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Abstract 
Background: Beige adipocytes and browning tissue appear in white adipocyte 
tissue through signal transduction via the brain when individuals are exposed 
to prolonged cold stimulation. In this study, we hypothesized that adipocyte 
browning may occur when mouse adipocytes are directly exposed to cold 
stimulation. Methods: White adipocytes were incubated under direct cold 
stimulation, and gene expression associated with transdifferentiation to beige 
adipocytes was examined. The effects of direct cold stimulation on Ca2+ uptake 
and gene expression were also examined to clarify the initial signal transduc-
tion. Moreover, long-term direct cold stimulation was conducted to examine 
its effects on transdifferentiation. Results: Under direct cold stimulation, gene 
expression associated with transdifferentiation to beige adipocytes was en-
hanced, and Ca2+ uptake occurred, suggesting that white adipocytes possess a 
pathway for changing to browning cells in response to direct cold stimulation 
and Ca2+ uptake relates to the initial signal transduction. Under long-term di-
rect cold stimulation of white adipocytes, the color of the obtained cells was 
brownish, UCP1 and mitochondria content increased, and marker gene ex-
pression (Cited1 and Cd137) and several batokines of beige adipocytes were 
enhanced. These results suggest that long-term cold stimulation induces a 
change from white adipocytes to beige adipose tissue-like cells. 
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1. Introduction 

Brown adipocytes are derived from Myf5+/Sca1+/Pax7+ cells in the dermal mus-
cular layer of dermal precursors. In contrast, beige adipocytes were discovered as 
a novel a new type of thermogenic cell that differentiates from inguinal subcuta-
neous white adipose tissue [1]. Several studies have reported that beige adipocytes 
transdifferentiate from white adipocytes or preadipocytes [2] [3] and can be ob-
tained from MyoD+ [4], smooth muscle-like [5], and PDGFRβ+ neural progeni-
tors [6], suggesting that several beige adipocyte types may be present. 

The characteristics of beige adipocytes are similar to those of brown adipocytes; 
they contain numerous mitochondria expressing uncoupling protein 1 (UCP1), 
which transports protons to the inner side of the inner mitochondrial membrane 
through signal transduction in response to cold stimulation, and the lost potential 
energy due proton transport is converted to non-shivering heat [7]. Cells with low 
mitochondrial potential energy restore the proton concentration gradient to its 
normal state, wherein fat is degraded to acetyl-CoA. Therefore, an increase in 
brown and beige adipocytes in mice and humans with obesity has an excellent 
effect on alleviating overweight [8] [9]. Moreover, batokines secreted by brown 
and beige adipocytes mediate crosstalk with various organs and act as paracrine 
agents to maintain sugar and lipid homeostasis, suggesting that increasing brown 
and beige adipocytes ameliorates metabolic syndrome by not only generating 
non-shivering heat but also through the roles of batokines [10] [11]. 

In humans, very few brown adipocyte precursors are present in older individu-
als, and increasing their levels is difficult [12]. Therefore, increasing beige adipo-
cytes through continuous cold exposure is necessary to ameliorate obesity and 
type 2 diabetes. In cold stimulation pathway signaling, first, the vagus nerve re-
ceives the cold stimulation signal and transmits it to the brain, which then secretes 
adrenaline, which is in turn converted into noradrenaline and binds to the β3-
adrenergic receptor (β3-AR). The signal received by β3-AR activates adenylate 
cyclase, increases cyclic AMP, which activates protein kinase A (PKA), and finally, 
the activated PKA increases the expression of a series of genes, including Pparg, 
PGC1a, and PRDM16 via p38MAPK. PR domain containing 16 (PRDM16) in-
duces browning and increases UCP1, while peroxisome proliferative-activated re-
ceptor gamma coactivator 1 alpha (PGC1α) increases the number of mitochondria 
[13] [14]. Browning in human adipose tissue occurs when cold stimulation at 
17˚C for 1 h is conducted continuously for approximately a month [8] [15]. 

Body temperature in humans is precisely controlled by the central nervous sys-
tem. In contrast, because of insufficient control by the central nervous system in 
mice, their body temperature often changes in response to external temperature. 
Thus, mice are equipped with special supplementary thermogenic systems to pro-
tect the body from damage caused by cold stimulation. For example, UCP1 knock-
out mice generate non-shivering heat through a different pathway [16] [17], 
namely the β3-AR-independent pathway [4] [18] [19]. Given this background, we 
hypothesized that mouse cells may have an auxiliary mechanism to protect cold 
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stimuli and adapt themselves, and sought to verify this hypothesis. As a result, we 
found that long-term direct cold stimulation induces the change from white to 
beige adipose tissue-like cells. 

2. Materials and Methods 
2.1. Reagents and Antibodies 

Ruthenium red (11103-72-3; FUJIFILM Wako Pure Chemical Corporation, Osaka, 
Japan) [20], A967079 (1170613-55-4; TOCRIS Bioscience, Bristol, UK) [21] and 
ionomycin (56092-81-0; FUJIFILM Wako Pure Chemical Corporation) were used 
as ion channel inhibitors and inducers. Ruthenium red was dissolved in distilled 
water, and A967079 and ionomycin were dissolved in dimethyl sulfoxide. The fi-
nal concentrations of ruthenium red, A967079, and ionomycin were 10, 100, and 
200 mM, respectively. Rabbit anti-UCP1 polyclonal antibody (bs-1925R; Thermo 
Fisher Scientific, Waltham, MA, USA), rabbit anti-TRPA1 polyclonal antibody 
(NB110-40763; Novus Biologicals LLC, Centennial, CO, USA), and rabbit anti-
TRPM8 polyclonal antibody (NBP1-97311; Novus Biologicals LLC) were used as 
primary antibodies for immunostaining. Cy3-conjugated anti-rabbit IgG goat an-
tibody (AP132C; Merck, Darmstadt, Germany) was used as the secondary anti-
body.  

2.2. Cell Lines and Media 

3T3-L24 mouse white adipocytes is a cell line obtained by inducing 3T3-L1 mouse 
progenitor cells (ECACC strain cells, EC91031101-F0) into white adipocytes fol-
lowed by isolation [22]. HPA primary human preadipocytes derived from subcu-
taneous adipocytes were obtained from ScienCell Research Laboratories (7220; 
Carlsbad, CA, USA) and induced to HA human white adipocytes using preadipo-
cyte differentiation medium (ScienCell Research Laboratories; 7221). 3T3-L24 
and HA adipocytes underwent 2-weeks passaging culture at 37˚C before use. 

Dulbecco’s Minimum Essential Medium and Minimum Essential Medium Ea-
gle (modified) with Earle’s salts (MP Biomedicals Inc., IIIkirch, France) adjusted 
to pH 7.0 were respectively mixed with fetal bovine serum (A5256701; Thermo 
Fisher Scientific, Waltham, MA, USA) at a ratio of 9:1, and penicillium-strepto-
mycin solution (168-23191; FUJIFILM Wako Pure Chemical Corporation) was 
added at a final concentration of 25 μg/mL. These media are hereafter referred to 
as DMEM and MEM, respectively. 

2.3. Measurement of Gene Expression by qPCR 

An RNeasy Lipid Mini Kit (74804; Qiagen, Hilden, Germany) was used for mRNA 
purification, and cDNA was synthesized using a QuantiTect Reverse Transcrip-
tion Kit (205311; Qiagen). qPCR was performed with the obtained cDNA using a 
Rotor-Gene device (Qiagen). Commercially available QuantiTect Primer Assays 
(Qiagen) were used as DNA primers for qPCR. The reaction solution comprised 
a Rotor-Gene SYBR Green PCR Kit (204443; Qiagen). Reactions were performed 
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for at least 50 cycles of 95˚C for 5 s and 65˚C for 30 s according to the manufac-
turer’s instructions. β-actin was used as a standard for Ct values, and ΔΔCt values 
were calculated using the ΔCt values of control cells. The DNA primers used in 
this study are shown in Table 1. 

 
Table 1. Primers used in this study. 

(1) Mouse primers    

Symbol Official name Entrez Gene ID Gene Globe ID 

Actb Actin, beta 1146 QT00095242 

Prdm16 PR domain containing 16 70673 QT00148127 

Ucp1 Uncoupling protein 1 22227 QT00097300 

Pgc1a Peroxisome activated receptor, gamma, coactivator 1 alpha 19017 QT00156303 

Cidea Cell death-inducing DNA fragment factor, alpha subunit-like effect 12683 QT00095249 

Cox8b Cytochrome C oxidase subunit VIIIb 12869 QT00100366 

Cdk5 Cyclin-dependent kinase 5 12568 QT00164031 

Cebpa CCAAT/enhancer binding protein (C/EBP), alfa 12606 QT00311731 

Pparg Peroxisome proliferator activated receptor gamma 19016 QT00100296 

Fabp4 Fatty acid binding protein 4, adipocyte 117760 QT00091532 

Zfp516 Zinc finger protein 516 329003 QT01059324 

Cited 1 
Cbp/p300-interacting trans-activator with Glu/Asp-rich carboxy-terminal 
domain 

12706 QT01059261 

Tnfrfs9 Tumor necrosis factor receptor superfamily, member 9 21942 QT00147266 

Fst Follistatin 14313 QT00105483 

Igf1 Insulin-like growth factor 1 16000 QT00154469 

Fgf21 Fibroblast growth factor 21 56636 QT00132202 

Il6 Interleukin 6 16193 QT00098875 

Trpa1 Transient receptor potential cation channel, subfamily A, member 1 277328 QT00133791 

Trpm8 Transient receptor potential cation channel, subfamily M, member 8 171382 QT00137256 

(2) Human primers    

Symbol Official name Entrez Gene ID Gene Globe ID 

ACTB Actin, beta 60 QT01680476 

PRDM16 PR domain containing 16 63976 QT00016975 

UCP1 Uncoupling protein 1 7350 QT01670641 

CIDEA Cell death-inducing DNA fragment factor, alpha subunit-like effect 1149 QT00038192 

PGC1A Peroxisome proliferative activated receptor, gamma, coactivator 1 alpha 10891 QT00095578 

PPARG Peroxisome proliferator activated receptor gamma 5468 QT00029841 

CEBPA CCAAT/enhancer binding protein (C/EBP), alfa 1050 QT00203357 

https://doi.org/10.4236/jbm.2026.146021


N. Shiomi et al. 
 

 

DOI: 10.4236/jbm.2026.146021 320 Journal of Biosciences and Medicines 
 

2.4. Short-Term Direct Cold Stimulation 

3T3-L24 adipocytes (1 × 105 cells/flask) and HA human adipocytes (4 × 104 
cells/well) were seeded into 25 cm2-culture flasks containing 5 mL DMEM and 6-
well plates containing 4 mL MEM, respectively, and cultured at 37˚C for 2 days. 
The respective medium was quickly changed to medium at 37˚C and 15˚C, and 
incubated for 1 h in an incubator set at 37˚C and 15˚C, respectively. After incu-
bation, the cells were washed once with phosphate-buffered saline (PBS), detached 
using 0.25% trypsin, and collected by centrifugation (800 × g, 3 min). Thereafter, 
mRNA was immediately extracted to examine gene expressions by qPCR. All so-
lutions used for cell collection were preheated at 37˚C, and the operation was per-
formed on aluminum plates (WakenBtech, Kyoto, Japan) at 37˚C and room tem-
perature (30˚C) within 15 min. 

The amount of NADH per cell, which corresponds to mitochondrial activity, 
was measured using a Cell Counting Kit 8 (341-07761; FUJIFILM Wako Pure 
Chemical Corporation), according to the manufacturer’s instructions. Briefly, 
10,000 cells were inoculated into a 96-well plate containing 0.1 mL of DMEM and 
attached for 16 h through incubation. Subsequently, the medium was replaced 
with 0.1 mL DMEM containing 10 μL CCK-8 solution at 15˚C, and the plate was 
incubated at 15˚C. The plates were sequentially removed from the incubator at 0, 
45, 90, and 120 min, and absorbance was measured at 450 nm. The total cell num-
ber was determined using a cell counter (WC2-100; WakenBtech) after the cells 
were detached with 0.25% trypsin and collected using centrifugation. The increase 
in the percentage absorbance per cell at 45, 90, and 120 min relative to that of the 
control cells (0 min) was calculated. 

2.5. Effect of Direct Cold Stimulation on Calcium Ion Uptake 

Calcium ion (Ca2+) uptake in response to direct cold stimulation was examined 
using a Calcium Kit-Fluo4 (348-91281; FUJIFILM Wako Pure Chemical Corpo-
ration). Briefly, 3T3-L24 cells (2 × 104 cells) were attached by 16 h of incubation 
at 37˚C in a glass bottom dish (D141400; Matsunami Glass, Osaka, Japan) con-
taining 2 mL DMEM and precultured in loading buffer (20 mM HEPES, 115 mM 
NaCl, 5.4 mM KCl, 0.8 mM MgCl2, 1.8 mM CaCl2, 13.8 mM glucose, pH 7.6, 1.25 
mM probenecid, 0.04% of 5% pluronic F-127, and 50 μL Flo4-AM solution) for 1 
h at 37˚C. After the sample was placed in the insulation device set on an EVOS® 
FL Auto Cell Imaging System (Thermo Fisher Scientific, Massachusetts, USA), the 
cells were washed with 2 mL of recording buffer (loading buffer without Flo4-
AM) at 37˚C. Thereafter, the buffer was replaced with recording buffer at 37˚C, 
recording buffer containing 5 μM ionomycin at 37˚C, recording buffer at 15˚C, 
and recording buffer without Ca2+ at 15˚C, and the fluorescence intensity was 
measured every 10 s. For the inhibition experiments, the cells were precultured 
with loading buffers containing 10 μM ruthenium red or A97079 at 37˚C for 1 h, 
and recording medium containing 10 μM ruthenium red or A967079 at 15˚C was 
used for fluorescence intensity analysis. 

https://doi.org/10.4236/jbm.2026.146021


N. Shiomi et al. 
 

 

DOI: 10.4236/jbm.2026.146021 321 Journal of Biosciences and Medicines 
 

Next, immunostaining of transport receptor potential ankyrin 1 (TRPA1) and 
transport receptor potential melastatin 8 (TRPM8) was conducted. Briefly, the 
cells cultured in glass bottom dishes were washed twice with 2 mL PBS solution, 
fixed in phosphate buffer containing 4% formaldehyde for 10 min, washed thrice 
with PBS solution, incubated with PBS solution containing 0.2% TritonX-100 for 
10 min, and washed thrice with PBS solution. Subsequently, the sample was 
blocked with PBS containing 1% BSA for 1 h and washed thrice with PBS solution. 
Next, rabbit anti-TRPA1 and anti-TRPM8 polyclonal antibody solutions diluted 
to 1/200 volume in PBS containing 0.1% albumin were added to the pretreated 
cells, which were then incubated for 1 h at 30˚C and washed four times with PBS. 
Thereafter, secondary antibody (Cy3-conjugated anti-rabbit IgG goat polyclonal 
antibody) solution diluted to 1/500 volume in PBS solution containing 0.1% albu-
min was incubated at 30˚C for 1 h and washed four times with PBS solution. The 
cells were then observed for fluorescence intensity using an EVOS® FL Auto Cell 
Imaging System. 

Next, the effect of Ca2⁺ uptake on gene expression was assessed. Briefly, 3T3-
L24 cells (1 × 105 cells) were cultured in 24-well plates at 37˚C for 16 h, after which 
the cells were replaced with recording medium and Ca2+-free recording medium 
(recording medium without Ca2+) and incubated for 30 s at 15˚C; these were re-
placed with 5 mL DMEM at 37˚C and incubated at 37˚C for 1 h. Subsequently, 
the resulting cells were rapidly collected, mRNA was extracted, and gene expres-
sion was analyzed using qPCR. 

2.6. Long-Term Direct Cold Stimulation 

Preliminary experiments showed that gene expression after short-term cold stim-
ulation at 15˚C for 1 hour was maintained for more than a day, so this was re-
peated for long-term cold stimulation. 3T3-L24 adipocytes (5 × 104 cells/flask) 
cultured in 25-cm2 culture flasks were replaced with 5 mL DMEM at 15˚C, main-
tained for 1 h in an incubator, and then replaced with 5 mL DMEM at 37˚C for 23 
h. This cold stimulation procedure was repeated for 5 days, and on the fifth day, 
the cold-stimulated cells were collected, and mRNA was extracted from a portion 
of the cells in the same manner as that for short-term direct cold stimulation. The 
rest of the cells (5 × 104 cells) were inoculated into 25-cm flasks containing 6 mL 
DMEM and cultured at 37˚C for 2 days. Long-term direct cold stimulation with 
one cycle of 7 days was continued for 4 weeks. 

2.7. Characteristics of Long-Term Cold-Stimulated Cells 

Long-term cold-stimulated cells were collected weekly, mRNA was extracted, and 
gene expression was analyzed by qPCR, according to the previously described 
method. Cells subjected over 2 weeks of long-term direct cold stimulation and 
3T3-L24 white adipocytes were cultured for 16 h at 37˚C in 35-mm glass bottom 
dishes containing 4 mL DMEM, and cell color, mitochondrial content, and UCP1 
expression were evaluated. Cell color was observed under an optical microscope 
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(EVOS® FL Auto Cell Imaging System). For UCP1 immunostaining, rabbit anti-
UCP1 polyclonal antibody was used, and immunostaining was conducted simi-
larly to that of TRPA1. For fluorescent mitochondrial staining, cells in 35-mm 
glass bottom dishes were fixed in 3.7% formamide in PBS for 30 min, washed with 
PBS, incubated in Molt View Green solution (100 nM Molt View Green in PBS) 
for 30 min, washed with PBS, and Molt View Green-stained cells were observed 
for fluorescence intensity using the EVOS® FL Auto Cell Imaging System. 

NADH amounts in beige and white adipocytes were measured using a Cell 
Counting Kit 8 as a measure of mitochondrial activity. Briefly, 5,000 cells were 
seeded in 96-well plates, and 3 h later, the medium was replaced with 100 μL 
DMEM containing 10 μL CCK-8, and after 2 h of incubation at 37˚C, absorbance 
at 450 nm was measured. Glucose uptake rate was measured using a Glucose Up-
take Cell-Based Kit (600470; Cayman Chemical, Ann Arbor, MI, USA). Briefly, 
cells (3 × 104) were inoculated in 96-well plates and cultured in 100 μL DMEM for 
16 h, after which the medium was replaced with 100 μL DMEM containing 2 
μg/mL insulin and 1/100 volume μL of Cell Base Assay NDB Glucose (Cayman 
Chemical), and incubated for 1 h at 37˚C. After washing twice with 100 μL Cell 
Base Assay Buffer (Cayman Chemical), fluorescence (485/538 nm) was measured. 

2.8. Statistical Analysis 

More than three independent experiments were performed to confirm the repro-
ducibility of the results (the total independent experiments number is indicated 
as n). For statistical evaluation, p-value based on a two-tailed Student’s t-test were 
calculated using KaleidaGraph software (HULINKS Inc., Tokyo, Japan). Results 
with a p-value greater than 0.05 are not shown in the figures. To determine relative 
fluorescence intensity, several fluorescence micrographs were obtained under the 
same imaging conditions as those of the controls, and the fluorescence intensities 
of approximately 60 - 100 cells were calculated and compared using ImageJ soft-
ware (NIH, Bethesda, MD, USA). 

3. Results and Discussion 
3.1. Effect of Short-Term Direct Cold Stimulation on Gene 

Expression Related to Beige Adipocyte 

The effects of direct short-term cold stimulation on the gene expression were ex-
amined. Figure 1(a) and Figure 1(b) show the ratio of gene expression in 3T3-
L24 white adipocytes exposed to 1 h of direct cold stimulation at 15˚C relative to 
that in 3T3-L24 cells cultured at 37˚C (control cells). Specific beige adipocyte 
genes (Ucp1 and Prdm16), genes associated with the amounts of mitochondria 
(PGC1a, Cider, Cdk5, and Cox8b), and browning induction genes (Cebpα, Pparg, 
Fabp4, and Zfb516) were used as marker genes [23] [24]. The average expression 
values of specific beige adipocyte genes and genes associated with the amount of 
mitochondria in cells exposed to direct cold stimulation were approximately 5–
10-fold higher than those in control cells (Figure 1(a)). Moreover, in the cells ex-
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posed to direct cold stimulation, Pparg and Zfp516 genes [25] [26], which are the 
most important genes for initial induction to beige adipocyte, were upregulated 
relative to those in control cells (Figure 1(b)). Figure 1(c) shows the increased 
NADH per cell when cells were exposed to direct cold stimulation at 15˚C, and 
the value corresponds to mitochondrial activity. A 15% increase occurred during 
2 h of direct cold stimulation. These results suggest that direct cold stimulation of 
white adipocytes may activate a signaling pathway that induces beige adipocytes. 

 

 
Figure 1. Effects of direct cold stimulation for 1 h at 15˚C on gene expression related to differentiation into 
beige adipocytes. Ratio of gene expression in 3T3-L24 adipocytes incubated at 15˚C for 1 h to that of those 
incubated at 37˚C for 1 h (mean ± SD, n = 6 - 9) of beige adipocyte marker genes (a) and initial induction 
and maintenance factors of beige adipocytes (b). (c) Increased ratio of the amount of NADH in 3T3-L24 
adipocytes incubated at 15˚C to those incubated at 37˚C (mean ± SD, n = 5). (d) Ratio of gene expression 
of HA adipocytes incubated at 15˚C for 1 h to those incubated at 37˚C for 1 h (mean ± SD, n = 5 - 6). 

 
Whether this pathway is present in human cells was examined. Figure 1(d) 

shows the ratio of gene expression in human HA white adipocytes exposed to 1 h 
of direct cold stimulation at 15˚C to that in HA cells cultured at 37˚C (control 
cells). In the case of human HA white adipocytes, the expression of genes related 
to direct cold stimulation at 15˚C varied but did not significantly increase (p > 
0.05). Thus, the response mechanism to short-term direct cold stimulation differs 
between human and mouse adipocytes. 

3.2. Involvement of Ca2⁺ in the Signaling Response to Short-Term 
Direct Cold Stimulation 

Next, the mechanism of the signaling response to short-term direct cold stimula-
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tion in mouse adipocytes was examined. Studies have reported an increase in Ca2+ 
when adipocytes or progenitor adipocytes change to brown adipocytes [27], and 
TRPA1 and TRPM8, which are activated at temperatures below around 20 and 
10˚C, respectively, are present in vagus nerve cells and take up Ca2+ for activation 
[28]. Based on these findings, we surmised that a small number of TRP channels 
may be present in mouse adipocytes, and these channels take up Ca2+ in response 
to direct cold stimulation. 

First, the relationship between direct cold stimulation and Ca2+ uptake by TRP 
channels was examined. Figure 2(a) shows the amount of Ca2+ influx when 3T3-
L24 adipocytes were incubated with recording buffer solutions containing iono-
mycin, ruthenium red, and A967079 at 15˚C for 10 s; an increase in Ca2+ results 
in green fluorescence. Figure 2(b) shows the average fluorescence intensity cal-
culated from the experiment shown in Figure 2(a) using ImageJ software. At 
37˚C, a small amount of Ca2+ influx was observed even after 4 min (sample A), 
but at 15˚C, much Ca2+ influx occurred within 10 s (sample D), and the amount  

 

 
Figure 2. Involvement of Ca2+ in signaling in short-term direct cold stimulation. (a) Fluorescence micrographs of cells uptaking 
Ca2+ at 10 s. (b) Relative fluorescence intensity calculated from several images (mean ± SD, n = 80–100). (A) Recording medium at 
37˚C (negative control); (B) Recording medium + ionomycin at 37˚C (positive control); (C) Recording medium without Ca2+ at 
15˚C; (D) Recording medium with Ca2+ at 15˚C; (E) Recording medium with Ca2+ + ruthenium red at 15˚C; (F) Recording medium 
with Ca2+ + A967079 at 15˚C. (c) Immunostaining of 3T3-L24 adipocytes using anti-TRPA1 and anti-TRPM8 antibodies. (d) Ratio 
of the gene expression of 3T3-L24 adipocytes incubated in a solution without Ca2+ at 15˚C for 30 s to those incubated in a solution 
with Ca2+ at 15˚C for 30 s (mean ± SD, n = 5 - 7). 

https://doi.org/10.4236/jbm.2026.146021


N. Shiomi et al. 
 

 

DOI: 10.4236/jbm.2026.146021 325 Journal of Biosciences and Medicines 
 

reached levels approximately similar to those of the positive control (sample B). 
In contrast, a small amount of influx was observed even in the case of direct cold 
stimulation at 15˚C with recording solution without Ca2+ (sample C), suggesting 
that the increase in Ca2+ at 15˚C was not only due to uptake from outside the cells 
but also due to efflux from the intracellular smooth endoplasmic reticulum. More-
over, Ca2+ influx was strongly suppressed when ruthenium red, a TRP channel 
inhibitor, was added and incubated at 15˚C for 10 s (sample E), and when A967079, 
a specific TRPA1 channel inhibitor, was added, Ca2+ influx was suppressed to ap-
proximately 20% of that without A967079 addition (sample F). These results sug-
gest that Ca2+ is most likely primarily taken up into the cell by several TRP chan-
nels, including TRPA1 channels. Moreover, whether TRPA1 and TRPM8 were 
present on the cell surface was examined. Figure 2(c) shows the results of im-
munostaining of mouse white adipocytes using anti-TRPA1 and anti-TRPM8 an-
tibodies. While TRPA1 and TRPM8 expression was low, TRPA1 was shown to be 
slightly expressed. 

Next, we examined whether Ca2+ influx into the cells caused increased gene ex-
pression. 3T3-L24 adipocytes were subjected to direct cold stimulation at 15˚C for 
30 s with Ca2+-free buffer and Ca2+-containing buffer, which were replaced with 
DMEM for 1 h at 37˚C, and gene expression levels were compared. Figure 2(d) 
shows the ratio of gene expression in cold-stimulated cells with the buffer without 
Ca2+ at 15˚C to that in cold-stimulated cells with the buffer containing Ca2+ at 
15˚C. Pparg and Zfp516 gene expression in cells treated with Ca2+-free buffer was 
significantly downregulated, whereas a reduction in the expression of the other 
genes was observed but was not significant. Direct cold stimulation at 15˚C may 
not have resulted in a predominant difference in gene expression ratios because a 
small amount of Ca2+ is secreted from intracellular organelles. In summary, alt-
hough the detailed mechanism is still unclear, short-term direct cold stimulation 
likely causes Ca2+ uptake via TRP channels, which in turn induces genes such as 
Pparg and Zfp516. 

3.3. Change from White Adipocytes to Beige Adipose Tissue-Like 
Cells by Long-Term Direct Cold Stimulation 

Finally, we investigated whether prolonged direct cold stimulation induces a 
change to beige adipose tissue-like cells. Since cell browning and UCP1 protein 
expression could not observed following only one cycle of direct cold stimulation, 
repeated long-term direct cold stimulation (1 h of direct cold stimulation at 15˚C 
once a day for 5 days, followed by an interval of 2 days of incubation at 37˚C after 
the cells were transplanted) was conducted. Figure 3(a) shows the ratio of Cited1 
and Tnfrfs9 (Cd137) gene expression in 3T3-L24 adipocytes exposed to long-term 
direct cold stimulation to that of 3T3-L24 cells cultured at 37˚C (control). Cited1 
and Tnfrfs9 are marker genes specifically expressed in beige adipocytes [23] [24]. 
Figure 3(b) shows the average expression levels of these genes in long-term cold-
stimulated cells from week 2 to week 4. The expression values of Cited1 and 
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Tnfrfs9 genes gradually increased with long-term direct cold stimulation, almost 
reaching their maximum after 2 weeks of culture. The average expression values 
(2 - 4 weeks) of Cited1 and Tnfrfs9 in cells exposed to long-term direct stimulation 
were 1.2 × 105- and 7.4-fold higher than those in the control. The strain of cells 
obtained following long-term cold stimulation for more than 2 weeks was desig-
nated 3T3-Beige (Figure 3(c)). The color of 3T3-Beige cells was more brownish 
than that of 3T3-L24 adipocytes (photos A and B) and dark brown spots were 
observed after more than 3 weeks of culture (photo C). 

 

 
Figure 3. Effects of long-term direct cold stimulation on a change of 3T3-L24 adipocytes. (a) Ratio of gene expression of 3T3-L24 
adipocytes incubated at 15˚C for 1 h to those incubated at 37˚C during long-term direct cold stimulation (n = 3). (b) Gene expression 
ratio averaged from week 2 to week 4 in Figure 3(a) (mean ± SD, n = 3). (c) Micrographs of 3T3-L24 adipocytes (A), 3T3-Beige 
cells (B), and brown spots observed in cells cultured by long-term direct cold stimulation (C). 
 

Moreover, the characteristics of 3T3-Beige cells and 3T3-L24 white adipocytes 
were compared. Figure 4(a) shows the results of UCP1 protein immunostaining 
and fluorescent staining of mitochondria with anti-UCP1 antibody and Molt 
View Green; UCP1 and mitochondria emitted red and green fluorescence, respec-
tively. Figure 4(b) shows their fluorescence levels calculated from several images 
of the experiments shown in Figure 4(a) using ImageJ software. The amounts of 
UCP1 and mitochondria in 3T3-Beige cells were approximately 1.4- and 1.3-fold 
higher than those in 3T3-L24 cells, respectively. 

The mitochondrial activity and glucose uptake rates were also compared (Fig-
ure 4(c) and Figure 4(d)). The amount of NADH, corresponding to mitochon-
drial activity, in 3T3-Beige cells increased by approximately 1.8-fold, and glucose 
uptake also increased by approximately 1.7-fold. In addition, we investigated 
whether 3T3-Beige cells produced the four typical batokines, i.e., fibroblast 
growth factor 21 (fgf21), insulin-like growth factor 1 (Igf1), follistatin (Fst), and 
interleukin-6 (IL-6) [10] [11]. Figure 4(e) shows the ratio of the gene expression 
of batokines in 3T3-Beige cells to that in 3T3-L24 adipocytes. Significant Fgf21 
and Igf1 upregulation was observed, approximately 6- and 42-fold on average,  
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Figure 4. Characteristics of 3T3-Beige cells. (a) Comparison of UCP1 and mitochondria amounts in 3T3-L24 adipo-
cytes and 3T3-Beige cells. Fluorescence staining of UCP1 and mitochondria with anti-UCP1 antibody and MoltVeiw 
Green. (b) Relative fluorescence values calculated from images of the experiments shown in Figure 4(a) using ImageJ 
software. (c) Amount of NADH in 3T3-L24 adipocytes and 3T3-Beige cells measured by using a Cell Counting Kit 8 
(mean ± SD, n = 9). (d) Glucose uptake in 3T3-L24 adipocytes and 3T3-Beige cells measured using a Glucose Uptake 
Cell-Based Kit (mean ± SD, n = 7). (e) Ratio of batokine gene expression in 3T3-Beige cells to those in 3T3-L24 
adipocytes (mean ± SD, n = 5 - 7). 

 
whereas no increase in gene expression was observed in Fst1 and Il-6, which are 
induced by adrenergic receptors. These results indicate that 3T3-Beige cells pos-
sess properties very similar to beige adipocytes, and that prolonged direct cold 
stimulation can induce a change from white adipocytes to beige adipose tissue-
like cells. 

4. Discussion 

In this study, based on our hypothesis that mouse adipocytes may possess a pre-
viously unknown pathway to adapt to direct cold stimulation, a study to verify the 
hypothesis was conducted. We first examined gene expression when mouse white 
adipocytes were subjected to direct cold stimulation at 15˚C for 1 h and found that 
gene expression for transdifferentiation into beige adipocytes was induced. We 
further examined the effects on long-term direct cold stimulation and revealed 
that white adipocytes changed to the beige adipose tissue-like cell after 2 weeks of 
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direct cold stimulation. Recent studies using knockout mice clarified that mice 
have several auxiliary thermogenic systems in response to cold stimulation. Inci-
dentally, a pathway to generate non-shivering thermogenesis without using UCP1 
has been identified [16] [17], and several β3-AR-independent pathways, such as 
the pathway for beige adipocyte differentiation from MyoD+ progenitor adipo-
cytes [4], the pathway via the adenosine A2A receptor [18], and the pathway via 
mineralocorticoid receptor [19], have also been identified. However, few studies 
on direct cold stimulation have been conducted, and our finding that direct cold 
stimulation induces the change to beige adipose tissue-like cells is novel and re-
markable. 

Next, the mechanism of this cold stimulation response was examined, and we 
found that a few TRP channels are present on the surface of mouse white adipo-
cytes, and Ca2+ uptake in response to direct cold stimulation occurred, enhancing 
the gene expression of the initial factors inducing beige adipocytes, such as Pparg 
and Zfp516. Several studies have suggested a relationship between Ca2+ and 
browning. For example, Ca2+ transport in brown adipose tissue [27] and muscle 
[29] have been shown to activate sarcoplasmic reticulum ATPase to promote non-
shivering thermogenesis. In addition, the UCP1-independent thermogenic mech-
anism in beige adipocytes is reportedly dependent on SDRCA2b and Ca2+ cycling 
[30]. Furthermore, FGF21 signaling markedly increases intracellular Ca2+ levels 
and induces white adipose tissue browning [31] [32]. Collectively, these studies 
corroborate our results that Ca2+ influx in response to direct cold stimulation in-
duces browning. 

Finally, we clarified the characteristics of the beige adipose tissue-like cells 
(3T3-Beige) obtained by long-term direct cold stimulation. The amounts of UCP1 
and mitochondria in 3T3-Beige cells were approximately 40% and 30% higher 
than those in 3T3-L24 white adipocytes, with a concomitant increase in mitochon-
drial activity and glucose metabolism rate. Although these increased amounts 
were much less than those of brown adipocytes [33], they were similar to those in 
3T3-BA1 beige adipose tissue-like cells induced using Kikyo extract in a previous 
study [34]. The change to beige adipose tissue-like cells is solely caused by an in-
crease in cellular components, such as PRDM16, UCP1, and PGC1α, due to sus-
tained expression; therefore, we believe it is a reversible change, not a differentia-
tion. Moreover, batokine gene expression in the 3T3-Beige cells was examined, and 
an increased Fgf21 and Igl1 expression was observed, although a small increase in 
Fst1 and IL6 expression was observed. Batokines are secreted from brown adipose 
tissue and are known to play a role in paracrine crosstalk with other organs [10] 
[11]. Since FGF21 plays a role in releasing excess energy as heat, this suggests that 
3T3-Beige beige adipose tissue-like cells promote heat generation through FGF21. 

The limitations of this study are as follows: 1) Identifying beige adipocytes is 
difficult because various types have been proposed. 3T3-Beige cells express the 
most important beige cell marker genes and several batkine genes, but further re-
search is needed to determine whether they are beige adipocytes. 2) In this study, 
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it was thought that Ca2+ uptake is involved in the browning of 3T3-L24 adipocytes. 
Several reports have pointed to a relationship between browning and calcium 
ions, but the mechanism is not yet clear, so it is necessary to clarify the mechanism 
in the future. 

5. Conclusion 

This study revealed that direct cold stimulation in mouse cells increases gene ex-
pression that induces differentiation into beige adipocytes, and that prolonged di-
rect cold stimulation causes white adipocytes to brown and become beige adipo-
cyte-like cells. These results suggest the existence of a novel pathway in mice that 
responds to direct cold stimulation. 

Funding 

This study was supported by an educational and research grant from the Faculty 
of Human Sciences, Kobe College. 

Availability of Data and Materials 

The datasets generated during and/or analysed during the current study are avail-
able from the corresponding author on reasonable request. 

Conflicts of Interest 

The authors declare no conflicts of interest regarding the publication of this paper. 

References 
[1] Wu, J., Boström, P., Sparks, L.M., Ye, L., Choi, J.H., Giang, A., et al. (2012) Beige 

Adipocytes Are a Distinct Type of Thermogenic Fat Cell in Mouse and Human. Cell, 
150, 366-376. https://doi.org/10.1016/j.cell.2012.05.016 

[2] Rocha, A.L., Guerra, B.A., Boucher, J. and Mori, M. (2021) A Method to Induce 
Brown/Beige Adipocyte Differentiation from Murine Preadipocytes. Bio-Protocol, 
11, e4265. https://doi.org/10.21769/bioprotoc.4265 

[3] Barbatelli, G., Murano, I., Madsen, L., Hao, Q., Jimenez, M., Kristiansen, K., et al. 
(2010) The Emergence of Cold-Induced Brown Adipocytes in Mouse White Fat De-
pots Is Determined Predominantly by White to Brown Adipocyte Transdifferentia-
tion. American Journal of Physiology-Endocrinology and Metabolism, 298, E1244-
E1253. https://doi.org/10.1152/ajpendo.00600.2009 

[4] Chen, Y., Ikeda, K., Yoneshiro, T., Scaramozza, A., Tajima, K., Wang, Q., et al. (2019) 
Thermal Stress Induces Glycolytic Beige Fat Formation via a Myogenic State. Nature, 
565, 180-185. https://doi.org/10.1038/s41586-018-0801-z 

[5] Long, J.Z., Svensson, K.J., Tsai, L., Zeng, X., Roh, H.C., Kong, X., et al. (2014) A 
Smooth Muscle-Like Origin for Beige Adipocytes. Cell Metabolism, 19, 810-820.  
https://doi.org/10.1016/j.cmet.2014.03.025 

[6] Vishvanath, L., MacPherson, K.A., Hepler, C., Wang, Q.A., Shao, M., Spurgin, S.B., 
et al. (2016) Pdgfrβ+ Mural Preadipocytes Contribute to Adipocyte Hyperplasia In-
duced by High-Fat-Diet Feeding and Prolonged Cold Exposure in Adult Mice. Cell 
Metabolism, 23, 350-359. https://doi.org/10.1016/j.cmet.2015.10.018 

https://doi.org/10.4236/jbm.2026.146021
https://doi.org/10.1016/j.cell.2012.05.016
https://doi.org/10.21769/bioprotoc.4265
https://doi.org/10.1152/ajpendo.00600.2009
https://doi.org/10.1038/s41586-018-0801-z
https://doi.org/10.1016/j.cmet.2014.03.025
https://doi.org/10.1016/j.cmet.2015.10.018


N. Shiomi et al. 
 

 

DOI: 10.4236/jbm.2026.146021 330 Journal of Biosciences and Medicines 
 

[7] Zhang, X., Xiao, J., Jiang, M., Phillips, C.J.C. and Shi, B. (2025) Thermogenesis and 
Energy Metabolism in Brown Adipose Tissue in Animals Experiencing Cold Stress. 
International Journal of Molecular Sciences, 26, Article No. 3233.  
https://doi.org/10.3390/ijms26073233 

[8] Yoneshiro, T., Aita, S., Matsushita, M., Kayahara, T., Kameya, T., Kawai, Y., et al. 
(2013) Recruited Brown Adipose Tissue as an Antiobesity Agent in Humans. Journal 
of Clinical Investigation, 123, 3404-3408. https://doi.org/10.1172/jci67803 

[9] Bae, Y. and Cheon, H.G. (2026) Adipocyte Browning: A Promising Avenue in Anti-
Obesity Therapy. International Journal of Molecular Sciences, 27, Article No. 1321.  
https://doi.org/10.3390/ijms27031321 

[10] Villarroya, J., Cereijo, R., Gavaldà-Navarro, A., Peyrou, M., Giralt, M. and Villarroya, 
F. (2019) New Insights into the Secretory Functions of Brown Adipose Tissue. Journal 
of Endocrinology, 243, R19-R27. https://doi.org/10.1530/joe-19-0295 

[11] Yang, F.T. and Stanford, K.I. (2022) Batokines: Mediators of Inter-Tissue Communi-
cation (a Mini-Review). Current Obesity Reports, 11, 1-9.  
https://doi.org/10.1007/s13679-021-00465-7 

[12] Cypess, A.M., Lehman, S., Williams, G., Tal, I., Rodman, D., Goldfine, A.B., et al. 
(2009) Identification and Importance of Brown Adipose Tissue in Adult Humans. 
New England Journal of Medicine, 360, 1509-1517.  
https://doi.org/10.1056/nejmoa0810780 

[13] Cypess, A.M., Weiner, L.S., Roberts-Toler, C., Elía, E.F., Kessler, S.H., Kahn, P.A., et 
al. (2015) Activation of Human Brown Adipose Tissue by a β3-Adrenergic Receptor 
Agonist. Cell Metabolism, 21, 33-38. https://doi.org/10.1016/j.cmet.2014.12.009 

[14] Cao, W., Medvedev, A.V., Daniel, K.W. and Collins, S. (2001) β-Adrenergic Activa-
tion of p38 MAP Kinase in Adipocytes cAMP Induction of the Uncoupling Protein 1 
(UCP1) Gene Requires p38 Map Kinase. Journal of Biological Chemistry, 276, 27077-
27082. https://doi.org/10.1074/jbc.m101049200 

[15] Calvani, R., Leeuwenburgh, C. and Marzetti, E. (2014) Brown Adipose Tissue and the 
Cold War against Obesity. Diabetes, 63, 3998-4000.  
https://doi.org/10.2337/db14-1373 

[16] Ukropec, J., Anunciado, R.P., Ravussin, Y., Hulver, M.W. and Kozak, L.P. (2006) 
UCP1-Independent Thermogenesis in White Adipose Tissue of Cold-Acclimated 
Ucp1-/- Mice. Journal of Biological Chemistry, 281, 31894-31908.  
https://doi.org/10.1016/s0021-9258(19)84104-2 

[17] Meyer, C.W., Willershäuser, M., Jastroch, M., Rourke, B.C., Fromme, T., Oelkrug, R., 
et al. (2010) Adaptive Thermogenesis and Thermal Conductance in Wild-Type and 
UCP1-KO Mice. American Journal of Physiology-Regulatory, Integrative and Com-
parative Physiology, 299, R1396-R1406. https://doi.org/10.1152/ajpregu.00021.2009 

[18] Gnad, T., Scheibler, S., von Kügelgen, I., Scheele, C., Kilić, A., Glöde, A., et al. (2014) 
Adenosine Activates Brown Adipose Tissue and Recruits Beige Adipocytes via A2A 
Receptors. Nature, 516, 395-399. https://doi.org/10.1038/nature13816 

[19] Armani, A., Cinti, F., Marzolla, V., Morgan, J., Cranston, G.A., Antelmi, A., et al. 
(2014) Mineralocorticoid Receptor Antagonism Induces Browning of White Adipose 
Tissue through Impairment of Autophagy and Prevents Adipocyte Dysfunction in 
High-Fat-Diet-Fed Mice. The FASEB Journal, 28, 3745-3757.  
https://doi.org/10.1096/fj.13-245415 

[20] Griffiths, E.J. (2000) Use of Ruthenium Red as an Inhibitor of Mitochondrial Ca2+ 
Uptake in Single Rat Cardiomyocytes. FEBS Letters, 486, 257-260.  

https://doi.org/10.4236/jbm.2026.146021
https://doi.org/10.3390/ijms26073233
https://doi.org/10.1172/jci67803
https://doi.org/10.3390/ijms27031321
https://doi.org/10.1530/joe-19-0295
https://doi.org/10.1007/s13679-021-00465-7
https://doi.org/10.1056/nejmoa0810780
https://doi.org/10.1016/j.cmet.2014.12.009
https://doi.org/10.1074/jbc.m101049200
https://doi.org/10.2337/db14-1373
https://doi.org/10.1016/s0021-9258(19)84104-2
https://doi.org/10.1152/ajpregu.00021.2009
https://doi.org/10.1038/nature13816
https://doi.org/10.1096/fj.13-245415


N. Shiomi et al. 
 

 

DOI: 10.4236/jbm.2026.146021 331 Journal of Biosciences and Medicines 
 

https://doi.org/10.1016/s0014-5793(00)02268-7 

[21] McGaraughty, S., Chu, K.L., Perner, R.J., DiDomenico, S., Kort, M.E. and Kym, P.R. 
(2010) TRPA1 Modulation of Spontaneous and Mechanically Evoked Firing of Spinal 
Neurons in Uninjured, Osteoarthritic, and Inflamed Rats. Molecular Pain, 6, Article 
No. 14. https://doi.org/10.1186/1744-8069-6-14 

[22] Shiomi, N., Maeda, M. and Mimura, M. (2011) Compounds That Inhibit Triglyceride 
Accumulation and TNFα Secretion in Adipocytes. Journal of Biomedical Science and 
Engineering, 4, 684-691. https://doi.org/10.4236/jbise.2011.411085 

[23] Garcia, R.A., Roemmich, J.N. and Claycombe, K.J. (2016) Evaluation of Markers of 
Beige Adipocytes in White Adipose Tissue of the Mouse. Nutrition & Metabolism, 
13, Article No. 24. https://doi.org/10.1186/s12986-016-0081-2 

[24] Pilkington, A.-C., Paz, H.A. and Wankhade, U.D. (2021) Beige Adipose Tissue Iden-
tification and Marker Specificity—Overview. Frontiers in Endocrinology, 12, Article 
ID: 599134. https://doi.org/10.3389/fendo.2021.599134 

[25] Ohno, H., Shinoda, K., Spiegelman, B.M. and Kajimura, S. (2012) PPARγ Agonists 
Induce a White-to-Brown Fat Conversion through Stabilization of PRDM16 Protein. 
Cell Metabolism, 15, 395-404. https://doi.org/10.1016/j.cmet.2012.01.019 

[26] Dempersmier, J., Sambeat, A., Gulyaeva, O., Paul, S.M., Hudak, C.S.S., Raposo, H.F., 
et al. (2015) Cold-Inducible Zfp516 Activates UCP1 Transcription to Promote 
Browning of White Fat and Development of Brown Fat. Molecular Cell, 57, 235-246.  
https://doi.org/10.1016/j.molcel.2014.12.005 

[27] de Meis, L. (2003) Brown Adipose Tissue Ca2+-ATPase: Uncoupled ATP Hydrolysis 
and Thermogenic Activity. Journal of Biological Chemistry, 278, 41856-41861.  
https://doi.org/10.1074/jbc.m308280200 

[28] Qi, Y., Gong, H., Shen, Z., Wu, L., Xu, Z., Shi, N., et al. (2025) TRPM8 and TRPA1 
Ideal Targets for Treating Cold-Induced Pain. European Journal of Medicinal Chem-
istry, 282, Article ID: 117043. https://doi.org/10.1016/j.ejmech.2024.117043 

[29] Periasamy, M., Maurya, S.K., Sahoo, S.K., Singh, S., Reis, F.C.G. and Bal, N.C. (2017) 
Role of SERCA Pump in Muscle Thermogenesis and Metabolism. Comprehensive 
Physiology, 7, 879-890. https://doi.org/10.1002/j.2040-4603.2017.tb00765.x 

[30] Ikeda, K., Kang, Q., Yoneshiro, T., Camporez, J.P., Maki, H., Homma, M., et al. (2017) 
UCP1-Independent Signaling Involving SERCA2b-Mediated Calcium Cycling Regu-
lates Beige Fat Thermogenesis and Systemic Glucose Homeostasis. Nature Medicine, 
23, 1454-1465. https://doi.org/10.1038/nm.4429 

[31] Moyers, J.S., Shiyanova, T.L., Mehrbod, F., Dunbar, J.D., Noblitt, T.W., Otto, K.A., et 
al. (2007) Molecular Determinants of FGF-21 Activity—Synergy and Cross-Talk with 
PPARgamma Signaling. Journal of Cellular Physiology, 210, 1-6.  
https://doi.org/10.1002/jcp.20847 

[32] Fisher, F.M., Kleiner, S., Douris, N., Fox, E.C., Mepani, R.J., Verdeguer, F., et al. 
(2012) FGF21 Regulates PGC-1alpha and Browning of White Adipose Tissues in 
Adaptive Thermogenesis. Genes & Development, 26, 271-281.  
https://doi.org/10.1101/gad.177857.111 

[33] Shinde, A.B., Song, A. and Wang, Q.A. (2021) Brown Adipose Tissue Heterogeneity, 
Energy Metabolism, and Beyond. Frontiers in Endocrinology, 12, Article ID: 651763.  
https://doi.org/10.3389/fendo.2021.651763 

[34] Shiomi, N., Ito, M. and Watanabe, K. (2016) Characteristics of Beige Adipocytes In-
duced from White Adipocytes by Kikyo Extract. Journal of Biomedical Science and 
Engineering, 9, 342-353. https://doi.org/10.4236/jbise.2016.97029  

https://doi.org/10.4236/jbm.2026.146021
https://doi.org/10.1016/s0014-5793(00)02268-7
https://doi.org/10.1186/1744-8069-6-14
https://doi.org/10.4236/jbise.2011.411085
https://doi.org/10.1186/s12986-016-0081-2
https://doi.org/10.3389/fendo.2021.599134
https://doi.org/10.1016/j.cmet.2012.01.019
https://doi.org/10.1016/j.molcel.2014.12.005
https://doi.org/10.1074/jbc.m308280200
https://doi.org/10.1016/j.ejmech.2024.117043
https://doi.org/10.1002/j.2040-4603.2017.tb00765.x
https://doi.org/10.1038/nm.4429
https://doi.org/10.1002/jcp.20847
https://doi.org/10.1101/gad.177857.111
https://doi.org/10.3389/fendo.2021.651763
https://doi.org/10.4236/jbise.2016.97029

	Long-Term Direct Cold Stimulation of Mouse White Adipocytes Induces a Change to Beige Adipose Tissue-Like Cells
	Abstract
	Keywords
	1. Introduction
	2. Materials and Methods
	2.1. Reagents and Antibodies
	2.2. Cell Lines and Media
	2.3. Measurement of Gene Expression by qPCR
	2.4. Short-Term Direct Cold Stimulation
	2.5. Effect of Direct Cold Stimulation on Calcium Ion Uptake
	2.6. Long-Term Direct Cold Stimulation
	2.7. Characteristics of Long-Term Cold-Stimulated Cells
	2.8. Statistical Analysis

	3. Results and Discussion
	3.1. Effect of Short-Term Direct Cold Stimulation on Gene Expression Related to Beige Adipocyte
	3.2. Involvement of Ca2⁺ in the Signaling Response to Short-Term Direct Cold Stimulation
	3.3. Change from White Adipocytes to Beige Adipose Tissue-Like Cells by Long-Term Direct Cold Stimulation

	4. Discussion
	5. Conclusion
	Funding
	Availability of Data and Materials
	Conflicts of Interest
	References

