMPKα (#5831 s), anti-rabbit p-AMPK (Thr172,
#2535 s), anti-rabbit p-AMPK (Ser485, #2573 s), anti-rabbit p38γ (#2307 s),
anti-rabbit PPARγ (#2430 s), anti-rabbit adiponectin (#2789 s), anti-rabbit
FABP4 (#2120 s), and anti-rabbit RUNX2 (#8486 s)were purchased fromCell
SignalingTechnology (Beverly,MA,USA).Anti-mouseOSX (sc-393325), and

anti-mouse β-actin (sc-47778) were purchased from Santa Cruz Biotechnol-
ogy.Anti-mousep-Threonine(943002)werepurchased fromBioLegend.Also,
anti-rabbit Alkaline Phosphatase (ab 108337) were purchased from Abcam.

Animal preparation
C57BL/6 mice were purchased fromDamool Science (Daejeon, Korea). All
mice were maintained in accordance with the guidelines of the Animal
Ethics Committee at Chonnam National University (CNU IACUC-YB-
2022-80), and this study complied with the ARRIVE guidelines for pre-
clinical research. Eight-week-old C57BL/6 mice were anesthetized by
intraperitoneal injection of a mixture of Zoletil (30mg/kg, Virbac, Carros
Cedex, France) and Rompun (10mg/kg, Bayer Korea, Seoul, Korea). To
analyze the systemic effects of ImP on bone, it was subcutaneously admi-
nistered using an osmotic pump (MICRO-OSMOTIC PUMP MODEL
1004, ALZET®) at doses of 0, 1, and 3mg/kg for 4 weeks. To determine the

Fig. 7 | ImP increases adipocyte differentiation by
regulating AMPK (T172) phosphorylation in
primary BMSCs. a BMSCs were cultured for 8 days
with AM and ImP (100 and 200 µM), and western
blot analysis was performed (n = 3). b BMSCs were
cultured for 8 days with AM, ImP (200 µM), and
metformin (500 µM), and western blot analysis was
performed. β-actin was used as an internal control
(n = 3). c, d BMSCs cells were isolated from mice
injected with ImP (3 mg/kg) and Metformin
(100 mg/kg) for 4 weeks and identified lipid droplet
formation (n = 3). The analysis was conducted
through oil red O staining (c) and western blot (d).
e ImP inhibits AMPK (T172) phosphorylation to
promote adipogenesis, increasing PPARγ expres-
sion, and suppresses osteogenesis, decreasing
RUNX2 and OSX expression. ImP, imidazole pro-
pionate; Met, metformin; BMSC, bone marrow
stromal cell; AM, adipogenicmedia (1 µg/ml insulin,
2 µM rosiglitazone, and 100 nM dexamethasone);
Values are presented as the mean ± SD; **P < 0.01;
***P < 0.001; compared to the control group.

?
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in vivo local effects of ImP on BMP2 (Cowellmedi Co., Ltd., Seoul, Republic
of Korea)-induced ectopic bone formation, ImP and/or BMP2 were
transplanted with a collagen sponge (CollaDerm™, Bioland, Cheongju,
Korea) into the subcutaneous space of the back of mice through a surgical
procedure. After 4 weeks, the mice were euthanized using CO2 inhalation,
and femurs or ectopic bones were harvested.

µ-CT analysis
The microarchitecture of the femoral and ectopic bones was investigated
using a µ-CT device (SkyScan 1172, Bruker, Kontich, Belgium) in cone-
beam acquisition mode. A 0.5-mm thick aluminum filter was used for
scanning. The X-ray source was set at 50 kV and 200 A with a pixel size of
30 µm and an exposure time of 1.2 s. The scanned images were recon-
structed with the assistance of NRecon and CT analyzer software (Bruker).
Three-dimensional-rendering images and quantitative bone volume were
obtainedusing theMimics imagingprogram(version14.0;MaterialiseN.V.,
Leuven, Belgium). Trabecular morphometry was characterized by mea-
suring the BV/TV, Tb.Th, Tb.N, and trabecular separation (Tb.Sp).

Histological analysis
The specimens were fixed with 10% formalin (Sigma Aldrich, USA), dec-
alcified in 0.5M ethylene-diamine tetra acetic acid (EDTA, pH 7.4), and
embedded in paraffin. They were then sliced into 5-µm-thick sections for
Immunohistochemistry (IHC) analysis and hematoxylin-and-eosin (H&E)
staining. The specimens were observed through slide scanning using Pan-
noramic MIDI II (3DHISTECH Ltd., Budapest, Hungary).

Cell viability
BMSCs andBMMcellswere seeded at a density of 4 × 104 cell perwell in 96-
well plates overnight. Different doses of ImP (0, 25, 50, 100, 200 µM) were
then added to the medium, and the samples were incubated for 24 h. Cell
viability was assessed using the Quanti-MAX™WST-8 Cell Viability Assay
Kit (Biomax, Republic of Korea). Absorbancewasmeasured at 450 nmwith
a spectrophotometer (Thermo Fisher Scientific) and expressed as a
percentage.

Cell differentiation
To induce osteoblast differentiation, bone marrow cells were isolated from
the femurs and tibias of 6−10-week-old male C57BL/6 mice and cultured
for 5 days in α-MEM (Gibco,12561-056, USA) to obtain BMSCs, as
described previously37. After passaging, the cells were maintained with OM
containing ascorbic acid (50 µg/ml, Sigma Aldrich, St. Louis, MO, USA), β-
glycerophosphate (5mM, ChemCruz TM Biochemicals, Dallas, TX, USA),
and BMP2 (100 ng/ml, Cowellmedi Co., Ltd., Seoul, Republic of Korea). To
induce osteoclast differentiation, bone marrow cells were isolated from
mice, treated with an ammonium-chloride-potassium lysing buffer (Gibco,
NY, USA) to remove red blood cells, and filtered through a 0.7-µm filter to
remove remaining debris. The cells were then cultured in α-MEM con-
taining M-CSF (BioLegend, San Diego, CA, USA) for 3 days to induce
attachment of BMMcells, followedby inductionof osteoclast differentiation
for 3−4 days in a medium containing RANKL (100 ng/ml, Peprotech,
RockyHill, NJ, USA) andM-CSF (30 ng/ml). For adipocyte differentiation,
BMSCs and 3T3-L1 cells were maintained in α-MEM containing insulin
(1 µg/ml, WELGENE, LS038-01, Republic of Korea), rosiglitazone (2 µΜ,
Sigma Aldrich, R2408-10MG, St. Louis, MO, USA), and dexamethasone
(100 nM, Sigma Aldrich, D2915-100mg, St. Louis, MO, USA).

RT-PCR and qRT-PCR
Total RNA was obtained using TRIzol reagent (Ambion, Carlsbad, CA,
USA), and cDNA was synthesized with random primers, dNTP, RNasin
(Promega), and Moloney Murine Leukemia Virus (M-MLV) reverse tran-
scriptase (Promega), according to the manufacturer’s instructions. For
quantitative analysis, qRT-PCR was performed using the StepOnePlus™
real-time PCR system (Applied Biosystems) and Power SYBR Green PCR
Master Mix (Thermo Fisher Scientific). The data were presented as the

relative expression calculated using the ΔΔCtmethod and the QuantStudio
Design & Analysis software (Applied Biosystems). Conventional PCR was
performed using Go Taq Green Master Mix (Promega), a Veriti 96-well
Thermal Cycler (Applied Biosystems), and Quantum-Gel Documentation
Imaging (Vilber). The primer sequences are shown in supplementary
Table 1.

Immunoprecipitation and Western blot analysis
Total cell extract was prepared using lysis buffer (Cell Signaling Tech-
nology) and centrifuged at 16,000 × g for 15 min at 4 °C. For immuno-
precipitation (IP), BMSCs cells were transiently co-transfected with
p38γ and p-Threonine. Cell lysates were precleared with protein
G-agarose beads (Invitrogen) and then incubated with the indicated
antibodies overnight at 4 °C. After incubation with protein G-agarose
beads for 2 h, the suspensionwas centrifuged, and the beadswerewashed
with lysis buffer three times. The immunoprecipitated materials were
solubilized in SDS sample buffer (Sigma-Aldrich). Total proteins or
immunoprecipitated proteins were resolved on an SDS-PAGE gel and
transferred into a PVDF membrane. The membrane was blocked with
2% skim milk (Difco™; BD, Detroit, MI, USA) in TBST buffer (0.2 M
Tris-HCl pH 7.6, 1.37 M NaCl, 0.1% Tween 20) and incubated with the
primary antibody overnight at 4 °C. After washing with TBST buffer, the
membrane was incubated with the secondary antibody for 1 h. Signals
were visualized using an enhanced chemiluminescence reagent (Milli-
pore, Billerica, MA, USA) in a LAS-4000 Lumino Image Analyzer Sys-
tem (Fujifilm, Tokyo, Japan). The band intensity was quantified using
Multi Gauge V3.0 software (Fujifilm).

Small interfering RNA (si RNA) transfection
Control-siRNA and p38r siRNA (29857-1, 5′- CGAACCAGCCAUUUG
GUG U -3′) were purchased from Bioneer and transfected into BMSCs
usingLipofectamineRNAiMAX(ThermoFisher Scientific,USA) according
to the manufacturer’s protocol.

Alizarin red S staining
Cells were cultured in OM for 14 days and then fixed with 10% formalin
(Sigma Aldrich, USA), for 15min. After washing, the cultures were reacted
with a 40-mM alizarin red S (ARS) solution (pH 4.2, Sigma Aldrich, St.
Louis, MO,USA) to evaluate calcium deposition. The stained cultures were
thenphotographed. For quantitative analysis, 10%cetylpyridiniumchloride
(pH 7.0, Sigma Aldrich, St. Louis, MO, USA) was added to the culture, and
the absorbance was measured at 540 nm using a spectrophotometer
(Thermo Fisher Scientific).

TRAP staining
Cultured cells were fixed with 10% formalin for 15min and then stained
using a TRAP Staining Kit (Cosmo Bio, Tokyo, Japan) according to the
manufacturer’s instructions. After washing with distilled water, the cells
were examined under an optical microscope (LeicaMicrosystems,Wetzlar,
Germany) and Lionheart FX Cell Imager (BioTek). For quantitative ana-
lysis, the number of TRAP-positive multinucleated cells (n > 3) was
determined.

Bone resorption assay
BMM cells (8 × 104) were separated and seeded in the Bone Resorption
Assay Kit 48 (CSR-BRA-48KIT, Cosmo Bio, Tokyo, Japan). ImP was
administered at concentrations of 25, 50, 100, and 200 μM. After 14 days,
bone resorption was examined using optical microscopy (Leica Micro-
systems, Wetzlar, Germany) and quantified using Image J.

Staining of neutral lipid droplets
After 8 days of adipocyte differentiation, the cells were fixed with 4% for-
maldehyde, stained with oil red O (Sigma Aldrich, USA), and Images were
acquired using light microscope and Lionheart FX Cell Imager. The oil red
O-stained lipid droplets inside the cellswere furtherdissolvedusing absolute
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isopropanol, and the absorbance was measured at 510 nm. Adipogenic
differentiation was also determined using BODIPY 493/503 fluorescent dye
(Thermo Fisher Scientific) staining, according to the manufacturer’s
instructions.

Statistics and Reproducibility
Statistical analysis of the data was performed using Student’s t-test or ana-
lysis of variance with Tukey’s multiple comparison test on Prism 9 software
(GraphPad Software, Inc., San Diego, CA, USA). Differences with P < 0.05
were considered significant. The results are presented as the mean ±
standard deviation of triplicate samples. All experiments were repeated at
least three times.

Reporting summary
Further information on research design is available in the Nature Portfolio
Reporting Summary linked to this article.

Data availability
Uncroppedandunedited gel/blot images are provided in the supplementary
information file, and source data for the graphs are available in the sup-
plementary data 1. Further information is available from the corresponding
author upon reasonable request.
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