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KEY WORDS Abstract  Cold exposure activates brown adipose tissue (BAT), to alleviate metabolic disorders. How-
ever, the mechanisms underlying the regulation of mitochondrial lipid droplet contact (MLC) in BAT and
their association with these benefits remain unclear. Here, we identify liver-derived B-hydroxybutyrate
(BHB) as a key mediator in driving MLC formation in BAT. Mechanistically, BHB directly targets at
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RAB10—PLINS complex; the GLY-67 residue of RAB10, enhancing its interaction with PLINS to form the RAB10—PLINS com-
Cold exposure; plex, which facilitates MLC. This interaction was validated using SPIDER and biotin-labeled pull-down
HADHA; assays. Functionally, BHB treatment reduces lipotoxicity and improves metabolic health in diet-induced
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obese mice. These findings establish BHB as a critical link between BAT MLC and the systemic meta-
bolic benefits, highlighting the RAB10—PLINS complex as a therapeutic target for obesity and hepatic
steatosis. Furthermore, this work underscores the broader significance of cold-induced metabolic adapta-
tions for combating metabolic diseases.

© 2025 The Authors. Published by Elsevier B.V. on behalf of Chinese Pharmaceutical Association and
Institute of Materia Medica, Chinese Academy of Medical Sciences. This is an open access article under
the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction

Obesity is a growing global health crisis, closely linked to type 2
diabetes (T2D), metabolic dysfunction-associated steatotic liver
disease (MASLD), and other cardiometabolic disorders'™. Central
to these metabolic disturbances is adipose tissue, which plays a
dual role: white adipose tissue (WAT) serves as an energy reser-
voir. In contrast, brown adipose tissue (BAT) can burn stored
fat through its thermogenic capacity, while also consuming
glucose®”. BAT’s ability to dissipate energy via thermogenesis,
particularly under cold exposure, has garnered attention as a
promising strategy to combat obesity and related metabolic dis-
eases®. Tn rodents, cold-induced activation of BAT and mediated
by heightened sympathetic nervous system activity and (@-adren-
ergic receptor signaling, improves systemic energy expenditure,
insulin sensitivity, and glucose homeostasis’. However, the precise
metabolic mechanisms underlying these benefits remain poorly
understood.

Emerging evidence indicates that cold exposure induces dy-
namic metabolic adaptations, including alterations in circulating
metabolites with protective effects'®'?. Among these adaptations,
the mitochondrial—lipid droplet contact (MLC) in BAT, which is a
crucial interface for lipid trafficking and fatty acid (-oxidation,
plays a pivotal role'*'”. However, the molecular mediators gov-
erning MLC dynamics in BAT have yet to be fully elucidated.

Perilipin 5 (PLINS), a lipid droplet-associated protein, facili-
tates FA transfer to mitochondria under metabolic stress and has
been implicated in MLC formation in multiple tissues®'s!?.
Similarly, Rab proteins, a family of small GTPases involved in
organelle trafficking and interaction, have emerged as regulators
of MLC?*23, For instance, RAB8A has been shown to coordinate
MLC formation in skeletal muscle by interacting with PLIN5%*,
However, the role of RAB proteins in BAT MLC dynamics and
their integration into thermogenic pathways remain unclear.

In this study, we identify RAB10 as a novel regulator of MLC
in BAT, uncovering a critical role for 3-hydroxybutyrate (BHB), a
cold-induced metabolite, in modulating the interaction of RAB10
with PLINS. Specifically, BHB directly targets at the GLY-67
residue of RAB10, enhancing its interaction with PLIN5 to form
the RAB10—PLINS complex, thereby promoting MLC formation
and optimizing BAT function. These findings provide mechanistic
insights into BAT metabolism and identify the RAB10—PLINS
axis as a potential therapeutic target for combating obesity, T2D,
and MASLD.

2. Materials and methods
2.1.  Cell culture and reagents

3T3-L1 cells were obtained from Shanghai Zhong Qiao Xin Zhou
Biotechnology and cultured in Dulbecco’s modified Eagle’s

medium (DMEM)
serum (FBS, Biological
penicillin—streptomycin.

Mouse primary hepatocytes (MPHs) were isolated from the
livers of 8-week-old male C57BL/6J mice using standard pro-
cedures. Mice were anaesthetized and perfused via portal vein
with freshly prepared buffer, followed by digest buffer (collage-
nase IV, Worthington, NJ, USA). Subsequently, the perfused livers
were excised. Viability was determined by trypan blue exclusion
assay (Corning, Rochester, NY, USA). MPHs were cultured in
DMEM supplemented with 10% fetal bovine serum, 10 mmol/L
insulin (HY-P0035, MCE, USA), and 10 mmol/L dexamethasone
(HY-14648, MCE, USA).

Subcutaneous white and brown adipose tissues (WAT and BAT)
were isolated from 3—4-week-old male C57BL/6J mice. The tis-
sues were minced and digested in 2 mL of 10 mmol/LL. HEPES
solution (Gibco, 15630-080) containing 2 mg/mL type II colla-
genase (Sigma, C6885) at 37 °C for 30 min. After digestion, the
tissues were filtered through a 100 pm filter and centrifuged.
Stromal-vascular (SV) cells were collected and cultured in
DMEM with 10% FBS.

For differentiation of 3T3-L1 and SV cells into mature brown
adipocytes, cells were cultured to confluence (Day 1), after which
the medium was replaced with differentiation medium containing
20 nmol/L insulin (MCE, #HY-P0035), 1 pmol/L rosiglitazone
(Sigma, #R2409), 0.5 mmol/L isobutylmethylxanthine (Sigma,
#17078), 125 pmol/L indomethacin (Sigma, #17378), 5 pmol/L
dexamethasone (Sigma—Aldrich), and 1 nmol/L triiodothyronine
(T3, MCE, #HY-A0070AG). After 3 days, the medium was replaced
with differentiation medium containing 20 nmol/L insulin and
1 nmol/L T3, and after 2 additional days, the cells were maintained
in normal medium and collected for subsequent experiments.

For co-culture experiments, primary hepatocytes were seeded
in the upper layer of Transwell inserts, and the induced mature
brown adipocytes were plated in the lower layer. For fluorescence
staining, the medium from the hepatocytes was removed, mixed
1:1 with fresh medium, and added to the brown adipocyte culture.
The co-culture was incubated for 24 h at 37 °C in 5% CO,.

supplemented with 10% fetal bovine
Industries, Israel) and 1%

2.2.  Animal maintenance and experiments

All animal care and experimental protocols were approved by the
Institutional Review Board (IRB) of the College of Pharmacy,
Harbin Medical University (project license number: IRB3073724)
and were conducted in compliance with the Chinese Regulations
on the Management of Laboratory Animals. All animal studies
adhered to the ARRIVE guidelines.

Specific pathogen-free (SPF) male C57BL/6J mice (20—23 g,
8 weeks old) were obtained from Changsheng Biotechnology
(Liaoning, China) and housed in a pathogen-free environment
with a controlled temperature of 22 + 2 °C and a 12-h light/dark
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cycle. Mice had ad libitum access to food and water throughout
the study. For cold exposure experiments, mice were placed in a
cold box at 4 °C. Cold exposure was also simulated through
subcutaneous injection of the (3-adrenergic receptor agonist
CL316243 (1 mg/kg) in the experimental group, while saline was
administered to the control group. All animals were fasted for 6 h
prior to euthanasia and subsequent experiments.

MASLD mice model: C57BL/6J mice and ApoE ™ mice were
fed the high-fat, high-cholesterol, and high-fructose (HFHFHC)
diet for 12 weeks to induce metabolic dysfunction-associated
steatotic liver disease (MASLD). The HFHFHC diet (40 kcal%
fat, 20 kcal% fructose, and 2% cholesterol) was obtained from
Readydietech Co., Ltd. (Shenzhen, China). C57BL/6] mice were
also fed a high-fat, methionine choline-deficient, L-amino acid
(HFCDAA) diet (60 kcal% fat, 0.1% methionine, and no added
choline) for 8 weeks.

For diet-induced obesity (DIO), C57BL/6] mice were fed a
high-fat diet (HFD) for 12 weeks. Control mice were fed a normal
diet (ND). Based on the estimated blood volume in mice
(~77.8 mL/kg) and the molecular weight of $-hydroxybutyrate
(BHB) (104.1 g/mol), a dosing regimen of 100 mg/kg was
calculated to achieve plasma concentrations within the physio-
logical range, considering an oral bioavailability of approximately
60%—T70%. Mice on the HFD were divided into three groups:
HFD, HFD + BHB (100 mg/kg/week), and HFD + BHB
(100 mg/kg/day). Weekly gavage began after 4 weeks on the HFD,
and daily gavage started after 9 weeks.

C57BL/6J mice were randomly assigned to the following
groups: a control group maintained on a normal chow diet and
injected with AAVS-shNC, and two experimental groups fed a
high-fat diet (HFD) and receiving tail vein injections of either
AAVS-shNC or AAVS8-shHADHA (Genechem, Shanghai, China) to
achieve liver-specific knockdown of HADHA.

2.3.  MASLD human patient study

All procedures involving human participants were approved by the
Institutional Review Board (IRB) of the College of Pharmacy,
Harbin Medical University (Project License Number:
IRB3073724, China). MASLD patients and healthy controls were
recruited from the Second Affiliated Hospital of Harbin Medical
University. Written informed consent was obtained from all par-
ticipants prior to enrollment.
Inclusion criteria for MASLD patients were as follows.

(1) Absence of excessive alcohol consumption, defined as
weekly ethanol intake >210 g for men and >140 g for
women.

(2) Exclusion of other known causes of hepatic steatosis,
including viral hepatitis.

(3) Ultrasonographic evidence of hepatic steatosis accompa-
nied by at least one metabolic risk factor for cardiovascular
disease (e.g., fasting blood glucose >6.1 mmol/L or fasting
triglycerides >1.7 mmol/L).

All study procedures conformed to the ethical principles out-
lined in the Declaration of Helsinki.

2.4.  Histopathologic analysis

Paraffin-embedded tissue sections from the liver, white adipose
tissue (WAT), brown adipose tissue (BAT), and heart were

subjected to hematoxylin and eosin (H&E) staining for general
histological assessment. Liver sections were additionally stained
with Oil Red O to evaluate lipid accumulation. For immunohis-
tochemical analysis, liver sections were stained with an anti-
HADHA antibody to detect hepatic HADHA protein expression.

2.5.  Doppler ultrasound

Doppler ultrasound (VINNO Technology, Suzhou, China) was used
to measure the internal diameter of the aortic outflow tract, the
forward-to-backward aortic flow ratio, and the aortic diameter to
assess vascular conditions. The oblique diameter of the right lobe of
the liver was measured to evaluate liver lesions, and the contractile
capacity of the heart was assessed through parameters such as
ejection fraction (EF, %) and fractional shortening (FS, %).

2.6.  Fatty acid oxidation (FAO) assay

Hepatic FAO capacity was measured using a Fatty Acid Oxidation
Colorimetric Assay Kit (E-BC-K784-M, Elabscience, USA), ac-
cording to the manufacturer’s instructions. Briefly, liver tissues
were homogenized, and the supernatant was collected following
centrifugation. A portion of the supernatant was used to determine
protein concentration, while the remaining aliquot was subjected
to FAO analysis. Optical density (OD) was measured at 450 nm
using a microplate reader. FAO activity was calculated based on
the standard curve, taking into account the dilution factor and
protein concentration.

2.7.  WGA staining

Heart tissue was fixed with 4% formaldehyde, then dehydrated,
transparented, and embedded in paraffin. Cut into 6 pmol/L thick
samples, they were deparaffinised, antigenically repaired, and
stained with 50 pg/mL WGA-FITC (GTX01502, GeneTex, TX,
USA).

2.8.  RNA sequencing combined with metabolic sequencing

Brown adipose tissue and plasma from mice were subjected to
mRNA sequencing and metabolomics analyses, respectively, and
the results were subjected to combined transcriptomic and
metabolomic analyses. The RNA sequencing libraries were then
prepared and sequenced by Shanghai Origin-Gene Biomedical
Technology Co., Ltd. Metabolome screening criteria:
P value < 0.05, VIP>1, log,FC > 0 or log,FC < 0. Transcriptome
screening criteria: P value < 0.05, log,FC > 1 or logo,FC < —1.
Combined analysis screening criteria: Combined-P value < 0.05.

2.9.  Acetyl-CoA and BHB content assays

Acetyl-CoA levels were quantified using a commercial Acetyl-
CoA content kit (#JL-T1295, Jianglai, China) according to the
manufacturer’s instructions. BHB content in serum and cell ly-
sates was measured using a mouse BHB content assay kit
(#BC5085, Solarbio, China) and a (-hydroxybutyrate Colori-
metric Assay Kit (#E-BC-K785-M, Elabscience, China).

2.10.  RNA isolation and real-time quantitative RT-PCR

Total RNA was isolated from cultured 3T3-L1 cells and SV in-
duction into mature brown adipocyte cells using TRIzol, and the
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Concentration of the extracted RNA was measured with a
NanoDrop 8000 (ThermoFisher Scientific, USA). Quantitative
real-time PCR assays were performed on an Applied Biosystems
7500 Fast Real-Time PCR System (Applied Biosystems, USA).
Primer sequences are shown in Supporting Information Table S1.

2.11.  Western blotting

Proteins were lysed using RIPA buffer. Proteins were quantified
using the BCA Protein Assay Kit. Incubate the primary antibody
overnight at 4 °C and then incubate with the fluorescently labelled
secondary antibody for 1 h at room temperature away from light.
Images were acquired using the Odyssey CLx Infrared Imaging
System.

2.12.  BAT transplantation

Mice were anesthetized, and the skin in the scapular region was
prepared by hair removal and disinfection. An ‘H’-shaped incision
was made on the back, extending horizontally at both ends. The
skin was then opened to expose the adipose tissue between the
scapulae. Brown adipose tissue (BAT) was isolated by removing
the surrounding white adipose tissue, and blunt dissection was
used to excise the BAT from the underlying muscle. Sham-
operated mice underwent the same procedure; however, instead
of excising BAT, their peripubic fat pads were exposed and closed.

2.13.  Oil red O staining

3T3-L1 and SV cells, differentiated into mature brown adipocytes,
were treated with varying doses of BHB, according to experi-
mental groups. Cells were stained with Oil Red O (#G1261,
Solarbio, China) for 15 min. Images were captured using a Leica
Microsystems microscope (Leica, Solms, Germany) or observed
under a fluorescence microscope (BX53, Olympus, Japan).

2.14.  Construction and transfection of siRNA

siRNAs targeting HADHA, PLINS, and RAB10, as well as over-
expression plasmids including mCherry-RAB10, His-PLINS, Flag-
RAB10, and mutant forms of RABI0, were synthesized by
HonorGene (Changsha, China). Brown adipocytes were seeded in
six-well plates and transfected with 250 pL  of a
siRNA—Lipofectamine 2000 mixture per well. For primary hepa-
tocytes, transfection was carried out using Lipofectamine
RNAiIMAX reagent (Life Technologies), according to the manu-
facturer’s protocol. Cells were incubated with the transfection
complexes for 6 h, followed by replacement with complete medium
containing serum and further incubation for 48 h before subsequent
analyses.

2.15.  Immunofluorescence

Mitochondria and lipid droplets were labeled with MitoTracker
Red (#167095-09-2, Invitrogen, USA) and Bodipy 493/503
(#GC42959, GLpBio, USA), respectively. For fluorescent FAs
tracking, mature brown adipocytes were incubated with 1 mmol/L
Bodipy 558/568 C12 (#MX5402, Maokang Biotechnology, China)
in DMEM containing 10% FBS for 12 h. After washing with PBS
to remove excess C12, the cells were labeled with MitoTracker
Green (#201860-17-5, Invitrogen, USA) for mitochondrial stain-
ing or with Bodipy 493/503 for lipid droplet labeling. To examine

co-localization, mCherry-RAB10 plasmid transfection was per-
formed alongside TOM20 for mitochondrial labeling, or mCherry-
RABI10 and His-PLINS plasmid co-transfection was used for
RAB10-PLINS co-localization analysis. All images were analyzed
using a fluorescence microscope (Olympus, Tokyo, Japan).

2.16.  Mitochondrial respiratory measurement

Mitochondrial respiratory function of brown adipocytes was
measured using high-resolution respirometry (Oxygraph-2k,
Oroboros Instruments, Innsbruck, Austria). The protocol involved
recording routine respiratory rates, followed by induction of a
non-phosphorylating leak state with oligomycin (0.5 pmol/L,
#495455, Sigma—Aldrich). After stabilisation, FCCP (1 pmol/L,
#C2920, Sigma—Aldrich) was added to assess maximum respi-
ratory capacity. Finally, rotenone and antimycin A were added to
measure non-mitochondrial respiration, reflecting residual oxygen
consumption independent of mitochondrial activity.

2.17.  Flow cytometry analysis

To assess mitochondrial activity, brown adipocytes were stained
with MitoSox (5 pmol/L) for 15 min in the dark, and the per-
centage of MitoSox-positive cells was quantified using a Beckman
CytoFLEX flow cytometer (Beckman, CA, USA).

2.18.  Cell mitochondrial DNA extraction

Mitochondrial DNA was isolated using the Cells Mitochondrial
DNA Extraction Kit (#XH008, Biomart, China) according to the
manufacturer’s instructions. Briefly, cells were digested with
trypsin to collect mitochondrial precipitates, and treated with
DNase to remove nuclear DNA. The resulting mitochondrial DNA
was then extracted and dissolved using TE buffer. The isolated
mitochondrial DNA was used for subsequent copy number assays.

2.19.  Mitochondrial DNA copy number assay

Mitochondrial DNA copy number was quantified using the
Mitochondrial DNA Copy Detection Kit (Shanghai Yihe Appli-
cation Biological Technology Co., Ltd.). Two-color fluorescence
qPCR (FAM + HEX) was used, with a standard curve generated
from known mitochondrial DNA standards provided in the Kkit.
The mitochondrial DNA copy number of brown adipocytes was
determined by absolute quantification using the corrected
calibrators.

2.20. OGTT and ITT

After 10 weeks on a high-fat diet (HFD), oral glucose tolerance
tests (OGTT) were performed following an 8 h fast. Blood glucose
levels were measured at baseline, 15, 30, 60, and 120 min after
oral administration of a 0.5 g/mL p-glucose solution (Sigma-
—Aldrich). The insulin tolerance test (ITT) was conducted one
week after the OGTT.

2.21.  Measurement of TC, TG, and NEFA levels

Plasma levels of total cholesterol (TC), triglycerides (TG), and
non-esterified fatty acids (NEFA), as well as hepatic TC and TG
contents, were quantified using commercially available assay Kkits,
following the manufacturers’ instructions.



934

Yuanyuan Yu et al.

2.22.  Electron microscopy

Brown adipose tissue was rapidly excised from each group of
mice. The tissue was cut into 3 mm x 3 mm sections and fixed
in 2% glutaraldehyde (#AWI0097, abiowell, China) for 6 h.
The fixative was discarded and washed with PBS buffer for
6 h. Samples were fixed in 1% osmium tetroxide (#AWI0136,
Abiowell, China) for 1 h, then dehydrated in ethanol and
embedded in epoxy resin (#M25514, Meryer, China). Thin
sections were prepared using a Leica ultrathin sectioning ma-
chine (Leica UC-7), stained with lead citrate and observed
using a Nippon Electron JEM1400 transmission electron
microscope.

2.23.  Specific pupylation as IDEntity reporter (SPIDER) assay

3T3-L1 cells were differentiated into mature brown adipocytes,
and protein extraction was performed using NP40 lysis buffer
containing protease and phosphatase inhibitors. The SPIDER
assay was performed as described previously®'. Biotin-
cadaverine labeling of BHB was used for detection. For the
experimental group, 0.1 pmol/L biotin-cadaverine-labeled BHB
was added to 3 mg of protein in cell lysates, and the volume was
adjusted to 6 mL with reaction buffer. The mixture was incubated
overnight at 4 °C. Following incubation, SA-Pup4 was added at a
final concentration of 0.1 pumol/L and incubated for 20 min at
room temperature. ATP (5 mmol/L) and PafA (0.1 pmol/L) were
added and incubated for 30 min at 37 °C. After incubation, 4.8 g
urea was added, and the reaction was processed by adding 0.1%
Tween-20 and 100 pL biotin-agarose for 2 h at room temperature.
The reaction was centrifuged, washed, and centrifuged again to
remove the supernatant.

Mass spectrometry identified 1051 protein molecules, and 77
interacting proteins met the thresholds (unique peptides >2, fold
change >1.5) across two replicates.

2.24.  Pull down assay

Biotinylated protein pull-down assays were performed using a
Biotinylated Protein Pull-Down Kit (#P0658S, Beyotime, China).
Streptavidin magnetic beads were mixed with binding buffer, and
50 pg biotin-labeled BHB was added to the beads, incubated for
30 min on an orbital shaker. After incubation, the beads were
washed, blocked with biotin blocking solution for 10 min, and
incubated with sample lysate (400 pL) for 2 h at 4 °C. After the
incubation, streptavidin magnetic beads were resuspended in
elution buffer, and the target protein was eluted by shaking for
10 min.

2.25.  Surface plasmon resonance (SPR) assay

Protein conjugation was performed using 1-ethyl-3-(3-
dimethylaminopropyl)  carbodiimide (EDC, Cytiva) and
N-hydroxysuccinimide (NHS, Cytiva) to immobilize the protein
on a chip. The ligand protein was diluted to 50 pg/mL in sodium
acetate and immobilized at a flow rate of 10 pl./min. The channel
was blocked with ethanolamine at 10 pL/min. Protein—analyte
interaction tests were conducted, and binding and dissociation
constants were calculated using the Biacore Insight evaluation
software (Cytiva, Marlborough, MA, USA).

2.26. CETSA assay

The cellular thermal shift assay (CETSA) was employed to detect
the intracellular binding status of target proteins by assessing
changes in protein thermal stability. Cells were digested with
trypsin, incubated in PBS with phosphatase inhibitors, and sub-
jected to multiple freeze—thaw cycles. Following centrifugation,
the supernatant was divided and incubated with DMSO or BHB at
room temperature for 3 h. The samples were heated at increasing
temperatures (37 to 61 °C) for 4 min, centrifuged, and the su-
pernatant was analyzed by Western blot after boiling.

2.27.  DRATS assay

The DARTS assay was used to confirm the binding of BHB to
RAB10. Cells were lysed, and protein concentrations were
determined using a BCA assay. The lysates were incubated with
varying concentrations of BHB or DMSO for 3 h, followed by
pronase treatment for 15 min. After protein denaturation by
heating, the samples were analyzed by Western blot.

2.28.  Molecular docking

The protein structure was downloaded from AlphaFold (https:/
alphafold.ebi.ac.uk/entry/P61027), and 3D structures were pre-
pared using PyMOL. The chemical structure of the ligand was
obtained from PubChem (https://pubchem.ncbi.nlm.nih.gov/).
Docking was performed using the CB-DOCK2 online server
(https://cadd.labshare.cn/cb-dock2/php/blinddock.php), which
utilizes artificial neural networks for cavity detection and
AutoDock Vina for docking. The stability of the ligand-receptor
binding was assessed through force analysis using PLIP (https://
plip-tool.biotec.tu-dresden.de/plip-web)  and  visualized in
PyMOL.

2.29.  Molecular dynamics simulations

Molecular dynamics simulations were conducted using Amber24
with the FF14SB force field and the TIP3P water model. The
system was energy minimized, followed by NVT and NPT
equilibration (200 and 100 ps, respectively). The system temper-
ature was maintained at 300 K, and pressure was controlled at
1 bar. Simulations were run for 50 ns, and parameters such as
RMSD, RMSEF, radius of gyration, hydrogen bonds, and binding
free energy were analyzed using Cpptraj and Python.

2.30.  Co-immunoprecipitation assays

Co-immunoprecipitation (Co-IP) was performed using His-PLIN5
or FLAG-RAB10 overexpression plasmids in brown adipocytes,
followed by 48 h of incubation. Cells were lysed using IP lysis
buffer, and 25 ng of His or Flag antibody was added per reaction.
The mixture was incubated with antibody-coated beads overnight
at 4 °C. The bound complexes were eluted using elution buffer
and analyzed by Western blot. Information on reagents and anti-
bodies used in this article can be found in Supporting Information
Table S2.

2.31.  Statistical analysis

Data were expressed as mean =+ standard error of mean (SEM).
Statistical analyses were performed using GraphPad Prism version
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8.0. Differences between two groups were assessed using Stu-
dent’s t-test, while one-way or two-way ANOVA was applied for
multiple group comparisons, followed by Dunnett’s or Tukey’s
post hoc tests. Repeated measures ANOVA was used for datasets
normalized to a control value of 1, without SEM. P-values less
than 0.05 were considered statistically significant.

3. Results

3.1.  Effects of acute and chronic cold exposure on various
organs

To systematically investigate the impact of cold exposure on
various tissues and organs, we exposed C57BL/6J mice to acute
cold (4 °C for 6, 12, or 24 h) and chronic cold (4 °C for 3, 7, 14,
20, or 30 days), with control mice maintained at 23 °C (Fig. 1A).
Acute cold exposure increased the weight of BAT significantly
after 24 h, with progressive BAT weight gain observed during
chronic exposure (Fig. 1B and C). Conversely, epididymal white
adipose tissue (eWAT) and inguinal white adipose tissue (i(WAT)
exhibited reduced weight and area within 6 h of cold exposure,
with sustained decreases during longer exposure periods
(Fig. 1ID—G, 11—K). Interestingly, body weight and tissue weights
decreased markedly after 20 days of cold exposure, accompanied
by darkened BAT coloration. However, after 30 days, tissue
weights increased, and BAT displayed lighter coloration, sug-
gesting adaptive responses (Fig. 1B—G). Hematoxylin and eosin
(HE) staining revealed that cold exposure transformed BAT into a
multilocular lipid droplet structure, most pronounced at 3 and 20
days, with reduced multilocularity by Day 30 (Fig. 1H). Both
eWAT and iWAT showed reduced adipocyte size and number
throughout the cold exposure period (Fig. 11—K, O). Notably, no
structural abnormalities were observed in liver tissue during the
30-day exposure (Fig. 1L). The ratio of liver weight-to-body
weight (LW/BW) showed no significant change during cold
exposure (Supporting Information Fig. S1A). The heart weight-to-
body weight (HW/BW) ratio increased during acute exposure,
chronic cold reduced this ratio (Fig. S1B). At 30 days, hypertro-
phy of cardiac cells was evident, confirmed by HE staining and
wheat germ agglutinin staining (Fig. 1M and N). Plasma markers
of cardiac (LDH) and liver (ALT, AST) injury remained within
normal ranges throughout the exposure (Fig. SIC—S1E). Doppler
ultrasound analysis showed no significant changes in the diastolic
and systolic diameters of the aortic outflow tract or blood flow
ratios during acute cold exposure. However, at 30 days, both the
aortic diameter difference and forward-to-reverse blood flow ratio
decreased significantly (Fig. SIF—S1K). Importantly, ejection
fraction (EF, %) and fractional shortening (FS, %) of the heart
declined modestly during cold exposure but remained within
normal physiological limits until 20 days (Fig. 1P and Q). Cold
exposure induces significant alterations in adipose tissue,
including increased BAT mass, reduced white adipocyte size and
number, and BAT multilocularity, peaking at 20 days. These ef-
fects are accompanied by transient reductions in body and organ
weights without pathological changes in liver or heart structure.
After 30 days, adaptive mechanisms appear to mitigate these
changes, normalizing organ weights and BAT morphology. These
findings suggest that cold exposure enhances BAT activity and
reduces white adiposity without inducing deleterious effects on
key metabolic organs. To understand the molecular adaptations of
BAT during cold exposure, transcriptomic profiling was

performed on BAT from control mice (23 °C) and cold-exposed
mice (4 °C for 3 days). A total of 779 differentially expressed
genes (DEGs) were identified, with 419 genes upregulated and
360 downregulated in cold-exposed mice (Fig. 1R, Supporting
Information Fig. S2A). GO functional enrichment analysis of
upregulated genes highlighted pathways associated with lipid
droplets, fatty acid metabolism, and lipid metabolic processes,
alongside basic cellular processes such as nucleotide binding and
cytokine regulation (Fig. S2B). A heatmap of gene expression
revealed significant upregulation of genes involved in fatty acid
oxidation (FAO), including Hadha, Ucpl, and Pdkl, mitochon-
drial dynamics (Acaalb, Slc25a20), while genes related to fatty
acid synthesis and lipid droplet were downregulated (Fig. S2C).
GSEA analysis shows cold exposure significantly affects fat
metabolism-related pathways (Fig. S2D—S2F). These findings
underscore the metabolic reprogramming of BAT under cold
exposure.

3.2, BHB production involves communication between the liver
and BAT during cold exposure

Plasma metabolomic analysis was performed to complement the
transcriptomic data. Cold exposure results in significant changes
in metabolites (Fig. S2G). Functional pathway enrichment and
heatmap analyses identified §-hydroxybutyrate (BHB) as one of
the most significantly altered metabolites and lipid metabolism as
the primary pathway affected (Fig. 2A—C, Fig. S2H). As a ketone
body predominantly generated by hepatic FAO, BHB serves as an
alternative energy source, transported via the bloodstream to tis-
sues such as the brain, muscle, and heart for energy metabolism. A
combined analysis of DEGs and plasma metabolites identified 39
genes implicated in regulating metabolite changes, with
hydroxyacyl-CoA dehydrogenase trifunctional multienzyme
complex subunit alpha (Hadha) emerging as a critical regulator of
BHB (Fig. 2D, Fig. S2I). HADHA, a component of the mito-
chondrial trifunctional enzyme complex, plays a pivotal role in the
B-oxidation of long-chain fatty acids, primarily in BAT and
the liver—key tissues for fatty acid metabolism and thermogen-
esis?> %, Plasma BHB levels were significantly elevated in both
acutely and chronically cold-exposed mice compared to controls
(Fig. 2E). To simulate cold-induced BAT activation, mice were
treated with the (3-adrenergic receptor agonist CL-316,243
(1.0 mg/kg) or saline for 3 or 7 days®’. Plasma BHB levels
were significantly increased in agonist-treated mice, mirroring the
effects observed under cold exposure (Fig. 2F). Consistent with
metabolomic findings, cold exposure significantly upregulated
mRNA levels of Hadha in BAT, further supporting its role in BHB
production and fatty acid metabolism (Fig. 2G). Western blot
analysis of BAT from mice exposed to cold for 3 and 20 days
showed a significant increase in UCP1 and HADHA protein
expression compared to controls (Fig. 2H and I). This aligns with
transcriptomic findings, reinforcing the role of HADHA in the
oxidation of long-chain fatty acids to produce acetyl-CoA, a
precursor for BHB synthesis**'. These results suggest that cold-
induced increases in circulating BHB levels may depend on
enhanced HADHA expression in BAT. To investigate the contri-
bution of BAT to BHB production, BAT-transplanted and sham-
operated C57BL/6] mice were exposed to cold for 3 days.
ELISA revealed that circulating BHB levels remained elevated
even after BAT removal, indicating that other tissues contribute to
BHB production during cold exposure (Fig. 2J). Given that the
liver is a primary site for BHB synthesis®?, we examined hepatic
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Figure 1

Effects of acute and chronic cold exposure on various organs. (A) Experimental grouping and process. (B—E) Representative plots of

BAT, iWAT, and eWAT in each group of mice. n = 6 in each group. Scale bar: 1 cm. (C, F, G) Weight statistics of BAT, eWAT, and iWAT in each
group of mice. n = 6 in each group. (H—M) Representative images of H&E staining of BAT, iWAT, eWAT, liver, and heart sections from mice.
n = 6 in each group. Scale bar: 50 pm. (N, O) Representative image of WGA staining of mouse heart tissue and their statistics. Scale bar 20 um.
(P, Q) Representative echocardiographic images of each group; changes in ejection fraction (EF, %) and fractional shortening (FS, %) in each
group. n = 6 in each group. (R) Scatter plot of transcript expression by mRNA sequencing of brown adipose tissue from RT mice and cold-
exposed mice. n = 4 in each group. Statistical analysis was performed with the randomized block ANOVA. *P < 0.05 vs. RT, **P < 0.01
vs. RT, #**P < 0.001 vs. RT. Data are presented as mean + SEM. BAT, brown adipose tissue; iWAT, subcutaneous white fat; eWAT, epididymal

white fat.

HADHA expression during cold exposure. Western blot analysis
showed increased HADHA protein levels in the liver of cold-
exposed mice (Fig. 2K). And there is increased synthesis of
acetyl coenzyme A (Acetyl-CoA) in the liver, which is an
important substrate for the synthesis of BHB (Supporting Infor-
mation Fig. S3A). Overexpression of HADHA in primary hepa-
tocytes elevated BHB levels in the supernatant, while HADHA
knockdown reduced BHB levels (Fig. 2L, Fig. S3B and S3C).
These results confirm that hepatic HADHA plays a critical role in
BHB production. Cold exposure leads to an increase in HADHA
synthesis in the liver, which in turn leads to an increase in
Acetyl-CoA, a substrate for BHB synthesis, and ultimately to an
increase in BHB synthesis. To explore the interaction between

hepatic BHB production and its utilization in BAT, co-culture
experiments were conducted. Primary hepatocytes over-
expressing HADHA were co-cultured with mature brown adipo-
cytes. HADHA-overexpressing  hepatocytes  significantly
increased BHB content in brown adipocytes (Fig. 2M and N). This
suggests that BHB synthesized in the liver is transported to BAT,
where it is utilized for metabolic processes. Our in vivo mea-
surements showed that basal plasma BHB levels in mice range
from 0.4 to 0.5 mmol/L. Upon cold exposure, circulating BHB
levels increased significantly to 0.8—1.2 mmol/L (Fig. 2E). To
approximate this physiological range while considering potential
local concentration gradients within tissues, we selected 1 mmol/L
as the primary concentration for our in vitro studies. To further
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Figure 2 BHB production involves communication between liver and BAT during cold exposure. (A) Significant differential metabolite hi-
erarchical clustering heat map of plasma metabolomics. (B) KEGG map of mouse plasma metabolome function. (C) Hierarchical Clustering
Analysis in plasma metabolomics. (D) Wayne plots of differential gene and differential metabolite involvement in pathways analyzed jointly by
transcriptome and metabolomics. (E, F) Detection of BHB in plasma of various groups of mice. n = 6 in each group. (G) Changes in mRNA
levels of HADHA in brown adipose tissue of mice in various groups detected by qPCR. n = 6 in each group. *P < 0.05 vs. RT, **P < 0.01 vs. RT,
*##kP < 0.001 vs. RT. (H, I) Western blot analysis of changes in HADHA and UCP1 protein levels in the brown fat of mice in each group. n = 4 in
each group. **P < 0.01 vs. RT, ***P < 0.001 vs. RT. (J) After the mice were subjected to BAT transplantation or sham operation, changes in
plasma levels of BHB were detected in all groups of mice after 72 h of cold exposure. n = 6 in each group. **P < 0.01 vs. sham, #P < 0.05 vs
sham+4°C-3d. (K) Western blot and qPCR analysis of HADHA protein and mRNA levels in mouse liver at different time points during cold
exposure. n = 3—5 in each group. *P < 0.05 vs. RT. (L) Detection of changes in BHB levels in primary hepatocyte lysates following transfection
of HADHA overexpression or knockdown plasmids into primary hepatocytes. n = 4, 6 in each group. **P < 0.01 vs. NC. (M, N) After
transfection of HADHA overexpression or knockdown plasmid in primary hepatocytes, co-culture with primary brown adipocyte-derived SVF
induced mature brown adipose tissue, or primary subcutaneous white adipose tissue-derived SVF induced mature brown adipocytes, and assay for
the content of BHB in brown adipocytes. n = 6 in each group. **P < 0.01 vs. NC. (O) Oil red O staining of lipid changes in mature brown
adipocytes after BHB treatment. n = 6 in each group. Scale bar: 50 um. (P) Detection of adipose differentiation, mitochondrial and lipid droplet
contact related gene changes in brown adipocytes by qPCR. n = 4 in each group. **P < 0.01 vs. DMSO, ns, no significance. (Q) Western blot
detection of HADHA protein in the livers of several MASLD mouse models, including C57BL/6J mice induced by HFCDAA diet for 8 weeks and
C57BL/6J and APOE~'~ mice induced by HFHFHC diet for 12 weeks. n = 3, 4 in each group. *P < 0.05 vs. ND, **P < 0.01 vs. ND. (R, S)
Immunohistochemical staining of HADHA protein changes in the liver of mice with different MASLD models. n = 4 in each group. Scale bar:
50 pm, 25 pm. (T) Changes of BHB in plasma of mice. n = 6 in each group. Statistical analysis was performed with one-way ANOVA.
#*P < 0.01 vs. ND, ***P < 0.001 vs. ND. Data are presented as mean = SEM. ND, normal diet; HFHFHC, high-fat, high-cholesterol, high-
fructose; HFCDAA, high-fat, methionine choline deficiency diet.
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explore dose dependency, we included additional conditions with
5 and 10 mmol/L BHB. To assess the metabolic effects of BHB on
brown adipocytes, iWAT-SVF and 3T3-L1 cells were induced to
differentiate into mature brown adipocytes and then treated with
increasing concentrations of BHB (1, 5, and 10 mmol/L). Oil Red
O staining showed that BHB at 10 mmol/L significantly reduced
lipid content in brown adipocytes (Fig. 20 and Fig. S3D). Further
analysis revealed that BHB treatment enhanced the expression of
fatty acid (-oxidation-related genes (Ppara, Cptla, Mcad ) and
decreased lipid droplet contact-related genes (Cidea). However,
BHB had minimal effects on genes related to adipocyte differ-
entiation, lipogenesis (Fasn), or lipolysis (Argl) (Fig. 2P). To
evaluate the role of HADHA in metabolic-associated steatotic
liver disease (MASLD) and steatohepatitis (MASH), hepatic
HADHA expression was assessed in MASLD/MASH mouse
models. Liver samples from high-fat diet-induced MASLD/
MASH models (HFCDAA, HFHFHC diets, and APOE™"~ mice)
showed reduced HADHA protein expression compared to controls
(Fig. 2Q—S). Correspondingly, circulating BHB levels were
decreased in MASLD/MASH mice (Fig. 2T). These findings
suggest a potential link between reduced hepatic HADHA
expression, lower BHB levels, and MASLD progression.

3.3.  BHB promotes mitochondrial lipid droplet contact in brown
adipocytes

Transcriptomic analysis identified pathways enriched in lipid
droplet dynamics, lipid metabolism, and fatty acid metabolism
(Fig. S2B). A gPCR assay confirmed that BHB enhances mito-
chondrial FAO and regulates lipid droplet contact (Fig. 2P).
Increased contact between mitochondria and lipid droplets allows
FAs stored in lipid droplets to be more easily transported into
mitochondria for -oxidation®*~**. This unique property of brown
adipose tissue contributes to thermoregulation and high energy
expenditure”**. Enhanced FAO reduces fat storage, potentially
mitigating metabolic diseases such as obesity, MASLD, and
atherosclerosis®***7. White adipocytes are characterized by
large, unilocular lipid droplets and few mitochondria, while brown
adipocytes contain numerous, multilocular lipid droplets and
mitochondria with densely packed cristac®®>°. Despite these
structural differences, the specific effect of BHB on lipid
droplet—mitochondria contact (MLC) in brown adipocytes
remained unexplored. To evaluate the effects of BHB on MLC,
3T3-L1 cells were differentiated into mature brown adipocytes,
followed by BHB treatment at varying concentrations. Mito-
chondria were stained with Mitotracker Red, and lipid droplets
(LDs) were labeled with BODIPY. Fluorescence imaging
demonstrated that untreated brown adipocytes displayed typical
features of mature brown adipocytes, including multilocular lipid
droplets and abundant mitochondria. Some lipid droplets were in
contact with mitochondria, while others were distributed exter-
nally. BHB treatment led to the disappearance of larger lipid
droplets and a dose-dependent increase in mitochondrial-lipid
droplet contact (Fig. 3A—C). This contact provides a structural
basis for the efficient transfer of fatty acids (FAs) from lipid
droplets to mitochondria, enabling their oxidation. To further
explore the role of BHB-mediated MLC in FAs transfer, fluores-
cent labeling of FAs (C12) and mitochondria (Mitotracker Green)
or lipid droplets (BODIPY) was performed. Fluorescence imaging
revealed that BHB significantly promoted FAs translocation from
lipid droplets to mitochondria in a dose-dependent manner
(Fig. 3D—F). To confirm these findings, stromal vascular (SV)

cells derived from iWAT were differentiated into brown adipo-
cytes. Similar to 3T3-L1-derived brown adipocytes, BHB treat-
ment increased mitochondrial-lipid droplet contact and FAs
transfer in a dose-dependent manner (Fig. 3G—I).

3.4.  HADHA in hepatocytes regulates BHB to promote fatty
acids transfer from LDs to mitochondria in BAT

To examine whether BHB-induced promotion of MLC in brown
adipocytes depends on HADHA expression in hepatocytes, pri-
mary hepatocytes were engineered to overexpress or knockdown
HADHA. The supernatant from these hepatocytes was co-cultured
with mature brown adipocytes induced from 3T3-L1 cells for 48 h.
Co-culture with hepatocytes overexpressing HADHA resulted in
smaller lipid droplets and increased MLC in brown adipocytes. In
contrast, knockdown of HADHA in hepatocytes led to larger lipid
droplets and reduced MLC, which was restored by BHB
(10 mmol/L) treatment (Fig. 4A and B). Additionally, to evaluate
the functional consequence of HADHA modulation on FAs
transfer, a Red C12 pulse-tracking assay was performed. Differ-
entiated 3T3-L1 and stromal vascular (SV)-derived brown adi-
pocytes were labeled with Red C12 overnight. Brown adipocytes
co-cultured with hepatocytes overexpressing HADHA displayed
enhanced FAs transfer from lipid droplets to mitochondria during
the pulse period compared to controls (Fig. 4C—E). Fluorescence
imaging revealed that Red C12 transitioned from close overlap
with lipid droplets to substantial overlap with mitochondria,
suggesting efficient mitochondrial FAs uptake. Knockdown of
HADHA in hepatocytes impaired this FAs transfer, but adminis-
tration of BHB (10 mmol/L) restored mitochondrial FAs utiliza-
tion (Fig. 4F—H). To evaluate mitochondrial FAO, a mitochondrial
respiration assay was conducted. BHB (10 mmol/L) treatment
increased maximal mitochondrial respiration in brown adipocytes,
reflecting enhanced FAs oxidation capacity (Fig. 41—L). Although
brown adipocytes possess a high oxidative capacity, excessive
reactive oxygen species (ROS) production can lead to cellular
damage*. Flow cytometric analysis using MitoSOX revealed that
co-culture with supernatants from HADHA-overexpressing hepa-
tocytes did not increase intracellular ROS levels in brown adipo-
cytes. Conversely, co-culture with supernatants from HADHA-
knockdown hepatocytes elevated ROS levels, which were miti-
gated by BHB (10 mmol/L) treatment (Fig. 4M). Furthermore, co-
culture with hepatocytes overexpressing HADHA increased the
mitochondrial DNA copy number in brown adipocytes, indicating
improved mitochondrial biogenesis and integrity (Fig. 4N and O).
BHB enhances MLC in brown adipocytes, facilitating the transfer
of FAs from lipid droplets to mitochondria for oxidation. This
process boosts mitochondrial FAs oxidation without inducing
excessive ROS or cellular damage, demonstrating a protective
effect on mitochondrial integrity. These effects are dependent on
HADHA expression in hepatocytes, highlighting the critical role
of hepatocyte-brown adipocyte crosstalk in lipid metabolism and
energy homeostasis.

3.5.  BHB targets RABI0 to modulate brown fat-mitochondria
lipid droplet contacts

To elucidate the molecular mechanism by which BHB facilitates
MLC in brown adipocytes, a biotinylated BHB probe was syn-
thesized, and the Specific Pupylation as IDEntity Reporter
(SPIDER) assay was employed to identify BHB’s target proteins
(Fig. 5A and B, Supporting Information Fig. S4A). Among 77
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Figure 3 BHB promotes mitochondrial lipid droplet contact in brown adipocytes. (A—C) The percentage of lipid droplets in contact with
mitochondria and the area of lipid droplets in brown adipocytes treated with different concentrations of BHB were counted by Mitotracker Red
staining of mitochondria and BODIPY staining of lipid droplets. n = 20 in each group. (D) FAs was detected by C12, while mitochondria were
stained with Mitotracker Green or lipid droplets were stained with BODIPY in mature brown adipocytes induced by 3T3-L1 cells. n = 14, 15 in
each group. (E, F) Statistics on the localization of FAs to mitochondria or lipid droplets in brown adipocytes after BHB treatment. n = 14, 15 in
each group. (G—I) In SVF-induced mature brown adipocytes, FAs were detected by C12, and mitochondria were stained with Mitotracker Green
or lipid droplets were stained with BODIPY, and statistics of FAs localization in mitochondria or lipid droplets of brown adipocytes after BHB

treatment. Scale bar: 10 pm. Statistical analysis was performed with one-way ANOVA. n = 14, 15 in each group. *P < 0.05 vs. DMSO,
*#*P < 0.01 vs. DMSO, ***P < 0.001 vs. DMSO. Data are presented as mean + SEM.

enriched proteins (fold change >1.5, identified peptides >2),
RAB10 emerged as a top candidate closely associated with
organelle interactions, ranking among the top three in binding
capacity (Fig. 5C and D). Fluorescence imaging revealed signifi-
cant co-localization of mCherry-RAB10 with mitochondria in
3T3-L1-induced mature brown adipocytes (Fig. SE). Pull-down
experiments using biotin-labeled BHB confirmed RABI0 as a
binding partner (Fig. 5F). To characterize the interaction further,
surface plasmon resonance (SPR), cellular thermal shift assay

(CETSA), drug affinity responsive target stability (DARTS), and
molecular docking analyses were conducted. SPR results showed
that BHB binds RAB10 with an equilibrium dissociation constant
(Kp) of 3.29 x 107° M, indicating a strong affinity (Fig. 5G,
Fig. S4B). CETSA experiments showed that BHB (10 mmol/L)
treatment improved the protein stability of RAB10 (Fig. SH and I).
Consistently, the DARTS results also showed that BHB signifi-
cantly contributed to the stability of RAB10 during streptavidin-
induced degradation. In addition, the stability of RABI0
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Figure 4 HADHA in hepatocytes regulates BHB to promote fatty acids transfer from LDs to mitochondria in BAT. (A) After HADHA
overexpression of primary hepatocytes, their medium was collected and co-cultured with mature brown adipocytes induced from 3T3-L1 cells
for 48 h. Mitochondria of mature brown adipocytes were visualised by Mitotracker Red staining as well as lipid droplets by BODIPY staining.
n = 13 in each group. (B) After HADHA knockdown of primary hepatocytes, their medium was collected and co-cultured with mature brown
adipocytes induced from 3T3-L1 cells for 48 h. Mitochondria of mature brown adipocytes were visualized by Mitotracker Red staining as well as
lipid droplets by BODIPY staining. n = 20 in each group. (C—E) After overexpression of HADHA in primary hepatocytes, their medium was
collected and co-cultured with mature brown adipocytes induced from 3T3-L1 cells, and brown adipocyte FAs were detected by C12 and
mitochondria were stained with Mitotracker Green or lipid droplets were stained with BODIPY. Statistics of FAs localisation to mitochondria or
FAs localisation to LDs. n = 15, 24 in each group. (F—H) Brown adipocyte FAs was detected by C12 and mitochondria were stained with
Mitotracker Green or lipid droplets were stained with BODIPY. Statistics of FAs localisation to mitochondria or FAs localisation to LDs. n = 15,
19 in each group. (I—L) Raw images and statistics of mitochondrial respiration assay in mature brown adipocytes after co-culture with primary
hepatocytes. n = 3 in each group. (M) MitoSOX staining in mature brown adipocytes after co-culture with primary hepatocytes detected by flow
cytometry. n = 3 in each group. (N, O) Detection of mitochondrial DNA copy number in mature brown adipocytes after co-culture with primary
hepatocytes. n = 4 in each group. Scale bar: 10 um. Statistical analysis was performed with one-way ANOVA. *P < 0.05 vs. NC, **P < 0.01 vs.
NC, *P < 0.05 vs. SEHADHA, #P < 0.01 vs. S-FHADHA, ns, not significant. Data are presented as mean & SEM.
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Figure 5 BHB targets RAB10 to modulate brown fat—mitochondria lipid droplet contacts. (A) Chemical structure of biotin-labelled BHB. (B)
Flowchart of the SPIDER experiment to obtain reciprocal proteins of BHB in brown adipocytes. (C) Fold change (FC) scatterplot for SPIDER
assay using mature brown adipocyte lysate. (D) Mass spectrometry of RAB10 strongly bound to BHB in brown adipocytes in the SPIDER assay.
(E) Co-localization of mCherry-RAB10 with TOM20-labelled mitochondria in brown adipocytes detected by immunofluorescence. n = 6 in each
group. (F) Pull down detection of Biot-BHB binding to RAB10 in brown adipocytes. n = 3 in each group. (G) Surface plasmon resonance (SPR)
detection of BHB binding to RAB10. (H, I) Cellular thermal shift assay (CETSA) detection of BHB binding to RAB10. n = 3 in each group. (J)
Binding of BHB to RAB10 as detected by the drug affinity responsive target stability (DARTS) assay. n = 3 in each group. ***P < 0.001 vs.
Control, *P < 0.05 vs. Pronase. (K) The binding of BHB to RAB10 was detected by pull down after transfection of RABI0 wild-type plasmid,
RABI10 active GTP form of Flag-RAB10-Q68L plasmid, and inactive GDP form of Flag-RAB10-T23N plasmid in brown adipocytes, respectively.
n = 3 in each group. (L) Molecular docking predicts the binding site of BHB and RAB10, and a schematic of the molecular dynamics simulation
of BHB and RAB10. (M) The top three possible binding sites for the molecular docking predictions of BHB and RABI0 were mutated and
transfected into brown adipocytes, and the binding sites were later detected by pull-down assay. n = 3 in each group. (N, O) After knockdown of
RABI10 in brown adipocytes, changes in mitochondrial and lipid droplet effects of BHB on brown adipocytes were detected by Mitotracker and
BODIPY staining. n = 20 in each group. (P, Q) C12 and mitochondria were stained with Mitotracker Green, or lipid droplets were stained with
BODIPY. Statistics of FAs localization to mitochondria or FAs localization to LDs. n = 15—16 in each group. (R, S) Raw images and statistics of
mitochondrial respiration assay in mature brown adipocytes. n = 3 in each group. Scale bar: 10 pm. Statistical analysis was performed with one-
way ANOVA. ##P < 0.01 vs. NC, *P < 0.05 vs. SI-NC + BHB, *P < 0.01 vs. SI-NC + BHB. Data are presented as mean &= SEM.

increased with increasing concentration of BHB (Fig. 5J). RAB10,
a small GTPase, regulates intracellular membrane trafficking by
transitioning between GDP-bound inactive and GTP-bound active
states. Pull-down assays demonstrated that BHB binds selectively
to the active GTP-bound form of RAB10 (Fig. 5K). Molecular
docking and dynamics simulations revealed that BHB occupies a
binding pocket on RAB10, forming hydrogen bonds and

hydrophobic interactions with key residues, including GLY-67,
THR-23, and THR-41 (Fig. 5L, Fig. S4C). Mutation of GLY-67
abolished BHB’s binding to RAB10, highlighting its critical role
as the primary binding site (Fig. 5M). Knockdown of RABI0 in
mature brown adipocytes significantly reduced BHB’s ability to
promote MLC and decreased lipid droplet area (Fig. SN—Q,
Fig. S4D). Furthermore, the enhancement of maximal
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mitochondrial respiration by BHB in brown adipocytes was
reversed by RABI0 knockdown (Fig. 5R and S). These findings
establish RAB10 as a direct target of BHB, mediating its role in
promoting mitochondria—lipid droplet contacts in brown adipo-
cytes. The interaction depends on GLY-67 as the major binding
site, highlighting RABI10’s essential role in the functional
enhancement of mitochondrial activity and lipid droplet dynamics
induced by BHB. Furthermore, to assess the physiological rele-
vance of this mechanism, we treated brown adipocytes and pri-
mary hepatocytes with free fatty acids (FFA, 250 pmol/L)
(Fig. S4F—S41). FFA exposure increased both the number and size
of lipid droplets in brown adipocytes and enhanced lipid accu-
mulation in hepatocytes. Subsequent treatment with BHB
(10 mmol/L) reduced lipid droplet area and number; however, this
effect was markedly attenuated following RABIO knockdown
(Fig. S4F—S4I). These results indicate that BHB mitigates lip-
otoxicity and hepatic lipid accumulation in a RAB10-dependent
manner.

3.6.  BHB modulates RAB10—PLINS interaction to promote
mitochondrial lipid droplet contacts

To understand how mitochondrial RAB10 facilitates lipid droplet-
mitochondria interaction, we hypothesized that RAB10 may bind
specific lipid droplet-associated proteins to mediate organelle
communication. Immunofluorescence imaging of brown adipo-
cytes transfected with mCherry-RAB10 and HIS-PLINS plasmids
revealed co-localization of RAB10 and PLINS (Fig. 6A). This
interaction was further confirmed through immunoprecipitation
and molecular docking experiments, demonstrating that RAB10
interacts directly with PLINS (Fig. 6B—D). Molecular docking
experiments revealed that the presence of BHB enhances the
binding affinity of the RAB10—PLIN5 complex. The incorpora-
tion of BHB (10 mmol/L) significantly increased this interaction, a
finding corroborated by immunoprecipitation experiments
(Fig. 6E—G). These results suggest that BHB acts as a molecular
modulator, strengthening the RAB10—PLINS interaction to pro-
mote organelle contact. PLIN5 knockdown in brown adipocytes
substantially attenuated the effect of BHB (10 mmol/L) in pro-
moting MLC (Fig. 6H—J). Additionally, PLIN5 knockdown
inhibited maximal mitochondrial respiration, even in the presence
of increased BHB levels (Fig. 6K and L, Fig. S4E). These results
indicate that PLINS is critical for the functional role of RAB10 in
mediating MLC, particularly under BHB modulation.

BHB mediates MLC in brown adipocytes by promoting the
RAB10—PLINS interaction. This process enhances mitochondrial
function and lipid droplet dynamics, highlighting a key molecular
mechanism underlying BHB’s regulatory role in brown adipose
tissue metabolism.

3.7.  BHB promotes mitochondria-lipid droplet contact in brown
fat and reduces lipotoxicity in HFD-induced obese mice

Excessive fat accumulation leads to adipocyte hypertrophy,
impaired mitochondrial oxidative metabolism, reduced lipid
buffering capacity, and heightened inflammation, all of which
contribute to MASLD*"**?. Previous in vitro studies demonstrated
that BHB promotes MLC in brown adipocytes via HADHA in
hepatocytes. Notably, reduced HADHA expression and circulating
BHB levels have been observed in MASLD model mice. To
investigate the therapeutic effects of BHB, an obesity model was
induced in C57BL/6] mice using a high-fat diet (HFD) for 12

weeks. Mice were then treated with BHB (100 mg/kg) through
daily gavage for 20 days post-induction or weekly gavage for 8
weeks after 4 weeks of HFD induction (Fig. 7A). HFD-fed mice
exhibited an increased number of lipid droplets in brown adipo-
cytes and a reduction in MLD contact. BHB treatment signifi-
cantly increased MLD contact area, decreased lipid droplet size,
and restored mitochondrial cristae structure in brown fat
(Fig. 7B—D). These findings mirrored in vitro observations. His-
tological analysis using HE staining revealed that HFD induced a
transformation of brown fat from a “multicompartmental” to
“unicompartmental” structure. BHB treatment restored the “mul-
ticompartmental” phenotype, enhancing thermogenic and meta-
bolic capacity (Fig. 7E). In addition, BHB treatment markedly
reduced the size and number of eWAT and iWAT (Fig. 7F—I). Oral
glucose tolerance test (OGTT) and insulin tolerance test (ITT)
results demonstrated that BHB alleviated HFD-induced insulin
resistance (Fig. 7] and K).

In addition to metabolic improvements, BHB significantly
reduced serum levels of non-esterified fatty acids (NEFA), tri-
glycerides (TG), and total cholesterol (TC), all of which were
negatively correlated with circulating BHB concentrations
(Fig. 7L—P). Liver histological analysis further demonstrated that
BHB treatment markedly ameliorated HFD-induced hepatic
steatosis, hepatocyte ballooning, and lipid accumulation, as re-
flected by histological scoring and Doppler ultrasound measure-
ments of liver lobe diameter (Fig. 7Q—S). Consistently, hepatic
TC and TG levels were significantly reduced following BHB
administration (Fig. 7T). Moreover, BHB restored hepatic FAO
capacity, which was impaired by HFD feeding (Fig. 7U), and
hepatic FAO showed a positive correlation with circulating BHB
levels (Fig. 7V). qPCR analysis further demonstrated that BHB
upregulated the expression of FAO-related genes, including Cptla
and Ppara in the liver (Supporting Information Fig. S5A).

To evaluate the clinical relevance of these findings, plasma
samples from patients with MASLD and healthy controls were
analyzed. In line with the animal studies, MASLD patients
exhibited significantly lower circulating BHB levels compared to
healthy individuals (Fig. 7W).

Moreover, HFD-fed mice developed notable cardiac systolic
dysfunction, including reduced EF% and FS% (Fig. SSB—S5D).
BHB treatment significantly improved these cardiac parameters,
restored the forward-to-reverse flow ratio, and normalized the
aortic outflow tract internal diameter ratio (Fig. SSE—S5H).

Collectively, these findings indicate that BHB ameliorates
obesity-related metabolic dysfunctions by enhancing adipose tis-
sue function, promoting MLC formation in BAT, preventing
adipocyte hypertrophy, facilitating lipid clearance, and alleviating
hepatic lipotoxicity and cardiac dysfunction. Together, these
multifaceted benefits underscore the therapeutic potential of BHB
in treating obesity-associated MASLD and related metabolic
disorders.

To further elucidate the role of hepatic HADHA in regulating
BAT MLC formation under cold exposure, obesity was induced in
mice via a 12-week HFD. Mice were then administered an adeno-
associated virus serotype 8 (AAVS) vector encoding HADHA
shRNA to specifically knock down hepatic HADHA. During a
subsequent 20-day cold exposure period, mice received BHB
treatment (100 mg/kg) (Supporting Information Fig. S6A). Effi-
cient hepatic HADHA knockdown was confirmed (Fig. S6B and
S6C).

Electron microscopy showed that HFD feeding reduced MLC
formation in BAT, whereas cold exposure markedly enhanced
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Figure 6 BHB modulates RAB10-PLINS interaction to promote mitochondrial lipid droplet contacts. (A) Co-localization of mCherry-RAB10
with HIS-PLINS in brown adipocytes detected by immunofluorescence. n = 6 in each group. (B) Brown adipocytes were transfected with Flag-
RAB10. Immunoprecipitation (IP) was performed using anti-Flag antibody. IP assay showed that PLIN5 in brown adipocytes interacted with Flag-
RABI10. n = 3 in each group. (C) Brown adipocytes were transfected with HIS-PLINS. Immunoprecipitation (IP) was performed using anti-HIS
antibody. IP assay showed that RAB10 in brown adipocytes interacted with HIS-PLINS. n = 3 in each group. (D) Diagram of the molecular
docking pattern of PLIN5 with RAB10. (E) Pattern of the molecular docking binding region of PLINS protein and RAB10—BHB complexes.
(F, G) Immunoprecipitation to detect the effect of BHB on PLINS interaction with RAB10 in brown adipocytes. n = 3 in each group. (H, I) After
knockdown of PLINS in brown adipocytes, changes in mitochondrial and lipid droplet effects of BHB on brown adipocytes were detected by
Mitotracker and BODIPY staining. n = 15 in each group. (J) C12 and mitochondria were stained with Mitotracker Green or lipid droplets were
stained with BODIPY. Statistics of FAs localization to mitochondria or FAs localization to LDs. n = 15—16 in each group. (K, L) Raw images
and statistics of mitochondrial respiration assay in mature brown adipocytes. n = 3 in each group. Scale bar: 10 um. Statistical analysis was
performed with one-way ANOVA. **P < 0.01 vs. NC, ¥P < 0.01 vs. SINC + BHB (10 mmol/L). Data are presented as mean + SEM.

MLC. This enhancement was significantly attenuated in HADHA-
deficient mice but rescued upon BHB supplementation
(Fig. S6D—S6F). H&E staining of liver and adipose tissues
revealed that cold exposure mitigated HFD-induced hepatic

steatosis and lipotoxicity, effects that were blunted by hepatic
HADHA knockdown but restored with BHB treatment
(Fig. S6G—S6J). Consistently, circulating BHB levels increased
following cold exposure (Fig. S6K).
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Figure 7 BHB promotes mitochondria-lipid droplet contact in brown fat and reduces lipotoxicity in HFD-induced obese mice. (A) Schematic
illustration of the experiment design. (B—D) Electron microscopic observation of mitochondria and lipid droplets in brown adipose tissue of mice
in each group, and on the mitochondria—lipid droplet contact area. And the number of mitochondria in contact with lipid droplets as a percentage
of the total number of mitochondria was counted. n = 3 in each group. Scale bar: 1 or 2 cm. (E—I) Representative images of BAT, iWAT and
eWAT biopsies stained with H&E and adipocyte area size statistics for iWAT, and eWAT. n = 7 in each group. (J, K) Insulin tolerance (ITT) and
glucose tolerance tests (OGTT) were performed on all groups of mice. n = 6 in each group. (L) Statistics of BHB levels in mouse plasma. n = 6
in each group. (M, O) Statistics of free fatty acid (NEFAs), total Cholesterol (TC), and triglyceride (TG) content in mouse plasma. n = 6 in each
group. (P) Correlation analysis of BHB content in mouse plasma with NEFA, TC and TG. n = 24 in each group. (Q, T) Representative images of
live stained with H&E and Oil Red O. n = 7 in each group. Scale bar: 50 um. (R, S) Representative Doppler ultrasound images of the liver and
quantification of the oblique diameter of the right liver lobe. n = 7 in each group. (T) Hepatic TC and TG contents. n = 5 in each group. (U)
Measurement of hepatic FAO capacity. n = 5 in each group. (V) Correlation analysis between hepatic FAO capacity and plasma BHB levels.
n = 20 in each group. (W) Plasma asprosin levels in healthy controls and MASLD patients. n = 30 in each group. Statistical analysis was
performed with one-way ANOVA. **P < 0.01 vs. ND, ***P < 0.001 vs. ND, #P < 0.05 vs. HFD, P < 0.01 vs. HFD. HFD, high-fat diet; ns, no
significant. Data are presented as mean + SEM.
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Furthermore, liver Doppler ultrasound demonstrated improve-
ments in hepatic lipid deposition and decreased oblique diameter
of the right liver lobe upon cold exposure, both of which were
diminished by hepatic HADHA knockdown but reversed by BHB
administration (Fig. S6G—S6)).

These results demonstrate that hepatic HADHA—mediated
BHB production facilitates MLC formation in BAT under cold
exposure, thereby alleviating hepatic steatosis and lipotoxicity.

4. Discussion

The rapid improvement in human living standards has led to
excessive nutrient and energy intake, driving a global surge in
metabolic diseases. These conditions, including obesity, T2D, and
MASLD, present substantial health challenges. A key pathological
feature of these disorders is the ectopic lipid storage resulting
from energy excess, which disrupts metabolic homeostasis* .
Mitochondria play a central role in lipid metabolism by oxidizing
FAs, thereby generating heat or ATP to support cellular activities.
This makes the study of mitochondrial LD dynamics crucial for
understanding lipid homeostasis and addressing metabolic dis-
eases'>. MLC, where LDs and mitochondria interact, enhance
lipid transport efficiency and minimize lipid toxicity, making
MLC regulation a critical research focus.

Brown and beige adipose tissue (BAT) are unique in their
ability to dissipate chemical energy as heat through thermogenic
respiration, offering promising therapeutic targets for metabolic
disorders such as obesity and diabetes*®*’. Cold exposure, a
potent activator of BAT, enhances energy expenditure and im-
proves metabolic profiles by activating §-adrenergic signaling®®.
However, the precise molecular mechanisms underlying these
metabolic benefits remain incompletely understood. In this study,
we identified a novel mechanism by which hepatic BHB drives
MLC formation in BAT under cold exposure. Specifically, we
discovered that BHB directly targets RAB10, a mitochondrial
protein, through its interaction with the GLY-67 residue, as
confirmed by SPIDER, pull-down, CETSA, DARTS, and molec-
ular docking analyses. This interaction facilitates the formation of
the RAB10—PLINS complex, which enhances MLC formation
and promotes lipid utilization via mitochondrial oxidation.

The physiological significance of MLC across tissues has been
a major focus in recent research. For instance, in tumor cells,
hepatic phosphofructokinase phosphorylation enhances the
PLIN2-CPT1A interaction to promote lipid mobilization'®.
Similarly, cardiomyocytes rely on mitochondrial protein MFN2
and LD protein HSC70 to mediate FAs transfer at MLC sites'”. In
skeletal muscle, RAB8A interacts with PLINS to regulate lipid
metabolism in response to AMPK activation®*. BAT-specific MLC
dynamics have been less explored, despite recent discoveries of
PeriDroplet Mitochondria, a subpopulation of mitochondria bound
to LDs that play a critical role in lipid metabolism®’. Our findings
position RAB10 as a key mitochondrial regulator in BAT, inter-
acting with PLINS to mediate MLC formation and lipid utilization
under cold exposure.

PLINS, an LD-associated protein, acts as a molecular switch
for lipid metabolism by facilitating FAs transfer to mitochon-
dria®. Previous studies have shown that PLIN5 interacts with
FATP4 during nutrient deprivation to promote @-oxidation'®.
Small GTPases, such as Rab family proteins, are emerging as key
regulators of intracellular trafficking and organelle interactions’".
RABSA, for instance, regulates MLC formation in skeletal muscle

by interacting with PLIN5**. In BAT, our study highlights RAB10
as a novel BHB-responsive regulator that interacts with PLINS to
form MLC, underscoring a critical pathway for efficient lipid
utilization and thermogenic activation.

Traditionally, ketone bodies like BHB have been considered
mere energy substrates produced during fasting or exercise’®>2.
However, accumulating evidence indicates that BHB also acts as a
signaling molecule, modulating a variety of cellular and metabolic
pathways. It has been shown to inhibit histone deacetylases,
activate G protein—coupled receptors, promote liver regeneration,
and reduce mitochondrial oxidative stress>°. Emerging studies
have linked BHB to novel pathways, such as BHB-amino acid
generation, which regulates hypothalamic signaling and combats
obesity’”. Our findings expand this understanding by demon-
strating that BHB enhances mitochondrial function, reduces lip-
otoxicity, and improves insulin sensitivity in HFD-induced obese
mice. These multifaceted benefits position BHB as a promising
therapeutic agent for metabolic diseases characterized by impaired
BAT function and lipid dysregulation.

The liver plays a central role in systemic energy homeostasis
and serves as the primary site for BHB synthesis via FAO™®. Our
study highlights the critical role of hepatic BHB in modulating
MLC formation in BAT, with hepatic HADHA expression iden-
tified as a key regulatory factor. Conditioned media from hepa-
tocytes overexpressing HADHA enhanced MLC formation in co-
cultured BAT, characterized by smaller LDs, increased FAs traf-
ficking from LDs to mitochondria, and improved mitochondrial
FAO. In contrast, hepatic HADHA knockdown impaired these
processes, which were restored upon BHB supplementation,
thereby confirming the indispensable role of hepatic BHB in
mediating inter-organ metabolic communication. Moreover, clin-
ical data revealed significantly lower plasma BHB levels in
MASLD patients compared to healthy controls, mirroring the
reduction in hepatic FAO capacity observed in HFD-fed mice.
Notably, circulating BHB levels positively correlated with hepatic
FAO capacity, suggesting that BHB may serve as a potential
diagnostic biomarker for MASLD. These findings underscore the
importance of liver—BAT metabolic crosstalk in maintaining lipid
and energy homeostasis, particularly under conditions of meta-
bolic stress such as cold exposure.

Cold exposure activates the hypothalamus, triggering sympa-
thetic nervous system stimulation and subsequent norepinephrine
release®%°. NE-mediated @-adrenergic receptor activation upre-
gulates key enzymes involved in ketogenesis, thereby elevating
systemic BHB levels. Although BHB produced by BAT and other
tissues under cold exposure contributes to MLC regulation within
BAT, this quantitative contribution is likely limited due to tissue-
specific metabolic capacities. The liver remains the primary
source of circulating BHB and plays a dominant role in mediating
its systemic metabolic benefits. Nonetheless, it is still important to
further elucidate whether BHB produced by other tissues
(including BAT) participates in the regulation of MLC or other
metabolic processes.

5. Conclusions

This study establishes BHB as a pivotal mediator linking hepatic
metabolism to BAT function. By promoting MLC formation via
the RAB10—PLINS complex, BHB enhances mitochondrial effi-
ciency and lipid utilization, offering a novel therapeutic avenue for
addressing obesity, MASLD, and related metabolic disorders. Our
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findings highlight the importance of inter-organ communication in
metabolic regulation and suggest potential strategies to leverage
these pathways in combating metabolic diseases.

Limitations of the study While this study provides important
insights into the mechanistic role of BHB in regulating MLC in
mouse BAT, its translatability to human BAT remains uncertain.
Human BAT exhibits significant differences from mouse models in
metabolic activity, thermogenic capacity, and anatomical distri-
bution, which may limit the clinical applicability of these findings.
Furthermore, our study predominantly focuses on hepatic BHB
and BAT, without fully exploring the roles of other metabolically
active organs, such as skeletal muscle or the central nervous
system, in the systemic effects of cold exposure. Future studies
investigating these broader inter-organ interactions and their
contribution to cold-induced metabolic adaptations are essential to
fully elucidate the therapeutic potential of BHB.
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