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ARTICLE INFO ABSTRACT

Keywords: Common cancer complications include bone cancer pain (BCP), which was not sufficiently alle-
Bone cancer pain viated by traditional analgesics. More safe and effective therapy was urgent needed. Metformin
Metformin relieved osteoarthritis pain, but the analgesia of Metformin in BCP was not well studied. The
;gllzgllu study aimed to explore the Metformin-mediated analgesic effect and its molecular mechanisms in
TRPV1 BCP rats. We demonstrated that Walker 256 cell transplantation into the medullary cavity of the

tibia worsened mechanical allodynia in BCP rats, increased the expression of TGFp1 in the
metastatic bone tissue, and raised the expression of TGFBRI and TRPV1 in the L4-6 dorsal root
ganglion (DRG) of BCP rats. While, selectively blockade of TGFSRI by SD208 could obviously
elevated the paw withdraw threshold (PWT) of BCP rats, together with decreased TRPV1
expression in L4-6 DRG. Notably, continuous Metformin treatment reduced TGFp1, TGFBRI and
TRPV1 expression, and relieved mechanical allodynia of BCP rats in a long-term effect. In
conclusion, these results illustrated that Metformin ameliorated bone cancer pain, and the
downregulation of TGFP1-TGFPRI-TRPV1 might be a potential mechanism of Metformin-
mediated analgesia in BCP.

1. Introduction

One of the most intense and intractable chronic pains is cancer pain, whether it is induced by a primary cancer or metastatic tumor
[1,2]. Numerous cancer cells, including those from the breasts, lungs, and prostate, often invade several bone tissues before producing
excruciating bone cancer pain (BCP) [3-5]. The quality of life and functional level of patients with bone cancer are significantly
impacted by BCP, which often leads to depression and suicide in cancer pain patients [6,7]. There are very few safe and effective
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pharmacotherapy to treat BCP [8-10], therefore new therapies for cancer pain patients are urgently needed.

One of the most popular hypoglycemic medications for the type 2 diabetes treatment is Metformin. In addition to diabetes, it has
been demonstrated to protect against a number of other disorders, such as cancer [11-13], anxiety [14-16], depression [17-19], aging
[20], pain [21-27], cognitive impairment [28-30], and cardiovascular disease [31-33]. By suppressing transient receptor potential
ion channel (TRPV1) expression, Metformin lessens the mechanical allodynia in BCP rats [25]. However, the exact signaling pathway
by which Metformin affects TRPV1 expression is yet unknown.

It was reported that Metformin is a novel suppressor for Transforming growth factor-pl (TGFp1l) [34-36]. TGFf is a main
bone-derived growth factor, produced by bone cells in a latent structure and preserved in the bone matrix [37]. Previous studies have
demonstrated that TGFf is crucial for the development of bone metastases [38]. Excessive TGFf promotes tumor development, in-
vasion, and metastasis in progressive bone cancer [39-41]. TGFf1 signaling has been related to the overexpression and sensitivity of
TRPV1 in primary sensory neurons [42]. However, it is unclear whether metformin plays an analgesic role in bone cancer pain by
inhibiting TGFp1-TRPV1 signaling.

In the study, the BCP rats were used to examine the analgesic benefits of Metformin and mechanical impacts on the TGF31-TRPV1
signaling. Our findings provide a potential pathway for the analgesic action of Metformin and might bring possible approaches to the
therapeutic management of BCP.

2. Materials and methods
2.1. Animals

Female Sprague-Dawley (SD) rats weighing 180-200 g were obtained from Soochow University’s experimental animal facility. The
animals were kept in a 12/12 light/dark cycle with unlimited access to food and drink. The Soochow University Institutional Animal
Care and Use Committee provided its consent to the study’s experimental procedure. All techniques were conducted in accordance
with the National Research Council’s recommendations for the handling and utilization of laboratory animals. There was an attempt
made to minimize the number of animals utilized and their suffering.

2.2. Rat model of bone cancer pain

The procedure was performed in accordance with earlier reports [43]. In summary, the abdominal cavity of SD rats (weighing 60 g)
was administered with Walker 256 mammary gland cancer cells (2 x 107 cells/ml, 1 ml). Following 5-7 days, the ascites was removed,
centrifuged for 3 min at 1200 rpm to retrieve the cells, and the pellet was rinsed three times with 10 ml of normal saline (NS) before
being centrifuged again for 3 min. Utilizing hemocytometer, the cells were counted, diluted with NS to a final concentration of 1 x
108/ml, and stored on ice until administration into rats. Sodium pentobarbital (50 mg/kg, i.p.) was used to anesthetize SD rats. The left
medullary cavity of the tibia was progressively injected with 4 pL of cells (4 x 10°) or the equivalent amount of NS (Sham cohort)
employing microinjection with a microinjection syringe. To inhibit the cancer cells from migrating along the injection route, we left
the syringe in place for an additional 2 min. The rats in the naive cohort did not get any therapy. The animals were put on a heating pad
until they were awake again and then taken back to their cages.

2.3. Behavioral tests

Rats’ responses to pain were assessed by Von Frey filament technique, as previously mentioned [44]. Rats were briefly housed for
30 min in a large cage made of clear plastic mesh to provide the conditions for the experiment. Rats’ mechanical allodynia was found to
react through the 50 % paw withdrawal threshold (PWT) in response to Von Frey filament stimulus employing "up & down" approach.
From 1.0 to 26.0 g of Von Frey filaments were administered perpendicularly to the plantar surface of the hind paw with enough power
to cause filaments to bend for one to 2 s. Next, lesser force filament was used if there was a reaction. When there was no reaction, a
higher force was used until the exercise was conducted three times and the final Von Frey filaments were identified. In order to ensure
the uniformity, the behavioral tests were conducted by the same two technicians in whole study following the double-blind principle.
Briefly, one technician (No. 1) randomly placed the rats in the cage before the behavior test. The other technician (No. 2) conducted the
behavior test, and the behavior data was analyzed by No.1 technician after the test.

2.4. Western blotting

Employing Western blotting, the expressions of TGFf1, TGFp receptors, and TRPV1 were identified. Rapid isolation and liquid
nitrogen freezing of the left L4-6 DRG and left hind tibias followed by long-term storage at —80 °C till usage. Liquid nitrogen was
employed to freeze the bone tissues, which were subsequently crushed into powder. After being lysed in RIPA buffer containing
protease suppressors (Fude, Hangzhou, China), specimens from bone tissue and DRG were sonicated. A BCA Protein Assay kit was used
to measure the total protein content (Cowin, Taizhou, China). On 8 % polyacrylamide gels from Beyotime in Shanghai, China, identical
quantities of total proteins were separated before being transported to polyvinylidene difluoride membranes. The membranes were
blocked in 5 % non-fat milk for 2 h at room temperature (RT), and then the primary antibodies against TGFp1 (1:500, Immunoway,
USA), TGFBRI (1:250, Santa Cruz, USA), TGFBRII (1:250, Santa Cruz, USA), and TRPV1 (1:500, GeneTex, USA) were incubated
overnight at 4 °C. Membranes were cleaned in TBST before being preserved with HRP-conjugated secondary antibodies for 2 h at RT.
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As the loading control, GAPDH (Abcam, USA) was employed. The bands were photographed utilizing ChemiDoc XRs technology and
viewed with ECL (Bio-Rad, CA, USA). The expression of the protein was compared to GAPDH.

2.5. Immunofluorescence staining

The bone tissues and the L4-6 DRG were fixed in 4 % paraformaldehyde overnight at 4 °C. The EDTA decalcification solution was
replaced every week until the fine needle pierced bone tissue as the endpoint of decalcification. The bone tissues were then immersed
in a 20 x volume EDTA decalcification solution at RT. Then, for 24-48 h at 4 °C for cryoprotection, submerged DRG and bone tissues in
a 10-30 % gradient of sucrose in PBS. DRG and bone tissues were cut into 14 pm sections, which were then incubated with the primary
antibodies TGFBRI (1:50), TGFBRII (1:50), TRPV1 (1:200), and TGFB1 (1:200) for an overnight period at 4 °C. The secondary anti-
bodies Alexa Fluor 488 and 555 were then added, and the incubation process was continued for an additional hour at RT. Fluorescence
microscopy was employed to photograph the slides, and Image J was used to analyze the images.

2.6. Drug treatment

We acquired Metformin from Sigma Aldrich (St. Louis, MO, USA). TargetMol provided the TGFBRI kinase suppressor SD208 for use
(Boston, MA, USA). TGFp1 was purchased from Peprotech (Rocky Hill, NJ, USA). Metformin was diluted with normal saline (NS) to
achieve a final use concentration (20 mg/ml), and the injection volume of metformin or NS was 1.8-2.0 ml according to the body
weight of rats (200 mg/kg). The intraperitoneal injections of Metformin or NS were given to the rats in the BCP + Metformin and BCP
+ NS cohorts single injection or once daily for seven days. According to the drug instruction, 7.1 mg SD208 was dissolved in 1 ml
DMSO and further diluted in NS to 0.625 mg/ml 4 % sevoflurane was used to anesthetize SD rats, then SD208 (2.5 mg/kg, 0.72-0.8 ml)
or TGFB1 (10 pg/ml, 0.1 ml) was immediately delivered into local deep tissue around the tumor bone using 1 ml syringe at a rate of
approximately 1 ml/min. The needle was injected vertically into the center of the tumor and then infiltrated into the surrounding area.
After the drug was completely absorbed, the needle was pulled out. The rats were injected NS or SD208 once or once daily for a week
around the malignant bone.

2.7. Body weight and blood glucose assay

Body weight of each overnight fasting rat was recorded. Then, blood was collected from the tail vein of rats. For measurement of
serum glucose levels, serum was separated from the blood cells by centrifugation. Then, all serum samples were immediately stored at
—20 °C until unified analyses. Serum glucose levels were determined by spectrophotometry using glucose oxidase method [45] (Unico
1200, Japan).

2.8. Statistics

All experiments (behavioral tests, drug administration, molecular detection) and data analyses were carried out following the
double-blind principles. All results were displayed as the Mean + SEM. The statistical analysis was done employing Graphpad 9.0.
Before analysis, the normality of all the data was verified. Where applicable, one-way or two-way analysis of variance (ANOVA)
followed by Tukey’s post hoc test was conducted. P < 0.05 was regarded as a statistically significant value.
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25+ —e— Sham -=— BCP Sham 14d BCP 14d

”
{

Pre 3d 7d 10d 14d 21d 28d 35d
Days after tumor cell inoculation

Fig. 1. Walker 256 cell transplantation induced mechanical allodynia in rats. (A) The PWT was reduced at day 7 (***P < 0.001 vs Sham
group, two-way ANOVA), and persisted for at least 35 d in the ipsilateral hindpaw (**P < 0.01 vs Sham group, n = 8, two-way ANOVA). (B)
Photograph of the tumor-injected left hindpaw was showed in the rat after 14 days when inoculation. No effect was seen on the NS-injected
left hindpaw.
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3. Results
3.1. Transplantation of Walker 256 cells induced mechanical allodynia in rats

To create an animal model of BCP, we injected female SD rats with intra-tibial injections of Walker 256 mammary gland cancer
cells. The ipsilateral hindpaw PWT of BCP rats significantly decreased at day 7 and peaked at day 14 (Fig. 1B), and the decline sus-
tained for at least 35 days (Fig. 1A). The ipsilateral cancer rose significantly postmortem, but not in the sham tibia (Fig. 1B). The results
show that the mechanical allodynia of rats was effectively increased by Walker 256 cell transplantation.

3.2. Tumor cell inoculation increased the expression of TGFf1, TGFSRI and TRPV1

TGFp is thought to be produced as a result of bone loss and cancer growth [46-48]. Here, our findings demonstrated that the
progressed cancer-bearing rats’ bone tissues had elevated in TGFp1 protein at day 14 after tumor cell inoculation (Fig. 2A). TGFp binds
the transmembrane serine/threonine receptor type I (TGFpRI) and TGFBRII [49]. We observed TGFBRI and TGFBRII expression in L4-6
DRG ipsilateral to the impacted bone in cancer-bearing rats. TGFSRI was highly elevated at day 14 after tumor cell inoculation
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Fig. 2. The expression of TGFf1, TGFPRI and TRPV1 were increased in BCP rats. (A) Western blotting analysis revealed a significant increase in
TGFp1 expression in the affected bone tissues of BCP rats at 14 days after transplantation compared with Naive or Sham rats (***P < 0.001 vs Naive
or Sham group, n = 5, one-way ANOVA). (B) The expression of TGFBRI in the ipsilateral L4-6 DRG was clearly enhanced in BCP rats at 14 days after
transplantation compared with Naive or Sham rats (***P < 0.001 vs Naive or Sham group, n = 5, one-way ANOVA). (C) There are no significant
differences in TGFpRII expression in the ipsilateral L4-6 DRG at 14 days after transplantation among the three groups (P > 0.05 vs Naive or Sham
group, n = 5, one-way ANOVA). (D) Western blotting analysis revealed a significant increase in TRPV1 expression in the ipsilateral L4-6 DRG at 14
days after transplantation (***P < 0.001 vs Naive and Sham group, n = 5, one-way ANOVA).
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(Fig. 2B). The three cohorts did not differ in TGFPRII expression at day 14 after tumor cell inoculation (Fig. 2C). We further detected
TRPV1 expression, a significant increase of TRPV1 in L4-6 DRG ipsilateral to the tumor-inoculated bone was showed in Fig. 2D. These
results suggested that tumor cell inoculation upregulated the expression of TGFf1, TGFpRI and TRPV1 in BCP rats. The original blots of
Fig. 2 were placed in Supplementary Fig. 1.

3.3. TGFpRI inhibition attenuated the mechanical allodynia in a short-term effect

To further examine whether TGFfRI are involved in mechanical allodynia induced by bone cancer metastasis, we local injected
(around tumor bone) the TGFBRI antagonist SD208 (2.5 mg/kg) at day 14 after transplantation. Notably, the PWT of BCP rats was
substantially elevated, starting from 1 to 4 h after injection (Fig. 3A and B). Interestingly, the PWT was further increased after a week
consecutive daily injection of SD208 from day 8-14 after transplantation, while the duration of efficacy was not extended (Fig. 3C and
D). These results indicated that increased TGFfRI expression in L4-6 DRG contributes to the mechanical allodynia of BCP rats.

3.4. Metformin treatment relieved the mechanical allodynia in a long-term effect

To study the analgesic effect of metformin on bone cancer pain. The intraperitoneal administrations of Metformin or NS were given
to the rats in the BCP + Metformin and BCP + NS cohorts at day 14 after transplantation. We showed that the PWT in BCP + Metformin
was significantly increased, starting from 4 h to 1 d after injection (Fig. 4A and B). Interestingly, the PWT was further increased after a
week consecutive daily injection of Metformin from day 8-14 after transplantation, and the duration of efficacy was further extended,
starting from 4 h to 14 d after continuous Metformin treatment (Fig. 4C and D). These results revealed that continuous Metformin
treatment has a long-term analgesic effect on mechanical allodynia in BCP rats. Next, we examined the effects of continuous metformin
treatment on body weight and blood glucose in rats. The results showed that rats with bone cancer pain decreased body weight relative
to the sham group, but proper dose metformin treatment did not significantly affect body weight (Fig. 4E). Rats with bone cancer pain
have elevated blood glucose relative to the sham group, but blood glucose decreases in advanced cancer stages, and metformin
treatment reduces bone cancer-induced blood glucose elevation (Fig. 4F).

3.5. Metformin reduced the expression of TGFf1, TGFSRI and TRPV1

To further explored the role of TGFp1-TGFpRI signaling in Metformin-mediated analgesic effect on BCP rats, we determined TGFp1
levels in the metastatic bone tissue of rats following the last Metformin supplementation for seven consecutive days. Western blotting
analysis revealed that continuous Metformin treatment reduced TGFp1 expression in BCP rats (Fig. 5A). Furthermore, continuous
Metformin treatment substantially decreased TGFPRI and TRPV1 expression in the ipsilateral L4-6 DRG of BCP rats (Fig. 5B and C). To
discover the causality of TRPV1 and TGFfRI signaling in Metformin-mediated analgesia of BCP rats, we detected TRPV1 expression in
the ipsilateral L4-6 DRG of BCP rats following the last SD208 injection for seven consecutive days. Interestingly, the TRPV1 expression
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Fig. 3. Short-term analgesic effect of TGFBRI inhibitor on PWT in BCP rats. (A) The schematic diagram showed the timeline of SD208
administration and behavioral test. (B) Local injection (around tumor bone) of SD208 (2.5 mg/kg) at 14 days after transplantation obviously
elevated the PWT of BCP rats, it began at 1 h and lasted for up to 4 h after SD208 injection (**P < 0.01, ***P < 0.001 vs Control group, n = 8, two-
way ANOVA). (C) The schematic diagram showed the timeline of SD208 administration and behavioral test. (D) Continuous daily local injection of
SD208 for a week from day 8 after transplantation significantly increased the PWT of BCP rats, it began at 1 h and lasted for up to 4 h after the last
time of SD208 injection (***P < 0.001 vs Control group, n = 8, two-way ANOVA).



F. Zhou et al. Heliyon 10 (2024) e34991

A C
-3d -2d -1d 0Od 14d - -2d - ~
1 F > PWT test 3d 1d_0d 1 8d—14d PWT test
T T [ 111 [TTTTTI
Adaptation  Surgery Metformin or NS Adaptation  Surgery Metformin or NS
B D
104 —e— BCP+NS -# BCP + Metformin 207 - BCP+NS -® BCP + Metformin
8- NS/Metformin, 15 NS_/Metformin, once lu u
3 | single injection C) daily for a week
E 61 e
= E 10
&,
2 57
0 T T T T T T T T T T T 0 T T T T T T T T T T T T T
Pre 0.5h 1h 2h 4h 8h 12h 1d 2d 5d 7d Pre 0.5h 1h 2h 4h 8h 12h 1d 2d 5d 7d 14d 21d
Time after treatment Time after treatment
E F
400~ —e— Sham -+ BCP+NS 2004 —e— Sham —+— BCP+NS
_ -=~ BCP -* BCP +Metformin - -=- BCP =% BCP + Metformin
g} 350 ) ) g NS/Metformin, once daily
£ NS/Metformin, or?ce daily ; 1504 from day 8 to 14 in BCP rats
D from day 8 to 14 in BCP rats ? # # #
2 300 8
%‘ *kK %
a < 100+ ol
250 8 *k ** *kk *
o * Sham vs BCP,
#BCP + NS vs BCP + Metformin
200 T T T T T T T T 50 T T T T T T T T
Pre 3d 7d 10d 14d 21d 28d 35d Pre 3d 7d 10d 14d 21d 28d 35d
Days after tumor cell inoculation Days after tumor cell inoculation

Fig. 4. Long-term analgesic effect of continuous Metformin treatment on PWT in BCP rats. (A) The schematic diagram showed the timeline of
Metformin administration and behavioral test. (B) The PWT of BCP rats treated with Metformin (i.p., 200 mg/kg) at 14 days after transplantation
was significantly increased, compared with the BCP rats injected with normal saline, it began at 4 h and lasted for up to 1 d after Metformin
treatment (*P < 0.05, **P < 0.01 vs BCP + NS, n = 8, two-way ANOVA). (C) The schematic diagram showed the timeline of Metformin admin-
istration and behavioral test. (D) The PWT of BCP rats treated with Metformin from 8 to 14 days after transplantation was significantly increased,
compared with the BCP rats injected with normal saline, it began at 4 h and lasted for up to 14 d after continuous Metformin treatment (*P < 0.05,
**P < 0.01, ***P < 0.001 vs BCP + NS, n = 8, two-way ANOVA). (E) Body weight of Sham, BCP, BCP + NS, BCP + Metformin groups (*P < 0.05,
**Pp < 0.01, ***P < 0.001, Sham vs BCP, n = 8, two-way ANOVA). (F) Blood glucose of Sham, BCP, BCP + NS, BCP + Metformin groups (**P < 0.01,
***P < 0.001, Sham vs BCP, #P < 0.05, BCP + NS vs BCP + Metformin, n = 8, two-way ANOVA).

was decreased along with the TGFPRI inhibition by SD208 (Fig. 5D). These results suggested that continuous Metformin treatment may
reduce TRPV1 expression by inhibiting TGFB1-TGFpRI signaling. The original blots of Fig. 5 were placed in Supplementary Fig. 2.

These results were further verified by immunofluorescence assay. IF assay showed that TGFp1, TGFBRI and TRPV1 were widely
distributed in BCP + NS group, but their expressions were rarely detected in the BCP + Metformin rats, and the TGFpRII did not change
significantly (Fig. 6A and B). Furthermore, double staining using IF revealed the co-localization of TRPV1 with TGFpRI in L4-6 DRG
(Fig. 7A and B). Moreover, their co-localization expression was obviously reduced after Metformin treatment (Fig. 7C).

3.6. TGEFp1 counteracted the analgesic effect of metformin in BCP rats

TGFp1 acts as a ligand and agonist for TGFBRI. To investigate whether Metformin relieves bone cancer pain via the TGFp1-TGFpRI
pathway. Recombinant TGFf1 was injected into local deep tissue around the tumor bone to activate TGFpRI, while Metformin was
injected intraperitoneally into BCP rats at day 14 or from day 8-14 after transplantation. The results showed that Metformin + TGFp1
counteracted the analgesic effect of metformin, suggesting that metformin exerts its analgesic effect through inhibition of the TGFp1-
TGFpRI signaling (Fig. 8A-D).

4. Conclusion
We identified that Metformin could reduce the mechanical allodynia of BCP rats, the analgesia might be mediated by TGFp1-

TGFBRI-TRPV1 signaling pathway (Fig. 9). These findings imply that Metformin-mediated therapy for BCP may be effective and
reliable.
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Fig. 5. Continuous Metformin treatment reduced the expression of TGFf1, TGFRI and TRPV1 in BCP rats. (A) Western blotting analysis
revealed a decrease in the protein level of TGFp1 in the affected bone tissues treated with Metformin (**P < 0.01 vs BCP + NS, n = 5, two-tailed t-
test). (B) Western blotting analysis displayed a decrease in the protein level of TGFpRI in the ipsilateral L4-6 DRG treated with Metformin (**P <
0.01 vs BCP + NS, n = 5, two-tailed t-test). (C) Western blotting analysis illustrated a decrease in the protein level of TRPV1 in the ipsilateral L4-6
DRG treated with Metformin (**P < 0.01 vs BCP + NS, n = 5, two-tailed t-test). (D) Western blotting analysis showed a decrease in the protein level
of TRPV1 in the ipsilateral L4-6 DRG treated with TGFBRI inhibitor (SD208, 2.5 mg/kg) (**P < 0.01 vs BCP + NS, n = 5, two-tailed t-test).

5. Discussion

Bone cancer pain has a severe impact on patients’ quality of life. One of the most challenging cancer pains is BCP. There is a critical
urgency for safe and enforced BCP therapies. Metformin is a widely used first-line diabetes medicine. In addition to diabetes, it has
been demonstrated to treat several types of chronic pain [50-64]. The exact mechanism of the analgesic effect of metformin in BCP rats
is not fully understood, we showed that Metformin decreased TGFp1-TGFpBRI expression and in turn reduced TRPV1 expression, TGFp1
was upregulated in the metastatic bone tissue of BCP rats, this finding supports the previous reports that TGFp1 is a novel target of
Metformin [65,66]. Overall, these findings suggested that TGFBRI has a regulatory role in the expression of TRPV1 in L4-6 DRG of BCP
rats, and that the TGFp1-TRPV1 signaling may be involved in the analgesic action of Metformin in BCP rats.

TGFp1 is known to be widely released during the bone resorption process. It was reported that TGFf1 signaling related to BCP via
the elevation and sensitization of TRPV1 in primary sensory neurons [42]. TRPV1 is a nonselective cation channel that is involved in
osteoblast cell proliferation and bone mass repair [67], and can be activated by extracellular protons, zoledronic acid and capsaicin
[68]. In the investigation, we verified that TGFBRI inhibition by SD208 could obviously reduce the upregulation of TRPV1 in BCP rats,
further suggesting the important role of TGFp1-TGFpBRI signaling in the regulation of TRPV1 in BCP rats. More importantly, Metformin
treatment could markedly downregulate TGFp1, TGFPRI and TRPV1 expression in BCP rats. The effect of Metformin on bone locally
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Fig. 6. Continuous Metformin treatment reversed the expression of TGFf1, TGFBRI and TRPV1 in situ. (A1) Immunofluorescence assay
showed that the number of TGFp1 positive cells was increased in the affected bone tissues of BCP rats, and it was rarely detected in BCP rats treated
with Metformin (Bar = 100 pm). (A2) Immunofluorescence assay displayed that the number of TGFBRI positive cells was increased in L4-6 DRG of
BCP rats, and it was rarely detected in BCP rats treated with Metformin (Bar = 100 pm). (A3) Immunofluorescence assay indicated that there was no
obvious difference in TGFPRII expression in L4-6 DRG from Sham, BCP and Metformin treatment rats. (A4) The TRPV1 expression was increased in
L4-6 DRG of BCP rats, and Metformin treatment clearly reduced TRPV1 expression in situ. (B1-B4) Proportion of TGFp1, TGFBRI, TGFBRII and
TRPV1 positive cells (***P < 0.001 vs Sham and Metformin group, n = 5, one-way ANOVA).

might be another important mechanism (such as reducing TGFf1 expression in bone tissues after continuous Metformin injection) in
relieving bone cancer pain. The role of TGFf1 was further verified in other report which showed that peripheral injection of TGFf1
directly induced thermal hyperalgesia in rats, and extracellular application of TGFp1 significantly potentiated TRPV1 currents and
increased Ca®* in DRG neurons [42]. Additionally, the protective effect of Metformin on bone mass was reported in previous studies,
Metformin could increase the bone-forming activity of osteoblasts [69,70], and inhibit the bone-resorbing activity of osteoclasts [71].

Both TGFpRI antagonist SD208 and Metformin relieves bone cancer pain by reducing TRPV1 in the ipsilateral L4-6 DRG, Metformin
has a long-term analgesic effect with continuous treatment relative to TGFBRI inhibitor SD208, but has a slower onset of action.
Different treatment effects may be due to the following reasons. Firstly, the injection method is different, SD208 was delivered into
local deep tissue around the tumor bone, whereas metformin is injected intraperitoneally for wider absorption and distribution.
Secondly, the mechanism of action is different, SD208 directly inhibits the TGFBRI kinase activity, thereby blocking the downstream
signaling cascade of TGFB1. This includes the inhibition of Smad2/3 phosphorylation and subsequent transcriptional activities related
to pain and inflammation [72-74]. Metformin, primarily known for its anti-diabetic effects, influences multiple pathways. In addition
to inhibiting TGFBRI-TRPV1 signaling, Metformin can activate AMP-activated protein kinase (AMPK), which has various downstream
effects, including anti-inflammatory and analgesic properties [75]. Thirdly, the pharmacokinetics are different, the pharmacokinetics
of SD208, including absorption, distribution, metabolism, and excretion, are optimized for targeting the TGFBRI pathway. The
selectivity of SD208 for TGFBRI ensures that the inhibition is confined to the TGFfRI pathway, potentially resulting in fewer off-target
effects but also limiting the range of therapeutic effects. Metformin has a well-characterized pharmacokinetic profile that includes oral
administration, slow absorption, and wide distribution, influencing its overall impact on the body. Metformin’s effects are systemic
due to its influence on metabolic pathways. Metformin enters the blood vessel and blood-brain barrier, thereby exerting similar
therapeutic effect on the central nervous system [76], so intraperitoneal injection allows metformin to affect the spinal cord and brain
similarly to the DRG, this explains the distribution and effect of metformin in DRG, spinal cord and brain. The extent of pain relief
might differ due to the broader systemic effects of Metformin compared to the more focused action of SD208. While both SD208 and
Metformin relieve bone cancer pain by targeting the TGFSRI-TRPV1 signaling, their different mechanisms, pharmacokinetics, and
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Fig. 7. Continuous Metformin treatment reversed the co-expression of TGFRI and TRPV1 in L4-6 DRG. (A) The schematic diagram showed
the timeline of Metformin administration and molecular detection. (B) Immunofluorescence assay showed the co-localization of TGFPRI and TRPV1
in DRG neurons from Sham, BCP and Metformin treatment rats (Bar = 100 pm). (C) The proportion of TGFBRI positive and TRPV1 positive co-
labeled cells in DRG neurons from Sham, BCP and Metformin treatment rats (***P < 0.001 vs Sham and Metformin group, n = 5, one-way ANOVA).
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Fig. 8. TGFp1 abolished the analgesic effect of metformin in BCP rats. (A) The schematic diagram showed the timeline of Metformin and TGFp1
administration and behavioral test. (B) The PWT of BCP rats treated with Metformin + TGFf1 at 14 days after transplantation was significantly
lowered, compared with the BCP rats injected with Metformin (*P < 0.05, **P < 0.01, n = 8, two-way ANOVA). (C) The schematic diagram showed
the timeline of Metformin and TGFp1 administration and behavioral test. (D) The PWT of BCP rats treated with Metformin + TGFp1 from 8 to 14
days after transplantation was significantly decreased, compared with the BCP rats injected with Metformin (*P < 0.05, **P < 0.01, ***P < 0.001,
n = 8, two-way ANOVA).

systemic effects lead to distinct therapeutic outcomes. SD208 provides a more specific inhibition of TGFBRI, while Metformin’s broader
impact on metabolism and other pathways results in a wider range of effects, potentially offering additional benefits but also posing
different risks and side effects. Understanding these differences is crucial for optimizing therapeutic strategies for bone cancer pain.

This study also has some limitations that need to be considered. Firstly, the detailed mechanism of metformin-induced TGFp1
downregulation in tumor-bearing bone tissues is not clear and deserves further study. Secondly, the exact mechanism of TGFBRI
inhibition-induced TRPV1 downregulation in Metformin-mediated analgesia in BCP rats remains uncertain and needs to be explored in
the future investigation. Thirdly, the sample size of this study is relatively small and more samples, models and methods are needed to
confirm the role of metformin in the treatment of bone cancer pain.
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signaling pathway.
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