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The effect of increased weight
loading on body weight is partly
dependent on Piezol in osteoblast-
lineage cells and TrkA signaling
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Obesity is a complex disease driven by multiple factors, and a deeper understanding of its underlying
mechanisms could enable the development of novel treatments. Based on our previous experimental
studies, we have proposed a homeostatic mechanism regulating adiposity involving mechano-

sensing of body weight by osteoblast-lineage cells in the lower extremities. However, the molecular
mechanism underlying this proposed weight-sensing pathway remains to be elucidated. Recent studies
have demonstrated that Piezol-mediated mechano-sensing in osteoblast-lineage cells, as well as TrkA-
dependent signaling, are essential for the normal bone anabolic response to high-intensity mechanical
loading. We hypothesized that these pathways within bone may also contribute to the sensing of
sustained increased weight loading, thereby influencing the homeostatic regulation of body weight. To
test this hypothesis, we first established a high-fat diet-induced obesity mouse model with conditional
deletion of Piezol in osteoblast-lineage cells. Our results demonstrate that the effect of increased
weight loading, induced by implanted weights, on body weight reduction is partially dependent on
Piezol expression in osteoblast lineage cells. Similarly, using a mouse model lacking functional TrkA
signaling, we demonstrated that the response to increased weight loading on body weight reduction

is partially dependent on functional TrkA signaling. In conclusion, we demonstrate that the effect

of increased weight loading on body weight is at least partially dependent on Piezol expression in
osteoblast-lineage cells and intact TrkA signaling. Based on these findings we propose that increased
body weight, resulting from adiposity, may be sensed by osteoblast-lineage cells through Piezol
activation and that intact TrkA function is necessary for the weight-reducing response to increased
weight loading. This mechanosensory input may then initiate compensatory central pathways that
reduce adiposity and body weight.

Obesity is a chronic disease affecting a substantial proportion of the global population. It is associated with a
wide range of comorbidities, including type 2 diabetes, cardiovascular disease and certain cancers'>. Obesity
treatment has recently advanced significantly with the introduction of GLP-1 and combined GLP-1 and GIP
receptor agonists*~%. However, these pharmacological treatments reduce body weight both via a reduction of fat
mass and lean mass. The associated loss of lean mass may be problematic in individuals with sarcopenic obesity,
a condition characterized by low muscle mass and strength in the context of excess adiposity’~'%. We recently
observed that increased loading through the use of weighted vests reduces fat mass in humans, while lean mass
remains unchanged!'or is slightly increased'?. Based on these findings, we propose that weight loading may
serve as a complementary strategy to GLP-1-based therapies in individuals with sarcopenic obesity—not only to
augment fat loss, but also to preserve or potentially increase lean mass.

We have previously proposed a regulatory mechanism of adiposity, involving mechanosensing of increased
body weight by osteoblast-lineage cells in the lower extremities'>"'”. However, the molecular mechanism
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underlying this proposed weight-sensing process remains to be elucidated. Recent studies suggest that both
Piezol-mediated mechano-sensing in osteoblast-lineage cells'®-?!, and NGF-TrkA-dependent signaling??, are
essential for the normal bone anabolic response to high-intensity mechanical loading. Based on these findings,
we hypothesize that these pathways may also contribute to the sensing of sustained increased weight loading,
potentially influencing the regulation of adiposity and body weight.

The mechanoreceptor Piezol, first described in 2010%, responds to mechanical force through a mechanism
where alterations of membrane shape trigger channel opening which allow for ion transport?*. Piezol is essential
for mechanotransduction in various cell types such as red blood cells, skeletal muscle cells and neurons, and
activation of Piezol triggers cell- and tissue-specific downstream effects?. TrkA, the high-affinity receptor for
nerve growth factor (NGF), is essential for the development, survival, and functional maintenance of sensory
neurons. NGF binding to TrkA initiates a signaling cascade that supports nociceptive transmission?®.

The aim of the present study was to determine if Piezol in osteoblast-lineage cells and/or TrkA-mediated
signaling are involved in the response to sustained increased weight loading, induced by implanted weights, on
adiposity and body weight regulation.

Materials and methods

Animals

All animal research was approved by the regional animal ethics committee in Gothenburg, Sweden, and all
experiments were performed in accordance with the ethical approval as well as national and local guidelines
and regulations. The report on experimental animal utilization is to the best of our effort reported in accordance
with the ARRIVE guidelines. The animals were kept in a standard animal facility under controlled temperature
(22 °C) with 12 h light/dark cycle, with free access to fresh water and ad libitum normal chow (Harlan, NJ,
USA). Prior to loading experiments, the animals were fed a high-fat diet (HFD, D12892; Research Diets, New
Brunswick, NY, USA) for six to eight weeks. All mice used in this project were on C57BL/6 background. Wild-
type mice type was purchased from Jackson Laboratory (C57BL/6], #000664).

To specifically inactivate Piezol in the osteoblast-lineage, Piezo11°/1°% mice (Jackson Laboratory, strain
#029213)?"were crossed with Runx2-Cre mice (kindly provided by Professor Jan Tuckermann, Ulm University,
Germany), which have been previously shown to express Cre recombinase in early osteoblast-lineage cells with
an unchanged skeletal phenotype compared to WT mice?.

To generate mice with Piezol depletion in osteoblasts (denoted Runx2-Cre;Piezol flox/flox) " pjezo Jlox/wt mjce
were bred with littermates carrying one Runx2-Cre allele (Ruan—Cre;Piezolﬂ‘”" W), As male controls, Piezol flox/flox
mice lacking the Runx2-Cre allele were used. The offspring were not in mendelian distribution, with relatively
small litter sizes. For the female mice, experiments were performed using mice from two breeding rounds.
One compared Piezol 191 with Runx2-Cre;Piezo11/1°% and one compared Piezol 1/1o% with heterozygous
Piezo 1"t mice carrying the Runx2-Cre allele (denoted Runx2-Cre;Piezol11°*). There was no difference in
response to increased loading between PiezoI%°/1°% mice and Runx2-Cre;Piezo11/"t; supplementary Fig. 1a
and b. Therefore, to achieve adequate statistical power in the female loading experiment, these two groups were
pooled together (Fig. 2¢, denoted Piezol 1°/1°X - Rynx2-Cre;Piezo1%°/* ) and used as controls compared to the
Runx2-Cre;Piezo1199f mice (Fig. 2d).

TrkA 5922 mice (Jackson Laboratory, strain #022362) were originally developed by Professor David Ginty at
Johns Hopkins University?’and they carry a phenylalanine to alanine (F592A) point mutation in exon 12 of the
TrkA gene. This point mutation allows for the complete blocking of TrkA signaling upon administration of the
small molecule INM-PP1. The day before the weight loading experiment started, INM-PP1 (MedKoo, #406395,
40 pM in ddH20 supplemented with 1% PBS-Tween-20) was added to the drinking water of all mice included
in the experiment. Water was changed twice a week and INM-PP1 treatment continued throughout the duration
of the experimental period, as described by Tomlinson et al.?2. Breeding was performed by mating heterozygous
mice. Mice that were homozygous for the mutation were referred to as TrkA™°?4, and wild-type littermates were
used as controls, referred to as TrkA™™.

Weight loading surgery

Loading of mice fed a high-fat diet was performed as described previously'®. Due to breeding latency, animals
were between eight and sixteen weeks old when they were put on high-fat diet. Prior to surgery, the animals
were weight-matched into control or experimental groups. Starting weights for Piezo11°/1°* mice were 40.5 +
1.7 g for female control group, 40.9 + 1.4 g for female load group, 44.7 + 1.5 for male control group and 45.5
+ 1.1 g for male load group. Starting weights for Runx2-Cre;Piezo1°/1°* female control group was 35.2 £ 4.4
g, 34.1 £ 2.7 g for female load group, 34.8 £ 1.9 g for male control group and 34.2 + 1.9 g for male load group.
Starting weights for TrkA"T were 38.2 + 1.3 g for female control group, 38.1 + 1.1 g for female load group, 46.9
+ 1.7 g male control group and 47.6 + 1.5 g for male load group. For TrkAF?4 the starting weights were 32.9
+ 2.1 g for female control group, 35.0 + 2.8 g for female load group, 42.9 + 2.0 g for male control group and
40.9 + 2.0 g for male load group. The animals were sedated using isoflurane. Anesthesia was induced in a small
container at 3-5% volume in air. After the animal was asleep, it was transferred to the operating table with a mask
covering its snot, and anesthesia was maintained at 2-3%. Under isoflurane anesthesia, the abdominal skin was
shaved and disinfected with chlorhexidine. A midline incision was made, and the peritoneum was opened. A
cylindrical capsule made of sustarin C (Réchling, Mannheim, Germany) was inserted in the abdominal cavity.
In the group with increased load (referred to as load), the capsule was filled with tungsten powder (Edstraco
AB, Ronninge, Sweden) corresponding to 15% of the animal’s body weight. In the control group, an empty
capsule, weighing 2-3% of the animal’s body weight was inserted. Peritoneum was closed using 5 — 0 nylon
suture (Medtronic, Galway, Ireland) and the skin was closed using agraff (AgnTho’s, Solna, Sweden). Analgesia
was given prior to surgery and again 24 h postoperatively. Animals were weighed several times a week (as
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specified for each experiment) over a two-week period before the experiment ended. After body weight was
recorded, the weight of the capsule was subtracted, to calculate percent change in body weight from baseline.
Animal welfare was examined daily for signs of discomfort or severe pain. This included lethargic behavior (not
moving), piloerection, poor wound healing, excessive weight loss, low body temperature (cold when touched).
Animals in poor condition were euthanized. A total of 182 loading surgeries were performed, and 19 animals
(19/182 = 10%) were excluded. 163 animals were included, 84 males and 79 females.

At experimental endpoint, the animals were euthanized, and retroperitoneal white adipose tissue was
dissected out and weighed. Euthanasia was performed by cervical dislocation after isoflurane anesthesia. The
animals were sedated using isoflurane. Anesthesia was induced in a small container at 3-5% volume in air.

Quantitative real-time PCR analyses of Piezol expression in bone

After euthanasia, tibiae were dissected and surrounding tissues were carefully removed. The bones were
immediately transferred to RNAprotect Tissue reagent (Qiagen, Hilden, Germany) and stored in -70 °C. Total
RNA were extracted from cortical bone (tibial shafts flushed to remove bone marrow) using TRIzolReagent
(#15596018, Thermo Fisher Scientific, Waltham, MA), followed by purification using the RNeasy Mini Kit
(#74116, Qiagen). cDNA was synthesized using the High-Capacity cDNA Reverse Transcription Kit (4368814,
Thermo Fisher Scientific). Gene expression analysis was performed on StepOne Plus Real-Time PCR System
(Thermo Fisher Scientific) using the TagMan assay Mm01241547_g] for Piezol and using 18 S (4310893E) as
endogenous control. Relative expression levels were calculated using the 2724t method.

Peripheral quantitative computed tomography (pQCT)

After euthanasia, tibiae were dissected and fixed in 4% paraformaldehyde for 48 h before transfer to 70% ethanol.
Peripheral quantitative computed tomography (pQCT; XCT Research M, Stratec Medizintechnik GmbH,
Germany) was used to analyze the cortical compartments of the tibia at a resolution of 70 um. Briefly, the cortical
bone was analyzed in the mid-diaphyseal region at 30% of the total length of the bone from the proximal growth.

RNA scope in situ hybridization, image analysis, and quantification

After euthanasia, tibiae were dissected and fixed in 4% paraformaldehyde for 48 h before transfer to 70% ethanol.
The tibiae were embedded in paraffin and sectioned in 6 pm thick Sects. 2-3 slices were used from each animal.
RNAscope-based in situ hybridization was performed to visualize Piezol and Runx2 transcript localization.
Chromogenic detection was carried out using the RNAscope Duplex Detection Kit (Advanced Cell Diagnostics
(ACD), 322500) following the manufacturer’s instructions. Specific probes targeting Piezol (channel C1; ACD;
529091) and Runx2 (channel C2; ACD, 414021-C2) were used. Chromogenic signals were developed using the
kit’s green chromogen for channel Cland fast red for channel C2. Counterstaining was performed using 50%
hematoxylin. Whole-slide imaging was performed using a Zeiss slide scanner.

Quantitative analysis of chromogenic RNAscope-stained tibial cortical bone section was performed to assess
the efficiency of Piezol deletion in Runx2-expressing cells. Within defined regions of interest, osteocytes were
manually evaluated for the presence of Piezol and/or Runx2 transcripts. The proportion of Piezol-positive cells
among total osteocytes was calculated, and the percentage of Runx2-positive cells co-expressing Piezol was used
as a measure of Cre-mediated knockout efficiency. To further determine whether Piezol expression persisted
in non-Runx2-expressing cell populations, adjacent skeletal muscle tissue was analyzed. Due to limitations in
delineating individual myocytes after hematoxylin counterstaining, Piezol expression in muscle was quantified
as transcript density (puncta per mm?), using standardized thresholding in Fiji (Image]).

Immunostaining for calcitonin gene-related peptide (CGRP) and tyrosine hydroxylase (TH)
Left tibiae of male wild type control and loaded C57Bl6/] mice were collected and processed for fixed frozen
histology and nerve immunostaining as described previously***!. Briefly, tissues were embedded and sectioned
at 50 pum using a cryostat (Leica, Buffalo Grove, IL, USA) onto Colorfrost Plus glass slides (Thermo Fisher
Scientific 12-550-18). The sections were blocked in 10% donkey serum in TNT buffer, followed by incubation for
48-hours at 4°C using primary antibodies (anti-Calcitonin Gene Related Peptide, Bio-Rad, 1720-9007, 1:1000;
anti-Tyrosine Hydroxylase, Abcam, ab152, 1:1000). After washing, sections were incubated with secondary
antibodies (1:500 ) in TNT buffer for 24 hours at 4°C, washed and counterstained using DAPI (Sigma-Aldrich)
for 5 minutes, thereafter washed and mounted using Fluoromount-G (Thermo Fisher Scientific 00-4958-02).
Serial tiled images were acquired using a spinning disk confocal microscope Nikon (Tokyo, Japan) with a 10x
objective (pixel size = 0.650 pm, step size = 2.5 um, number of steps = 21). Image stitching of nd2 multipoint files
was done using the FIJI Stitching plugin (“snake by rows” Mode). Nerve axon density was quantified based on
50 pm thick sections using standardized protocols and morphologic criteria as previously reported3®32. Detailed
step-by-step protocols are also available for nerve immunostaining/imaging (https://www.protocols.io/view/spa
tial-mapping-and-contextualization-of-axon-subt-36wgq4nnkvk5/v1) and nerve tracing (https://www.protocol
s.io/view/protocol-for-quantification-of-bone-indices-calcei-bp2l62b1dgqe/v1)”

Tail-flick experiment

Peripheral nerve sensitization of the TrkA™?4 mice was analyzed using the tail-flick method. To induce TrkA
inhibition, 40 uM 1NM-PP1 was added to the drinking water the day before experiment start. On day one, the
tip of each mouse’s tail was dipped in room temperature water for five seconds, then dipped in 52 °C water.
The time from submersion to reaction (lifting of the tail) was recorded as reaction time. Immediately after the
experiment, the mice received an intraperitoneal injection of the TrkA agonist gambogic amide (Alomone Lab
#G-235), 4 mg/kg to induce peripheral sensitization®. The next day, the procedure was repeated, and the change
in reaction time was recorded.
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Statistics

Statistical analyses were performed using GraphPad prism version 10. (GraphPad Software, MA, USA).
Repeated-measures ANOVA was used to analyze the overall effect of increased loading on body weight change.
Statistical analyses were based on body weight measurements collected at each time point during the experiment.
A sex-combined linear regression analysis of body weight change at the end of the study, adjusting for sex and
including an interaction term between genotype and loading procedure (genotype * loading procedure) was
used to determine if the loading response differed between genotypes. For comparison between two groups,
unpaired Student’s t-test (RT -PCR, RNA Scope, neurite length and number) or paired Student’s t-test (tail-flick)
was used. Results are presented as mean values + SEM. A P-value <0.05 was considered statistically significant.

Results

The effect of increased weight loading on body weight is partly dependent on Piezol in
Runx2 expressing osteoblast-lineage cells

To determine whether Piezo1 in osteoblast-lineage cells contributes to regulation of body weight in response to
sustained increased weight loading, we established a high-fat diet-induced obesity mouse model with deletion
of Piezol in Runx2-expressing osteoblast-lineage cells (denoted Runx2-Cre;Piezo1"?fo*) Expression of Piezol
in osteoblast-lineage cells of wild-type mice (Piezol11°¥/1X) was confirmed using RNA scope chromogenic in
situ hybridization of tibia sections (Fig. 1a). Specific deletion of Piezol in Runx2-Cre;Piezo /¥/** mice was
supported by an 80% reduction in the number of Runx2-positive osteoblast-lineage cells co-expressing Piezol
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Fig. 1. Specific deletion of Piezol in Runx2 expressing osteoblast-lineage cells. (a) RNA scope chromogenic
in situ hybridization confirmed Piezol (cyan) expression in osteoblast-lineage cells (Runx2; red) in cortical
bone of tibia in male mice (Piezo11°¥f1%)_ (b) Specific deletion of Piezol in Runx2-positive cells in cortical
bone (n=3 per group). (c, d) RNA scope chromogenic in situ hybridization of adjacent skeletal muscle of
Piezo 111X and Runx2-Cre;Piezo11°/1°% male mice respectively. (e) The number of Runx2-positive cells
also expressing Piezol was significantly reduced in Runx2-Cre;Piezo11°¥/1°% mice compared to Piezo1710x/flox
mice. (f) Piezol transcript density in adjacent skeletal muscle, quantified by automated puncta counting and

normalized to tissue area, was unaffected in Runx2-Cre;Piezo110¥/1ox mice compared to Piezo1flox/lox mice (n=3
per group). (g) Piezol mRNA expression analysis of tibia cortical bone (Piezo™** male mice n= 18, Runx2-
Cre;Piezo 111X male mice 1= 8). Expression of Piezol mRNA is given as % of Piezo*¥/°¥), Data are shown as
mean + SEM. Statistical significance was determined using Student’s t-test; p <0.05 was considered significant.
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in cortical bone (Fig. 1b and c) while Piezo! transcript density in adjacent skeletal muscle remained unchanged
in Runx2-Cre;Piezo X mice compared with PiezoI1°% mice (Fig. 1d). Real-time-PCR analyses of tibia
cortical bone confirmed a down regulation of Piezol mRNA expression levels in Runx2-Cre;Piezo 1/¥/flox mice
compared with Piezo11°/1°* control mice (Fig. 1e).

Mice were treated with either an implanted empty capsule (control) or a capsule weighing 15% of their
body weight (load). Male mice with intact Piezol expression (Piezo¥/flox) demonstrated a significant reduction
in body weight in response to increased weight loading (Fig. 2a, Figs. S2a, S3a), whereas in male mice with
reduced Piezol expression in RunX2 expressing osteoblast-lineage cells (Runx2-Cre;Piezo 1/10¥/o%) there was no
significant reduction in body weight between load and control groups (Fig. 2b, Figs. S2b, S3b). Similar findings
were observed in female mice (Fig. 2c and d, Figs. S2c and d, S3c and d). A sex-combined linear regression
analysis of body weight change at the end of the study, adjusted for sex, showed a significant interaction term
between genotype and loading (p = 0.040). This finding demonstrates that the body-weight reduction in response
to increased weight loading was attenuated in mice with deletion of Piezol in Runx2 expressing osteoblast-
lineage cells.

Increased weight loading reduced the weight of retroperitoneal white adipose tissue (WAT) in male
Piezo1/o¥/fox mice by- 37% but no such effect was observed in Runx2-Cre;Piezo 1*¥fl* mice (Fig. 2e). Although
Runx2-Cre;Piezo11°¥/1°% mice exhibited reduced cortical cross-sectional area, cortical thickness and bone length
in tibia compared to Piezo11¥/°* mice, increased weight loading did not affect these bone parameters in either
genotype (Fig Slc—e)”

The effect of increased weight loading on body weight is partly dependent on TrkA mediated
signaling
TrkA signaling is enriched in several neural populations and can control nerve growth and function®>3¢. TrkA
signaling has been described as participating in regulation of bone homeostasis and response to mechanical
load?>%”. We hypothesized that TrkA signaling, potentially through local nerves, could interact with the role of
Piezol in bone to mediate the response to increased weight loading. As is well-established®®, we observed that
sensory nerves (CGRP positive axons) and a smaller number of sympathetic nerves (TH positive axons) are
abundant in the tibia (Fig. S4a and b). In a descriptive analysis, we first confirmed previous studies that sensory
nerves (CGRP positive axons) and a smaller number of sympathetic nerves (TH positive axons) are present in
the tibia (Fig. S4a and b). A previous study showed that high intensity mechanical loading of ulnae activated
nerve sprouting locally in the bone?2. However, in the present study sustained increased weight loading of tibia
for 14 days in wild type mice did not increase neurite length density (Fig. S4c) or neurite number (Fig. S4d)
when evaluated in the periosteum.

We next examined if the effect of increased loading was dependent on functional TrkA signaling using the
inducible global inhibition mouse model TrkAF>*2A, INM-PP1 blocks TrkA phosphorylation and activation and
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Fig. 2. Piezol in Runx2-expressing osteoblast-lineage cells partly mediates the effect of increased weight
loading on body weight. (a-d) The effect of increased loading on body weight in mice with either intact Piezo1
expression (Piezo1x/flox) o1 reduced Piezol expression in Runx2-expressing osteoblast-lineage cells (Runx2-
Cre;Piezo1fox/flox) (a) Male Piezo19¥flox mjce (control n=15, load n=13), (b) male Runx2-Cre;Piezo1flox/flox
mice (control n=9, load n=9), (c) female Piezo11o¥/flox + Runx2-Cre; Piezo11o%t mice (control n =19, load
n=17), and (d) female Runx2-Cre;Piezo11¥/1ox mice (control n=5, load n=8). (e) The effect of increased
loading on retroperitoneal white adipose tissue (WAT) weight in male Piezo11°1°% (control #n=15, load n=13)
and Runx2-Cre;Piezo110/fox (control n=9, load n=9) mice. Data are shown as mean + SEM. Statistical analyses
were performed using repeated measures ANOVA (for weight curves) or Student’s t-test (for retroperitoneal
WAT). p <0.05 was considered significant., n.s =non-significant.
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Fig. 3. The effect of increased weight loading on body weight is partly dependent on TrkA mediated signaling.
(a-d) The effect of increased loading on body weight in mice with either intact peripheral nerve signaling
(TrkA™T) or mice lacking functional TrkA signaling (TrkA™%?4). (a) Male TrkA" T mice (control n=7,

load n=7), (b) male TrkA™%2A mice (control n="7, load n=6), (c) female TrkA"T mice (control n=8, load
n=10), and (d) female TrkAF>??4 mice (control n=7, load n=5). (e, f) The effect of increased weight loading
on retroperitoneal white adipose tissue (WAT) weight in male (e) and female (f) mice. Data are shown as
mean = SEM. Statistical analyses were performed using repeated measures ANOVA (for weight curves) or
Student’s t-test (for retroperitoneal WAT). p <0.05 was considered significant., n.s =non-significant.

thereby inhibits NGF signaling in TrkA™°2A but not TrkA"T mice?. To confirm TrkA blocking after supplement
of INM-PP1, a tail-flick experiment was performed. The tail of each mouse was dipped in 52 °C water before the
NGF analogue gambogic amide was injected, and the experiment was repeated 24 h later. TrkA"T mice, but not
TrkAF2A4 mice, developed hyperalgesia and their response to heat was quicker at the second measurement (Fig.
S1f). This finding demonstrates that TrkA signaling in TrkAF>*?4 mice, but not in TrkA"" mice, can be blocked
by adding INM-PP1.

Both male (Fig. 3a, Figs. S5a, S6a) and female (Figs. 4c, S5¢, S6¢) TrkA"" mice with intact peripheral nerve
signaling exhibited significant body weight loss in response to increased weight loading. In contrast, this response
was attenuated and not statistically significant in either male (Fig. 3b, Figs. S5b, S6b) or female (Fig. 3d, Figs. S5d,
S6d) TrkAF>?2A mice. A sex-combined linear regression analysis of body weight change at the end of the study,
adjusting for sex, showed an overall significant interaction term (p=0.036) between genotype and loading. This
finding demonstrates that the response to increased loading on body weight was reduced in TrkAF*?4 mice.

Increased weight loading also reduced the weight of retroperitoneal WAT in TrkA"" mice while this reduction
did not reach statistical significance in TrkAF>*?A mice (Fig. 3e and f).

Discussion

Obesity is a chronic condition associated with several serious diseases. Although GLP-1 and combined GLP-1
and GIP receptor agonists have significantly improved obesity treatment, their associated reduction of lean mass
may pose risks for individuals with sarcopenic obesity’~!°. This highlights a medical need for novel treatments
selectively reducing fat mass while maintaining lean mass. We recently demonstrated that increased weight
loading using weighted vests reduces fat mass without reducing lean mass in humans'"*12, suggesting that it might
be beneficial to combine GLP1 receptor agonists with treatment with weighted vests. Our previous experimental
studies in rodents suggest that osteoblast-lineage cells in the lower extremities sense increased body weight due
to adiposity through a mechanosensory mechanism (denoted the gravitostat)!3-17. However, the molecular basis
of this proposed weight-sensing pathway has remained unclear. We, herein, used two different gene-targeted
mouse models to demonstrate that the effect of increased weight loading on adiposity and body weight is at least
partly dependent on Piezol expression in osteoblast-lineage cells and intact TrkA signaling.

Bone responds to high intensity loading by increasing local bone formation, a process that includes a
mechano-sensing pathway. This anabolic response involves Piezol-mediated mechano-sensing in osteoblast-
lineage cells'®2'as well as global TrkA-dependent signaling?2. We investigated whether these pathways may
also contribute to the sensing of sustained increased weight loading, which could potentially influence the
homeostatic regulation of body weight. Our findings indicate that the effect on body weight by sustained
increased weight loading is at least partly dependent on Piezol in osteoblast-lineage cells and TrkA signaling. A
key distinction between the bone anabolic response to high-intensity mechanical loading and the response to
sustained increased weight loading is that the former elicits a localized effect in bone, whereas the latter induces
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a systemic response on adiposity and body weight regulation. The downstream signaling elicited by sustained
increased weight loading likely involves a bone-derived signal that communicates with central regulatory centers
governing energy balance and body weight homeostasis'”.

Local peripheral nerves in the bone modulate but are not required for skeletal adaptation to applied load in
mice’*~*2. The NGF receptor TrkA is widely expressed in peripheral sensory and sympathetic neurons®, including
within the bone-lining periosteum?. Global inhibition of TrkA signaling decreases the anabolic response to
biomechanical load??. This may be through inhibition of TrkA signaling in the peripheral nervous system, or
through other mechanisms that remain undefined. One study showed that high intensity mechanical loading
induces local nerve sprouting near the ulna bone??. By contrast, a recent report using a comparable bone loading
model did not observe periosteal nerve sprouting in the tibia despite a pronounced osteoanabolic response to
load?2. Similarly, the sustained increased weight loading in the present study did not induce periosteal sprouting
of either CGRP-positive sensory nerves or TH-positive sympathetics in the mouse tibia.

Based on the findings in the present study, we propose that increased weight loading is sensed by osteoblast
lineage cells via Piezol, and that intact TrkA function is necessary for the weight-reducing response to increased
weight loading. Future studies are required to determine if the Piezol effect is mediated via downstream TrkA
activation. We recently observed that the body weight reduction by increased weight loading is associated
with sensory signaling in the dorsal horn of the lumbar spinal cord** and activation of neurons in the medial
nucleus of the solitary tract'’. These observations suggest that these two sites may be involved in the downstream
signaling of the mechanosensing pathway, ultimately impacting fat mass regulation.

One potential limitation of employing implanted capsules for weight loading in rodent models is the
possible induction of a physiological stress response, which may confound experimental outcomes. However,
in our previous experimental studies, we have not observed any effect on locomotion!'*!4, markers of stress!*or
inflammation'®of this weight loading procedure.

In this study, we selected the Runx2 promoter for Piezol inactivation because Runx2 is a marker of early
osteoblasts and is expected to induce a broad effect by targeting all cells within the osteoblast lineage. This
approach was intended to maximize the likelihood of detecting the functional impact of Piezol in osteoblast-
lineage cells within our experimental model. A limitation of our model employing non-inducible Runx2-Cre
is the likely occurrence of Piezol deletion in chondrocytes'8, potentially leading to developmental effects prior
to the initiation of the study. This is reflected by the lower body weight and reduced bone lengths observed in
Runx2-Cre mice compared with control mice in the present study.

Using RNAscope, we observed an 80% reduction in Runx2-positive cells expressing Piezol; however, real-
time PCR analysis of whole diaphyseal cortical bone from the tibia revealed only a 50% decrease in Piezol gene
expression. The residual Piezol expression in the diaphyseal cortical bone of conditional knockdown mice likely
originates from non-osteoblast lineage cells lacking Runx2 expression. Although we provide RNAscope evidence
demonstrating reduced Piezol mRNA expression and reproduce the previously reported bone phenotype of the
same Runx2-Cre;Piezo110¥1ox mouse model!8, it is a limitation of the present study that we do not demonstrate
Piezol knock-down at the protein level.

In conclusion, we demonstrate that the effect of increased weight loading on body weight is dependent on
Piezol expression in Runx2-positive osteoblast-lineage cells and intact TrkA signaling. Based on these findings
we propose a model in which increased weight loading is sensed by osteoblast-lineage cells via Piezol activation,
and that intact TrkA function is necessary for the weight-reducing response to increased weight loading.

Data availability

The datasets generated and analyzed in this study are available upon request from the corresponding author.

Received: 13 October 2025; Accepted: 12 February 2026
Published online: 18 February 2026

References

1. Chu, D. T. et al. An update on obesity: mental consequences and psychological interventions. Diabetes Metab. Syndr. 13 (1),
155-160 (2019).

2. Collaboration, N. C. D. R. F. Worldwide trends in underweight and obesity from 1990 to 2022: a pooled analysis of 3663 population-
representative studies with 222 million children, adolescents, and adults. Lancet 403 (10431), 1027-1050 (2024).

3. Collaborators, G. B. D. R. E. Global burden of 87 risk factors in 204 countries and territories, 1990-2019: a systematic analysis for
the global burden of disease study 2019. Lancet 396 (10258), 1223-1249 (2020).

4. Ryan, D. H. et al. Long-term weight loss effects of semaglutide in obesity without diabetes in the SELECT trial. Nat. Med. 30 (7),
2049-2057 (2024).

5. Lincoff, A. M. et al. Semaglutide and cardiovascular outcomes in obesity without diabetes. N Engl. J. Med. 389 (24), 2221-2232
(2023).

6. Rosenstock, J. et al. Efficacy and safety of a novel dual GIP and GLP-1 receptor agonist Tirzepatide in patients with type 2 diabetes
(SURPASS-1): a double-blind, randomised, phase 3 trial. Lancet 398 (10295), 143-155 (2021).

7. Hope, D. C. D. & Tan, T. M.. Skeletal muscle loss and sarcopenia in obesity pharmacotherapy. Nat. Rev. Endocrinol. 20 (12), 695-696
(2024).

8. Stefanakis, K., Kokkorakis, M. & Mantzoros, C. S. The impact of weight loss on fat-free mass, muscle, bone and hematopoiesis
health: implications for emerging pharmacotherapies aiming at fat reduction and lean mass preservation. Metabolism 161, 156057
(2024).

9. Pouget, M. et al. Improving the functional detection of sarcopenic obesity: prevalence and handgrip scoring in the OBESAR
cohort. Obes. (Silver Spring). 32 (12), 2237-2245 (2024).

10. Benz, E. et al. Sarcopenia and sarcopenic obesity and mortality among older people. JAMA Netw. Open. 7 (3), 243604 (2024).
11. Ohlsson, C. et al. Increased weight loading reduces body weight and body fat in obese subjects - A proof of concept randomized
clinical trial. EClinicalMedicine 22, 100338 (2020).

Scientific Reports |

(2026) 16:7162 | https://doi.org/10.1038/s41598-026-40431-8 nature portfolio


http://www.nature.com/scientificreports

www.nature.com/scientificreports/

12.

13.

14.

15.

16.

17.

18.

19.
20.

21.

22.

23.

24.

25.

26.

27.
28.

29.

31.

32.

33.
34.

35.

36.
37.

38.

40.

41.

42.
43.

44.

Bellman, J. et al. Increased weight-load improves body composition by reducing fat mass and waist circumference, and by
increasing lean mass in participants with obesity: a single-centre randomised controlled trial. BMC Med. 23 (1), 317 (2025).
Jansson, J. O. et al. Body weight homeostat that regulates fat mass independently of leptin in rats and mice. Proc. Natl. Acad. Sci. U
SA. 115 (2), 427-432 (2018).

Jansson, J. O. et al. A body weight sensor regulates prepubertal growth via the somatotropic axis in male rats. Endocrinology 162
(6). (2021).

Ohlsson, C. et al. The gravitostat regulates fat mass in obese male mice while leptin regulates fat mass in lean male mice.
Endocrinology 159 (7), 2676-2682 (2018).

Palsdottir, V. et al. Interactions between the gravitostat and the fibroblast growth factor system for the regulation of body weight.
Endocrinology 160 (5), 1057-1064 (2019).

Zlatkovic, J. et al. Reduction of body weight by increased loading is associated with activation of norepinephrine neurones in the
medial nucleus of the solitary tract. J. Neuroendocrinol. 35 (12), e13352 (2023).

Hendrickx, G. et al. Piezol inactivation in chondrocytes impairs trabecular bone formation. J. Bone Min. Res. 36 (2), 369-384
(2021).

Sun, W. et al. The mechanosensitive Piezol channel is required for bone formation. Elife 8 (2019).

Wang, L. et al. Mechanical sensing protein PIEZO1 regulates bone homeostasis via osteoblast-osteoclast crosstalk. Nat. Commun.
11 (1), 282 (2020).

Zhou, T. et al. Piezo1/2 mediate mechanotransduction essential for bone formation through concerted activation of NFAT-YAP1-
ss-catenin. Elife 9 (2020).

Tomlinson, R. E. et al. NGF-TrkA signaling in sensory nerves is required for skeletal adaptation to mechanical loads in mice. Proc.
Natl. Acad. Sci. U S A. 114 (18), E3632-E3641 (2017).

Coste, B. et al. Piezol and Piezo2 are essential components of distinct mechanically activated cation channels. Science 330 (6000),
55-60 (2010).

Murthy, S. E., Dubin, A. E. & Patapoutian, A. Piezos thrive under pressure: mechanically activated ion channels in health and
disease. Nat. Rev. Mol. Cell. Biol. 18 (12), 771-783 (2017).

Xiao, B. Mechanisms of mechanotransduction and physiological roles of PIEZO channels. Nat. Rev. Mol. Cell. Biol. 25 (11), 886-
903 (2024).

Conover, J. C. & Yancopoulos, G. D. Neurotrophin regulation of the developing nervous system: analyses of knockout mice. Rev.
Neurosci. 8 (1), 13-27 (1997).

Cahalan, S. M. et al. Piezol links mechanical forces to red blood cell volume. Elife 4 (2015).

Moverare-Skrtic, S. et al. Osteoblast-derived WNT16 represses osteoclastogenesis and prevents cortical bone fragility fractures.
Nat. Med. 20 (11), 1279-1288 (2014).

Chen, X. et al. A chemical-genetic approach to studying neurotrophin signaling. Neuron 46 (1), 13-21 (2005).

. Lorenz, M. R. et al. A neuroskeletal atlas: Spatial mapping and contextualization of axon subtypes innervating the long bones of

C3H and B6 mice. J. Bone Min. Res. 36 (5), 1012-1025 (2021).

Scheller, E. et al. Spatial mapping and contextualization of axon subtypes innervating the long bones of C3H and B6 mice. (2021).
Beeve, A. T. et al. Spatial histomorphometry reveals that local peripheral nerves modulate but are not required for skeletal
adaptation to applied load in mice. JBMR Plus. 9 (3), ziaf006 (2025).

Deuis, J. R., Dvorakova, L. S. & Vetter, I. Methods used to evaluate pain behaviors in rodents. Front. Mol. Neurosci. 10, 284 (2017).
Jang, S. W. et al. Gambogic amide, a selective agonist for TrkA receptor that possesses robust neurotrophic activity, prevents
neuronal cell death. Proc. Natl. Acad. Sci. U S A. 104 (41), 16329-16334 (2007).

Castaneda-Corral, G. et al. The majority of myelinated and unmyelinated sensory nerve fibers that innervate bone express the
Tropomyosin receptor kinase A. Neuroscience 178, 196-207 (2011).

Marlin, M. C. & Li, G. Biogenesis and function of the NGF/TrkA signaling endosome. Int. Rev. Cell. Mol. Biol. 314, 239-257 (2015).
Tomlinson, R. E. et al. NGF-TrkA signaling by sensory nerves coordinates the vascularization and ossification of developing
endochondral bone. Cell. Rep. 16 (10), 2723-2735 (2016).

Brazill, . M. et al. Nerves in bone: evolving concepts in pain and anabolism. J. Bone Min. Res. 34 (8), 1393-1406 (2019).

. Fukuda, T. et al. Sema3A regulates bone-mass accrual through sensory innervations. Nature 497 (7450), 490-493 (2013).

Heffner, M. A. et al. Altered bone development in a mouse model of peripheral sensory nerve inactivation. J. Musculoskelet.
Neuronal Interact. 14 (1), 1-9 (2014).

Zhang, Z. K. et al. Effect of capsaicin-sensitive sensory neurons on bone architecture and mechanical properties in the rat hindlimb
suspension model. J. Orthop. Translat. 10, 12-17 (2017).

Hofman, M. et al. Effect of neurokinin-1-receptor blockage on fracture healing in rats. Sci. Rep. 9 (1), 9744 (2019).

Chartier, S. R. et al. Inmunohistochemical localization of nerve growth factor, Tropomyosin receptor kinase A, and p75 in the
bone and articular cartilage of the mouse femur. Mol. Pain. 13, 1744806917745465 (2017).

Anesten, E et al. Body weight reduction by increased weight loading in mice is associated with sensory signaling in the dorsal Horn
of the lumbar spinal cord. Neuroscience 581, 157-163 (2025).

Author contributions

D.H. Planned and performed animal experiments, participated in study design, analyzed results and wrote man-
uscript. L.L. performed RNA scope and analyzed results. A.B. performed immunohistochemistry. E.S. analyz-
ed results and wrote manuscript. J.B. performed animal experiments. EA. performed animal experiments. J.Z.
performed animal experiments. A.D.G. performed animal experiments. EF-G. performed animal experiments.
S.M-S. analyzed results and wrote manuscript. J-O.]. performed study design, analyzed results and wrote manu-
script. C.O. performed study design, analyzed results and wrote manuscript.

Fu

nding

Open access funding provided by University of Gothenburg. C.O. was supported by funding from the Knut and
Alice Wallenberg Foundation (KAW 2020.0230),

Declarations

Competing interests
J-O.J. is on the scientific advisory board of the company Natural Resistance.

Additional information
Supplementary Information The online version contains supplementary material available at https://doi.org/1

Scientific Reports |

(2026) 16:7162

| https://doi.org/10.1038/s41598-026-40431-8 nature portfolio


https://doi.org/10.1038/s41598-026-40431-8
http://www.nature.com/scientificreports

www.nature.com/scientificreports/

0.1038/s41598-026-40431-8.
Correspondence and requests for materials should be addressed to C.O.
Reprints and permissions information is available at www.nature.com/reprints.

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims in published maps and
institutional affiliations.

Open Access This article is licensed under a Creative Commons Attribution 4.0 International License, which
permits use, sharing, adaptation, distribution and reproduction in any medium or format, as long as you give
appropriate credit to the original author(s) and the source, provide a link to the Creative Commons licence, and
indicate if changes were made. The images or other third party material in this article are included in the article’s
Creative Commons licence, unless indicated otherwise in a credit line to the material. If material is not included
in the article’s Creative Commons licence and your intended use is not permitted by statutory regulation or
exceeds the permitted use, you will need to obtain permission directly from the copyright holder. To view a copy
of this licence, visit http://creativecommons.org/licenses/by/4.0/.

© The Author(s) 2026

Scientific Reports | (2026) 16:7162 | https://doi.org/10.1038/s41598-026-40431-8 nature portfolio


https://doi.org/10.1038/s41598-026-40431-8
http://creativecommons.org/licenses/by/4.0/
http://www.nature.com/scientificreports

	﻿The effect of increased weight loading on body weight is partly dependent on Piezo1 in osteoblast-lineage cells and TrkA signaling
	﻿Materials and methods
	﻿Animals
	﻿Weight loading surgery
	﻿Quantitative real-time PCR analyses of Piezo1 expression in bone
	﻿Peripheral quantitative computed tomography (pQCT)
	﻿RNA scope in situ hybridization, image analysis, and quantification
	﻿Immunostaining for calcitonin gene-related peptide (CGRP) and tyrosine hydroxylase (TH)
	﻿Tail-flick experiment
	﻿Statistics

	﻿Results
	﻿The effect of increased weight loading on body weight is partly dependent on Piezo1 in Runx2 expressing osteoblast-lineage cells
	﻿The effect of increased weight loading on body weight is partly dependent on TrkA mediated signaling

	﻿Discussion
	﻿References


