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ABSTRACT

Purpose: Although activating thermogenic adipocytes is a promising strategy to reduce the
risk of obesity and related metabolic disorders, emerging evidence suggests that it is difficult
to induce adipocyte thermogenesis in obesity. Therefore, this study aimed to investigate the
regulation of adipocyte thermogenesis in diet-induced obesity.

Methods: Adipose progenitor cells were isolated from the white and brown adipose tissues
of control diet (CD) or high-fat diet (HFD) fed mice, and fully differentiated white and brown
adipocytes were treated with -agonists or 18-carbon fatty acids for -adrenergic activation or
peroxisome proliferator-activated receptor (PPAR) activation.

Results: Compared to the CD-fed mice, the expression of uncoupling protein 1 (Ucpl) was
lower in the white adipose tissue of the HFD-fed mice; however, this was not observed in the
brown adipose tissue. The expression of peroxisome proliferator-activated receptor gamma
(Pparg) was lower in the brown adipose progenitor cells isolated from HFD-fed mice than in
those isolated from the CD-fed mice. Norepinephrine (NE) treatment exerted lesser effect
on peroxisome proliferator-activated receptor-y coactivator (Pgcla) upregulation in white
adipocytes derived from HFD-fed mice than those derived from CD-fed mice. Regardless
which 18-carbon fatty acids were treated, the expression levels of thermogenic genes
including Ucpl, Pgcla, and positive regulatory domain zinc finger region protein 16 (Prdm16)
were higher in the white adipocytes derived from HFD-fed mice. Oleic acid (OLA) and
y-linolenic acid (GLA) upregulated Pgcla expression in white adipocytes derived from HFD-
fed mice. Brown adipocytes derived from HFD-fed mice had higher expression levels of Pgcla
and Prdm16 compared to their counterparts.

Conclusion: These results indicate that diet-induced obesity may downregulate brown
adipogenesis and NE-induced thermogenesis in white adipocytes. Also, HFD feeding may
induce thermogenic gene expression in white and brown primary adipocytes, and OLA and
GLA could augment the expression levels.

Keywords: high-fat diet; fatty acids; adrenergic beta-agonists; adipocytes;
adipose-derived mesenchymal stromal cells
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INTRODUCTION

Whereas white adipocytes store energy, brown and beige adipocytes generate heat from

the stored energy. Brown adipocytes express thermogenic genes even in basal conditions;
however, beige adipocytes are activated under stimulation [1-3]. Therefore, activation of beige
adipocytes exerts beneficial effects on body composition and metabolic health by increasing
energy expenditure [4-6].

To induce thermogenesis in beige adipocytes, 3-adrenergic signaling should be stimulated
by B-agonists, such as norepinephrine (NE) and CL316,243 (CL). Under the activation by
[-agonists, multiple transcription factors, including peroxisome proliferator-activated
receptor (PPAR), are recruited and upregulate Ucpl and other thermogenic genes. As PPAR
agonists, long-chain fatty acids (LCFA) are also able to induce thermogenesis [7-12]. We
and others have reported that polyunsaturated fatty acids increased adipose thermogenesis
compared to saturated fatty acids [7-9], and the high n-6:n-3 ratio of diets lowered
thermogenesis and induced body fat accumulation [10,11].

However, multiple studies have shown that beige adipocytes are hard to be activated in
obese animals and humans [4,5,13]. This may be because obesity alters the numbers and

the functions of various kinds of cells found in adipose tissue, including mature adipocytes,
macrophages, and adipose progenitor cells [14]. Obesity is reported to polarize adipose
tissue macrophages from anti-inflammatory type to pro-inflammatory type, which increases
adipose tissue inflammation [15]. Obesity also changes the characteristics of adipose
progenitor cells, leading to more generation of white adipocytes, less generation of brown
and beige adipocytes, and more whitening of beige adipocytes [5].

Nevertheless, the thermogenic effects of -agonists and LCFA on adipocytes derived from
obese animal models has not been determined yet. Therefore, we conducted this study

to demonstrate if obesity changes the thermogenic response of primary adipocytes to
[-agonists and 18-carbon fatty acids. We chose 18-carbon fatty acids as PPAR agonists in this
study because they are the most common fatty acids found in human diets, such as dietary
fats and oils, meat, and nuts, and have multiple isomers in terms of the number and the
position of double bonds [9,10].

METHODS

Animals and diets

Four-week-old C57BL/6 male mice were fed a control diet (CD; 11% kcal fat; D132; SAFE
Complete Care Competence, Rosenberg, Germany) or a high-fat diet (HFD; 60% kcal fat;
D12492; Research diets, New Brunswick, NJ, USA) for 16 weeks (Fig. 1A). Table 1 shows the
composition of the experimental diets. At the end of the experimental period, the mice were
euthanized, and white adipose tissue (WAT) and brown adipose tissue (BAT) were dissected.
All animal procedures were approved and carried out in accordance with the Institutional
Animal Care and Use Committee of the University of Suwon (No. USW-IACUC-2021-004).

Stromal vascular cell (SVC) isolation and differentiation

SVCs, containing adipose progenitor cells, were isolated from the inguinal subcutaneous
WAT and BAT of the experimental mice, and grown in Dulbecco’s modified Eagle’s medium/
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Fig. 1. Experimental design.

(A) C57BL/6 mice were fed CD or HFD for 16 weeks. (B, C) Isolated stromal vascular fraction from WAT and BAT

of the mice were cultured and differentiated into mature adipocytes. Mature adipocytes were treated with (B)
B-agonists for 4 hours or (C) 18-carbon fatty acids for 24 hours.

CD, control diet; HFD, high-fat diet; WAT, white adipose tissue; BAT, brown adipose tissue; SVC, stromal vascular cell.

Table 1. Composition of the experimental diets

Ingredients Control diet? High-fat diet?

g (%) Kcal (%) g (%) Kcal (%)
Carbohydrate 55.4 67 26.4 20
Protein 18.6 22 26.2 20
Fat 4.1 11 34.99 60
Kcal/g 3.33 5.24

D132, SAFE Complete Care Competence, Rosenberg, Germany.
2D12492, Research diets, New Brunswick, NJ, USA.
ILard 245.00 g and soybean oil 25.00 g in the total 773.85 g of diet.

F12 (DMEM/F12; Sigma-Aldrich, St. Louis, MO, USA) supplemented with 10% fetal

bovine serum (FBS; Corning Inc., Corning, NY, USA) and 1% penicillin and streptomycin
(Sigma-Aldrich) at 37°C and 5% CO,. Two days after confluence, cell differentiation was
initiated with DMEM/F12 with 10% FBS, 1.7 uM insulin, 1 uM dexamethasone, 500 uM
isobutylmethylxanthine, 1uM rosiglitazone, 17 uM pantothenic acid, and 33 uM biotin for 6
days (Fig. 1B and C).

B-agonist treatment

To induce thermogenesis by stimulating $-adrenergic signaling, 10 uM of NE (a non-selective
[-adrenergic receptor agonist) or CL (a specific fs-adrenergic receptor agonist) was treated
for 4 hours on day 6 of differentiation (Fig. 1B).
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Fatty acid preparation

Eighteen carbon fatty acids, including stearic acid (STA; 18:0), oleic acid (OLA; 18:1, A9),
linoleic acid (LNA; 18:2, A9,12), a-linolenic acid (ALA; 18:3, A9,12,15), y-linolenic acid (GLA;
18:3, A6,9,12), and pinolenic acid (PLA; 18:3, A5,9,12; Cayman, Ann Arbor, MI, USA), were
completely dissolved in 0.9% NaCl solution. Each solution was mixed with 20% bovine
serum albumin (BSA) in 0.9% NaCl to make the final concentration of the fatty acids to 5
mM, and sterilized through a 0.2 pm syringe filter. To determine thermogenic effects of the
fatty acids on mature adipocytes, fully differentiated SVC were treated with 50 uM of the fatty
acids for 24 hours bound to BSA on day 6 of differentiation (Fig. 1C).

Quantitative real-time polymerase chain reaction (PCR)

Total RNA was extracted from the cells using Trizol reagent (Invitrogen, Carlsbad, CA, USA),
and cDNA was synthesized from 1 ug of total RNA using the PrimeScript II 1st strand cDNA
synthesis kit (Takara, Tokyo, Japan). The mRNA levels of Cebpb, Cebpa, Pparg, Ucpl, Pgcla, and
Prdm16 were quantified using SYBR Green PCR Master Mix (Applied Biosystems, Waltham,
MA, USA) by StepOnePlus Real-time PCR System (Applied Biosystems). The mRNA levels
were normalized relative to 18S rRNA, and fold changes of gene expression were calculated by
the AACt method. Specific primer sequences used are shown in Table 2.

Statistical analysis

Student’s t-test or two-way analysis of variance with Duncan’s post-hoc test was performed
to determine significant differences among groups. Differences were considered statistically
significant at p < 0.05. Data were presented as means + SEM, and analyzed using SPSS
version 24 (SPSS Inc., Chicago, IL, USA).

RESULTS

Body and tissue weight

HFD-fed mice had significantly higher body weight (1.47-fold), weight gain (2.46-fold), and
WAT (3.60-fold) and BAT (1.84-fold) mass compared to CD-fed mice (Table 3), indicating
that HFD feeding successfully induced obese phenotype in the mice.

Thermogenic gene expression in adipose tissues

To determine if HED feeding alters thermogenic gene expression in whole adipose tissues,
Uepl, Pgcla, and Prdml16 expression levels were measured in WAT and BAT (Fig. 2). HFD-fed
mice had significantly lower UcpI expression and tended to have lower Pgcla expression in
WAT, but there was no difference in the expression of the genes in BAT. These data suggest
that HFD may downregulate thermogenesis in WAT but not in BAT.

Table 2. Primer sequences used for quantitative real-time polymerase chain reaction

Genes Forward primer Reverse primer

18S ATC CCT GAG AAG TTC CAG CA CCT CTT GGT GAG GTC GAT GT
Cebpb TTG ATG CAA TCC GGA TCA AAC G CAG TTA CAC GTG TGT TGC GTC
Cebpa AAT GGC AGT GTG CAC GTCTA CCC CAG CCG TTA GTG AAG AG
Pparg TTG ACC CAG AGC ATG GTG C GAA GTT GGT GGG CCA GAA TG
Ucpl GGG CCC TTG TAA ACA ACA AA GTC GGT CCTTCC TTG GTG TA

Pgcla GTC CTT CCT CCA TGC CTG AC GTG TGG TTT GCT GCATGG TT
Prdmi6 GGC TCA AGG AGG AGG AGA GA AGG TCC GGG TCA GGT TCATA

188, 18S ribosomal RNA; Cebpb, CCAAT enhancer binding protein beta; Cebpa, CCAAT enhancer binding protein
alpha; Pparg, Peroxisome proliferator-activated receptor gamma; Ucp1, Uncoupling protein 1; Pgcla, Peroxisome
proliferator-activated receptor gamma coactivator 1-alpha; Prdm16, PR domain containing 16.
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Table 3. Body and tissue weight of the mice fed experimental diets®

Variables Control diet High-fat diet Fold changes p-value
Body weight at 4 wks (g) 19.78 + 0.29 20.08 + 0.32 1.02 0.512
Body weight at 20 wks (g) 28.98 = 0.80 49.67 + 2.18" 1.47 <0.001
Body weight gain (g) 9.19+0.84 29,59+ 2,99 2.46 <0.001
WAT? (%) 3.32+0.27 11.96+0.73" 3.60 <0.001
BAT (%) 0.45 £ 0.03 0.83 £ 0.07" 1.84 <0.001

Data are presented as means = SEM (n = 6 for each group). Asterisks indicate significant differences at p < 0.05.
WAT, white adipose tissue; BAT, brown adipose tissue.

YFour-week-old C57BL/6 mice were fed control (11% kcal fat) or high-fat (60% kcal fat) diets for 16 weeks.
AWAT includes inguinal subcutaneous, epididymal, perirenal, and retroperitoneal WAT.

A WAT D BAT
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Fig. 2. Effects of HFD on thermogenic gene expression in WAT and BAT.

Ucpl, Pgcla, and Prdm16 expression in WAT (A-C) and BAT (D-F). Thermogenic gene expression was determined
by quantitative real-time polymerase chain reaction with normalization relative to 18S rRNA. Data are presented
as means + SEM (n = 6). Asterisks indicate significant differences at p < 0.05 by Student’s t-test.

CD, control diet; HFD, high-fat diet; WAT, white adipose tissue; BAT, brown adipose tissue.
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Adipogenic capability of SVCs

To determine if HFD feeding alters adipogenic capability of adipose progenitor cells, Cebpb,
Cebpa, and Pparg mRNA expression of SVC isolated from WAT and BAT of CD- or HFD-fed mice
was measured (Fig. 3). While HFD feeding tended to upregulate Pparg expression in WAT-derived
SVC, it significantly downregulated Pparg expression in BAT-derived SVC. These data suggest that
HFD-induced obesity may increase white adipogenesis but decrease brown adipogenesis.

Response of fully differentiated adipocytes to f}-agonists
To determine if HFD feeding alters thermogenic response of adipocytes under 3-adrenergic
stimulation, B-agonists, including NE and CL, were treated on fully differentiated

White SVC D Brown SVC
2.0 - 1.5 4
1.5
3 & 1.0
N N
2 10- N
2 3 05
O o 0.
0.5
0 0
CD HFD CD HFD
p = 0.236 p = 0.220
B White SVC E Brown SVC
2.0 - 2.0 -
1.5 1.5
$%] w
& o
< <
S 1.0 g 1.0
9 9
3 3
0.5 0.5
0 0
CD HFD CD HFD
p=0.336 p=0.274
White SVC F Brown SVC
7 1.5 ~
6
o:g i 7 o:g 1.0 +
I I
[S] 3 A [S]
& ] & 05
14 .
0 0
cD HFD cD HFD
p =0.067 p=0.003

Fig. 3. Effects of HFD on adipogenic capability of SVCs.

Cebpb, Cebpa, and Pparg expression in SVCs isolated from WAT (A-C) and BAT (D-F). SVCs were isolated from
subcutaneous WAT or BAT. Adipogenic gene expression mRNA expression was determined by quantitative real-
time polymerase chain reaction with normalization relative to 18S rRNA. Data are presented as means + SEM (n =
3). Asterisks indicate significant differences at p < 0.05 by Student’s t-test.

SVC, stromal vascular cell; CD, control diet; HFD, high-fat diet; WAT, white adipose tissue; BAT, brown adipose
tissue.
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subcutaneous WAT and BAT derived adipocytes, and thermogenic gene expression was
measured (Fig. 4).

In white adipocytes, both NE and CL upregulated Ucpl mRNA expression regardless of the
experimental diets fed to mice. However, NE increased Pgcla mRNA expression only in
white adipocytes derived from CD-fed mice. Both NE and CL downregulated PrdmI6 mRNA
expression, but the degree of downregulation induced by NE was greater in white adipocytes
derived from HFD-fed mice compared to those derived from CD-fed mice.

HFD feeding had no effect on the thermogenic response of brown adipocytes. By both NE
and CL, Ucgpl and Pgcla mRNA expression were upregulated, but Prdmi6 mRNA expression
was not altered by -agonist treatment.

A White adipocytes D Brown adipocytes

12 4
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8 4
6 b mCD

b B HFD
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24 a3
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04
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Fig. 4. Effects of HFD on thermogenic response of fully differentiated adipocytes to }-adrenergic agonists.

Ucpl, Pgcla, and Prdm16 expression in white (A-C) and brown adipocytes (D-F). Fully differentiated adipocytes were treated with 10 uM of NE or 10 uM of CL for
4 hours. Thermogenic gene expression was determined by quantitative real-time polymerase chain reaction with normalization relative to 18S rRNA. Data are
presented as means + SEM (n = 3). Different superscripts (a-c) indicate significant differences at p < 0.05 by two-way analysis of variance with Duncan’s multiple
comparison test. If a group has a common superscript with another group, it means they are not statistically different.

CD, control diet; HFD, high-fat diet; Veh, vehicle; NE, norepinephrine; CL, CL316,243; Diet, diet effect; Trt, f-agonist treatment effect; Diet*Trt, interaction effect.
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Response of fully differentiated adipocytes to 18-carbon fatty acids
To determine if HFD feeding changes the thermogenic response of adipocytes under PPAR
activation, 18-carbon fatty acids with the different number and the position of double
bonds, including STA, OLA, LNA, ALA, GLA, and PLA, were treated on fully differentiated
subcutaneous WAT and BAT derived adipocytes, and thermogenic gene expression was
measured (Figs. 5 and 6).

HEFD feeding was shown to upregulate Ucpl and Prdm16 mRNA expression levels in white
adipocytes compared to CD. In white primary adipocytes derived from HFD-fed mice,
Ucpl mRNA expression was lowered by STA, OLA, LNA, GLA, and PLA, and OLA and GLA
induced Pgcla mRNA expression (Fig. 5).

OLA upregulated Ugpl mRNA expression in brown adipocytes derived from CD-fed mice, but
not in those derived from HFD-fed mice. Brown adipocytes derived from HFD-fed mice had
higher Pgcla and Prdm16 mRNA expression than those derived from CD-fed mice, but there
was no effect of fatty acids on the expression of the genes (Fig. 6).

DISCUSSION

Although it has been reported that adipose thermogenesis is reduced in obesity [5], the effects of
obesity on thermogenic response of adipocytes to f-adrenergic stimulation and PPAR activation
are still not clear. Therefore, we aimed to examine the effects of f-agonists and 18-carbon fatty
acids on primary white and brown adipocytes derived from HFD-induced obese mice.

In this study, Uspl mRNA expression was downregulated by HED feeding in WAT, but not in
BAT. This is consistent with our previous study, in which diet-induced obesity did not induce
the difference in the UcpI expression in BAT, but UcpI level in WAT was negatively correlated with
body adiposity [10]. The lower UcpI expression in WAT could be due to hypertrophic adipocytes,
the main cell type found in WAT of obese mice. Diet-induced obesity promotes excessive white
fat accumulation by hypertrophy as well as hyperplasia, and hypertrophic adipocytes secrete
proinflammatory cytokines and have very low thermogenic function [16,17].

HEFD also divergently modulated adipogenic capability of SVC isolated from WAT and BAT

of mice by altering Pparg expression. Pparg plays a key role in the regulation of adipogenesis,
and its target genes promote lipid accumulation in adipocytes during the terminal stage of
differentiation [18]. Whereas HFD enhanced Pparg expression in SVC from WAT, it reduced
the gene expression in those from BAT. This is consistent with previous reports showing that
HEFD feeding induces white adipogenesis [10,19,20] and inhibits brown adipogenesis [5]. The
increase of BAT mass in HFD-fed mice is considered due to whitening of BAT, which impairs
thermogenic function of BAT [21].

In white adipocytes derived from both CD- and HFD-fed mice, Ucpl mRNA expression was
upregulated by NE and CL treatment. However, Pgcla mRNA expression was not induced

by neither NE nor CL in HFD-fed mice-derived white adipocytes although NE induced the
gene more than 5-fold in CD-fed mice-derived cells. This indicates that HFD feeding could
suppress adipose thermogenic response to f-adrenergic stimulation, and consistently, it has
been reported that Pgcla expression was lower and not upregulated by NE injection in visceral
WAT of HFD-fed mice compared to low-fat diet-fed mice [10].
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Fig. 5. Effects of HFD on thermogenic response of fully differentiated white adipocytes to 18-carbon fatty acids.

(A) Ucpl, (B) Pgcla, and (C) Prdm16. Fully differentiated subcutaneous white adipose tissue derived adipocytes were treated with 50 uM of each fatty acid or BSA
for 24 hours. Thermogenic gene expression was determined by quantitative real-time polymerase chain reaction with normalization relative to 18S rRNA. Data are
presented as means + SEM (n = 3). Different superscripts (a, b) indicate significant differences at p < 0.05 by two-way analysis of variance with Duncan’s multiple
comparison test. If a group has a common superscript with another group, it means they are not statistically different.

CD, control diet; HFD, high-fat diet; BSA, bovine serum albumin; STA, stearic acid; OLA, oleic acid; LNA, linoleic acid; ALA, a-linolenic acid; GLA, y-linolenic
acid; PLA, pinolenic acid; Diet, diet effect; FA, 18-carbon fatty acid effect; Diet*Trt, interaction effect.
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Fig. 6. Effects of HFD on thermogenic response of fully differentiated brown adipocytes to 18-carbon fatty acids.

(A) UcpT, (B) Pgcla, (C) Prdm16. Fully differentiated brown adipose tissue derived adipocytes were treated with 50 uM of each fatty acid or BSA for 24 hours.
Thermogenic gene expression was determined by quantitative real-time polymerase chain reaction with normalization relative to 18S rRNA. Data are presented
as means + SEM (n = 3). Different superscripts (a-d) indicate significant differences at p < 0.05 by two-way analysis of variance with Duncan’s multiple
comparison test. If a group has a common superscript with another group, it means they are not statistically different.

CD, control diet; HFD, high-fat diet; BSA, bovine serum albumin; STA, stearic acid; OLA, oleic acid; LNA, linoleic acid; ALA, a-linolenic acid; GLA, y-linolenic
acid; PLA, pinolenic acid; Diet, diet effect; FA, 18-carbon fatty acid effect; Diet*Trt, interaction effect.
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Prdm16 mRNA expression was downregulated by both NE and CL in white adipocytes
regardless of diets fed to mice. The downregulation of Prdmi6 is considered as negative
feedback because adrenergic receptor desensitization occurs under f-agonist treatment

to prevent an overstimulation of the signaling [22-24]. It is also thought that the negative
feedback downregulated the expression of Prdmi6, but not Pgcla, since PRDMI16 is activated
earlier than PGC-la in the B-adrenergic signaling pathway [25,26].

The basal level of Uepl expression, without B-adrenergic stimulation, in white adipocytes
derived from HFD-fed mice was higher than those derived from CD-fed mice although it was
not statistically significant. Under the HFD, mice use fat as a main source of energy, which is
demonstrated by the lower value of respiratory quotient (RQ) [10,27]. Since the RQ of glucose
is 1 and that of fatty acids is close to 0.7, mice fed with HFD have lower RQ than those fed
with a low-fat diet [10,27]. Since using fat as an energy source increases the systemic level of
non-esterified fatty acids, genes related to fatty acid oxidation, such as Ppara and Pycla, are
upregulated [10,19,20], and the proteins encoded by these genes upregulate thermogenic
gene expression as transcription factors [28].

In white adipocytes, ALA treatment preserved HFD-induced UcpI upregulation while other
18-carbon fatty acids suppressed the gene expression. Omega-3 fatty acids are known to
stimulate thermogenic activity through multiple mechanisms [5]. Eicosapentaenoic acid
(EPA) or docosahexaenoic acid (DHA), which can be synthesized from ALA in the body, have
been reported to activate PPAR [29,30], free fatty acid receptor 4 [31], and transient receptor
potential vanilloid 1 [32] and to inhibit pattern recognition receptors activation [33] and pro-
inflammatory eicosanoid formation [34]. In mice and rats, fish oil rich in EPA and DHA was
shown to increase oxygen consumption rate and rectal temperature, which was accompanied
with upregulation of adipose thermogenesis [31,32,35].

OLA and GLA upregulated Pgcla expression in white adipocytes derived from HFD-fed mice.
OLA has been reported to increase cAMP concentration and activate PKA, leading to PGC-1a
activation [36], and multiple studies have reported the thermogenic effect of olive oil (OLA-
rich oil) in animal models and human subjects. Compared to other 18-carbon fatty acid-rich
oils, olive oil feeding was shown to increase BAT mass [20] and hypothalamic Lepr expression,
which could promote thermogenesis [37], and lower body fat accumulation accompanied
with the higher oxygen consumption rate in mice [10]. Olive oil-fed rats had higher UcpI,
Ucp2, and Ucp3 mRNA levels in BAT [38], and healthy normal weight men consumed olive oil
had higher energy expenditure [39]. Also, it was shown that UcpI expression was enhanced by
GLA in fully differentiated C3T10T1/2 adipocytes [9]. GLA-rich borage oil was also reported
to upregulate Ucpl mRNA level in BAT of rats [8] and in subcutaneous WAT of mice [40]. The
underlying mechanism of GLA is activation of PPARo and PPARy [41,42]. These data indicate
that distinct fatty acids with different number and position of double bond exerts divergent
effects on adipose thermogenesis, and fatty acid composition of dietary fat may regulate the
risk of obesity and its related metabolic disorders.

In brown adipocytes, no significant effect of diets was observed on thermogenic gene
expression in response to -agonists. Both -agonists upregulated the expression of UcpI and
Pyclain the cells regardless of diets fed to mice. Although OLA upregulated UcpI expression
in brown adipocytes derived from CD-fed mice, no effect of OLA was shown in those derived
from HFD-fed mice. Under the 18-carbon fatty acids or BSA treatment, brown adipocytes
from HFD-fed mice had significantly higher Pgcla and Prdmi6 expression than those from
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CD-fed mice, which is consistent with the data of white adipocytes. These data indicate
that the increased level of fatty acids under HED feeding could induce thermogenic gene
expression in both white and brown adipose progenitor cells.

A limitation of this study includes that the adipogenic and thermogenic gene expression
levels were exclusively measured at the mRNA levels. However, this study still provides the
significant evidence regarding the response of adipocytes derived from obese animals to
B-adrenergic stimulation and PPAR activation, and the genes measured in this study have
been assessed at the protein and phenotype levels in other studies [2,3]. Also, additional
studies to determine thermogenic effects of short-chain fatty acids (SCFA) on obese
adipocytes would be advantageous since multiple studies reported the beneficial effects of
SCFA on body composition and metabolic health [43,44].

SUMMARY

Taken together, HFD feeding suppressed Ucpl expression in WAT, Pparg expression in SVC
isolated from BAT, and Pycla upregulation under NE treatment in white primary adipocytes.
HEFD challenge was also shown to upregulate the basal level of Ucpl in white primary
adipocytes and that of Pgcla in brown primary adipocytes. These data indicate that diet-
induced obesity suppresses adipose thermogenesis; however, increased fatty acid oxidation
caused by HFD feeding may promote thermogenic capacity of adipose progenitor cells. Ugpl
induction by OLA and GLA in white primary adipocytes derived from HFD-fed mice suggests
that dietary consumption or supplementation of these fatty acids may lead to the activation
of adipose thermogenesis in obese animals and humans.

REFERENCES

1. Harms M, Seale P. Brown and beige fat: development, function and therapeutic potential. Nat Med 2013;
19(10): 1252-1263. PUBMED | CROSSREF

2. Park], Shin S, Liu L, Jahan I, Ong SG, Xu D, et al. Progenitor-like characteristics in a subgroup of UCP1+
cells within white adipose tissue. Dev Cell 2021; 56(7): 985-999.e4. PUBMED | CROSSREF

3. WuR, Park], Qian Y, Shi Z, Hu R, Yuan Y, et al. Genetically prolonged beige fat in male mice confers
long-lasting metabolic health. Nat Commun 2023; 14(1): 2731. PUBMED | CROSSREF

4. DPérez LM, Bernal A, de Lucas B, San Martin N, Mastrangelo A, Garcia A, et al. Altered metabolic and
stemness capacity of adipose tissue-derived stem cells from obese mouse and human. PLoS One 2015;
10(4): €0123397. PUBMED | CROSSREF

S. Shin S, El-Sabbagh AS, Lukas BE, Tanneberger SJ, Jiang Y. Adipose stem cells in obesity: challenges and
opportunities. Biosci Rep 2020; 40(6): BSR20194076. PUBMED | CROSSREF

6. Yuany, Shin S, Shi Z, Shu G, Jiang Y. Postnatal tamoxifen exposure induces long-lasting changes to
adipose tissue in adult mice. Mol Biotechnol. Forthcoming 2023. PUBMED | CROSSREF

7. Matsuo T, Takeuchi H, Suzuki H, Suzuki M. Body fat accumulation is greater in rats fed a beef tallow
diet than in rats fed a safflower or soybean oil diet. Asia Pac J Clin Nutr 2002; 11(4): 302-308. PUBMED |
CROSSREF

8. Takahashi Y, Ide T, Fujita H. Dietary gamma-linolenic acid in the form of borage oil causes less body fat
accumulation accompanying an increase in uncoupling protein 1 mRNA level in brown adipose tissue.
Comp Biochem Physiol B Biochem Mol Biol 2000; 127(2): 213-222. PUBMED | CROSSREF

9. Shin S, Ajuwon KM. Divergent response of murine and porcine adipocytes to stimulation of browning
genes by 18-carbon polyunsaturated fatty acids and beta-receptor agonists. Lipids 2018; 53(1): 65-75.
PUBMED | CROSSREF

https://e-jnh.org https://doi.org/10.4163/jnh.2024.57.2.171 182


http://www.ncbi.nlm.nih.gov/pubmed/24100998
https://doi.org/10.1038/nm.3361
http://www.ncbi.nlm.nih.gov/pubmed/33711247
https://doi.org/10.1016/j.devcel.2021.02.018
http://www.ncbi.nlm.nih.gov/pubmed/37169793
https://doi.org/10.1038/s41467-023-38471-z
http://www.ncbi.nlm.nih.gov/pubmed/25875023
https://doi.org/10.1371/journal.pone.0123397
http://www.ncbi.nlm.nih.gov/pubmed/32452515
https://doi.org/10.1042/BSR20194076
http://www.ncbi.nlm.nih.gov/pubmed/37642828
https://doi.org/10.1007/s12033-023-00828-6
http://www.ncbi.nlm.nih.gov/pubmed/12495263
https://doi.org/10.1046/j.1440-6047.2002.00299.x
http://www.ncbi.nlm.nih.gov/pubmed/11079375
https://doi.org/10.1016/S0305-0491(00)00254-6
http://www.ncbi.nlm.nih.gov/pubmed/29424439
https://doi.org/10.1002/lipd.12010

IJNHS

HFD alters thermogenesis of primary adipocytes Journal of Nutrition and Health

https://e-jnh.org

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

Shin S, Ajuwon KM. Effects of diets differing in composition of 18-c fatty acids on adipose tissue
thermogenic gene expression in mice fed high-fat diets. Nutrients 2018; 10(2): 256. PUBMED | CROSSREF

Massiera F, Saint-Marc P, Seydoux J, Murata T, Kobayashi T, Narumiya S, et al. Arachidonic acid and
prostacyclin signaling promote adipose tissue development: a human health concern? J Lipid Res 2003;
44(2): 271-:279. PUBMED | CROSSREF

Shin S. Regulation of adipose tissue biology by long-chain fatty acids: metabolic effects and molecular
mechanisms. ] Obes Metab Syndr 2022; 31(2): 147-160. PUBMED | CROSSREF

Wijers SL, Saris WH, van Marken Lichtenbelt WD. Cold-induced adaptive thermogenesis in lean and
obese. Obesity (Silver Spring) 2010; 18(6): 1092-1099. PUBMED | CROSSREF

Louwen F, Ritter A, Kreis NN, Yuan J. Insight into the development of obesity: functional alterations of
adipose-derived mesenchymal stem cells. Obes Rev 2018; 19(7): 888-904. PUBMED | CROSSREF

Lumeng CN, Bodzin JL, Saltiel AR. Obesity induces a phenotypic switch in adipose tissue macrophage
polarization. J Clin Invest 2007; 117(1): 175-184. PUBMED | CROSSREF

Lee YH, Petkova AP, Mottillo EP, Granneman JG. In vivo identification of bipotential adipocyte progenitors
recruited by p3-adrenoceptor activation and high-fat feeding. Cell Metab 2012; 15(4): 480-491. PUBMED |
CROSSREF

Wu MV, Bikopoulos G, Hung S, Ceddia RB. Thermogenic capacity is antagonistically regulated in classical
brown and white subcutaneous fat depots by high fat diet and endurance training in rats: impact on
whole-body energy expenditure. ] Biol Chem 2014; 289(49): 34129-34140. PUBMED | CROSSREF

Gregoire FM. Adipocyte differentiation: from fibroblast to endocrine cell. Exp Biol Med (Maywood) 2001;
226(11): 9971002. PUBMED | CROSSREF

Park S, Shin S, Lim Y, Shin JH, Seong JK, Han SN. Korean pine nut oil attenuated hepatic triacylglycerol
accumulation in high-fat diet-induced obese mice. Nutrients 2016; 8(1): 59. PUBMED | CROSSREF

Shin S, Ajuwon KM. Lipopolysaccharide alters thermogenic and inflammatory genes in white adipose
tissue in mice fed diets with distinct 18-carbon fatty-acid composition. Lipids 2018; 53(9): 885-896.
PUBMED | CROSSREF

Xu X, Ying Z, Cai M, Xu Z, Li Y, Jiang SY, et al. Exercise ameliorates high-fat diet-induced metabolic and
vascular dysfunction, and increases adipocyte progenitor cell population in brown adipose tissue. Am J
Physiol Regul Integr Comp Physiol 2011; 300(5): R1115-R1125. PUBMED | CROSSREF

Carpéné C, Galitzky J, Collon P, Esclapez F, Dauzats M, Lafontan M. Desensitization of beta-1 and beta-2,
but not beta-3, adrenoceptor-mediated lipolytic responses of adipocytes after long-term norepinephrine
infusion. J Pharmacol Exp Ther 1993; 265(1): 237-247. PUBMED

Rubio A, Raasmaja A, Silva JE. Thyroid hormone and norepinephrine signaling in brown adipose tissue.
1I: differential effects of thyroid hormone on beta 3-adrenergic receptors in brown and white adipose
tissue. Endocrinology 1995; 136(8): 3277-3284. PUBMED | CROSSREF

Bakopanos E, Silva JE. Thiazolidinediones inhibit the expression of beta3-adrenergic receptors at a
transcriptional level. Diabetes 2000; 49(12): 2108-2115. PUBMED | CROSSREF

Seale P, Kajimura S, Spiegelman BM. Transcriptional control of brown adipocyte development and
physiological function--of mice and men. Genes Dev 2009; 23(7): 788-797.  PUBMED | CROSSREF

Kajimura S, Seale P, Spiegelman BM. Transcriptional control of brown fat development. Cell Metab 2010;
11(4): 257-262. PUBMED | CROSSREF

Wang B, Kong Q, Li X, Zhao J, Zhang H, Chen W, et al. A high-fat diet increases gut microbiota
biodiversity and energy expenditure due to nutrient difference. Nutrients 2020; 12(10): 3197. PUBMED |
CROSSREF

Zhang G, Sun Q, Liu C. Influencing factors of thermogenic adipose tissue activity. Front Physiol 2016; 7: 29.
PUBMED | CROSSREF

Laiglesia LM, Lorente-Cebrian S, Prieto-Hontoria PL, Fernandez-Galilea M, Ribeiro SM, Sainz N, et
al. Eicosapentaenoic acid promotes mitochondrial biogenesis and beige-like features in subcutaneous
adipocytes from overweight subjects. ] Nutr Biochem 2016; 37: 76-82. PUBMED | CROSSREF

Zhao M, Chen X. Eicosapentaenoic acid promotes thermogenic and fatty acid storage capacity in mouse
subcutaneous adipocytes. Biochem Biophys Res Commun 2014; 450(4): 1446-1451. PUBMED | CROSSREF

Kim J, Okla M, Erickson A, Carr T, Natarajan SK, Chung S. Eicosapentaenoic acid potentiates brown
thermogenesis through FFAR4-dependent up-regulation of miR-30b and miR-378. J Biol Chem 2016;
291(39): 20551-20562. PUBMED | CROSSREF

Kim M, Goto T, Yu R, Uchida K, Tominaga M, Kano Y, et al. Fish oil intake induces UCP1 upregulation in
brown and white adipose tissue via the sympathetic nervous system. Sci Rep 2015; 5(1): 18013. PUBMED |
CROSSREF

https://doi.org/10.4163/jnh.2024.57.2.171 183


http://www.ncbi.nlm.nih.gov/pubmed/29473916
https://doi.org/10.3390/nu10020256
http://www.ncbi.nlm.nih.gov/pubmed/12576509
https://doi.org/10.1194/jlr.M200346-JLR200
http://www.ncbi.nlm.nih.gov/pubmed/35691686
https://doi.org/10.7570/jomes22014
http://www.ncbi.nlm.nih.gov/pubmed/20360754
https://doi.org/10.1038/oby.2010.74
http://www.ncbi.nlm.nih.gov/pubmed/29521029
https://doi.org/10.1111/obr.12679
http://www.ncbi.nlm.nih.gov/pubmed/17200717
https://doi.org/10.1172/JCI29881
http://www.ncbi.nlm.nih.gov/pubmed/22482730
https://doi.org/10.1016/j.cmet.2012.03.009
http://www.ncbi.nlm.nih.gov/pubmed/25344623
https://doi.org/10.1074/jbc.M114.591008
http://www.ncbi.nlm.nih.gov/pubmed/11743135
https://doi.org/10.1177/153537020122601106
http://www.ncbi.nlm.nih.gov/pubmed/26805879
https://doi.org/10.3390/nu8010059
http://www.ncbi.nlm.nih.gov/pubmed/30460700
https://doi.org/10.1002/lipd.12101
http://www.ncbi.nlm.nih.gov/pubmed/21368268
https://doi.org/10.1152/ajpregu.00806.2010
http://www.ncbi.nlm.nih.gov/pubmed/8097243
http://www.ncbi.nlm.nih.gov/pubmed/7628361
https://doi.org/10.1210/endo.136.8.7628361
http://www.ncbi.nlm.nih.gov/pubmed/11118014
https://doi.org/10.2337/diabetes.49.12.2108
http://www.ncbi.nlm.nih.gov/pubmed/19339685
https://doi.org/10.1101/gad.1779209
http://www.ncbi.nlm.nih.gov/pubmed/20374957
https://doi.org/10.1016/j.cmet.2010.03.005
http://www.ncbi.nlm.nih.gov/pubmed/33092019
https://doi.org/10.3390/nu12103197
http://www.ncbi.nlm.nih.gov/pubmed/26903879
https://doi.org/10.3389/fphys.2016.00029
http://www.ncbi.nlm.nih.gov/pubmed/27637001
https://doi.org/10.1016/j.jnutbio.2016.07.019
http://www.ncbi.nlm.nih.gov/pubmed/25017914
https://doi.org/10.1016/j.bbrc.2014.07.010
http://www.ncbi.nlm.nih.gov/pubmed/27489163
https://doi.org/10.1074/jbc.M116.721480
http://www.ncbi.nlm.nih.gov/pubmed/26673120
https://doi.org/10.1038/srep18013

IJNHS

HFD alters thermogenesis of primary adipocytes Journal of Nutrition and Health

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

Hwang DH, Kim JA, Lee JY. Mechanisms for the activation of Toll-like receptor 2/4 by saturated fatty acids
and inhibition by docosahexaenoic acid. Eur ] Pharmacol 2016; 785: 24-35. PUBMED | CROSSREF

Calder PC. n-3 polyunsaturated fatty acids, inflammation, and inflammatory diseases. Am J Clin Nutr
20006; 83(6 Suppl): 1505S-1519S. PUBMED | CROSSREF

Sharma P, Agnihotri N. Fish oil and corn oil induced differential effect on beiging of visceral and
subcutaneous white adipose tissue in high-fat-diet-induced obesity. ] Nutr Biochem 2020; 84: 108458.
PUBMED | CROSSREF

Lim JH, Gerhart-Hines Z, Dominy JE, Lee Y, Kim S, Tabata M, et al. Oleic acid stimulates complete
oxidation of fatty acids through protein kinase A-dependent activation of SIRT1-PGClo complex. J Biol
Chem 2013; 288(10): 7117-7126. PUBMED | CROSSREF

Shin S, Ajuwon KM. Effect of lipopolysaccharide on peripheral tissue and hypothalamic expression
of metabolic and inflammatory markers in mice fed high-fat diets with distinct 18-carbon fatty acid
composition. Lipids 2021; 56(5): 509-519. PUBMED | CROSSREF

Rodriguez VM, Portillo MP, Picé C, Macarulla MT, Palou A. Olive oil feeding up-regulates uncoupling
protein genes in rat brown adipose tissue and skeletal muscle. AmJ Clin Nutr 2002; 75(2): 213-220.
PUBMED | CROSSREF

Jones PJ, Jew S, AbuMweis S. The effect of dietary oleic, linoleic, and linolenic acids on fat oxidation and
energy expenditure in healthy men. Metabolism 2008; 57(9): 1198-1203. PUBMED | CROSSREF

Maurer SF, Dieckmann S, Lund J, Fromme T, Hess AL, Colson C, et al. No effect of dietary fish
oil supplementation on the recruitment of brown and brite adipocytes in mice or humans under
thermoneutral conditions. Mol Nutr Food Res 2021; 65(2): €2000681. PUBMED | CROSSREF

Keller H, Dreyer C, Medin J, Mahfoudi A, Ozato K, Wahli W. Fatty acids and retinoids control lipid
metabolism through activation of peroxisome proliferator-activated receptor-retinoid X receptor
heterodimers. Proc Natl Acad Sci U S A 1993; 90(6): 2160-2164. PUBMED | CROSSREF

Kliewer SA, Sundseth SS, Jones SA, Brown PJ, Wisely GB, Koble CS, et al. Fatty acids and eicosanoids
regulate gene expression through direct interactions with peroxisome proliferator-activated receptors
alpha and gamma. Proc Natl Acad Sci U S A 1997; 94(9): 4318-4323. PUBMED | CROSSREF

Kim KN, Yao Y, Ju SY. Short chain fatty acids and fecal microbiota abundance in humans with obesity: a
systematic review and meta-analysis. Nutrients 2019; 11(10): 2512. PUBMED | CROSSREF

Eslick S, Thompson C, Berthon B, Wood L. Short-chain fatty acids as anti-inflammatory agents in
overweight and obesity: a systematic review and meta-analysis. Nutr Rev 2022; 80(4): 838-856. PUBMED |
CROSSREF

https://e-jnh.org https://doi.org/10.4163/jnh.2024.57.2.171 184


http://www.ncbi.nlm.nih.gov/pubmed/27085899
https://doi.org/10.1016/j.ejphar.2016.04.024
http://www.ncbi.nlm.nih.gov/pubmed/16841861
https://doi.org/10.1093/ajcn/83.6.1505S
http://www.ncbi.nlm.nih.gov/pubmed/32738734
https://doi.org/10.1016/j.jnutbio.2020.108458
http://www.ncbi.nlm.nih.gov/pubmed/23329830
https://doi.org/10.1074/jbc.M112.415729
http://www.ncbi.nlm.nih.gov/pubmed/34212398
https://doi.org/10.1002/lipd.12318
http://www.ncbi.nlm.nih.gov/pubmed/11815310
https://doi.org/10.1093/ajcn/75.2.213
http://www.ncbi.nlm.nih.gov/pubmed/18702944
https://doi.org/10.1016/j.metabol.2008.04.012
http://www.ncbi.nlm.nih.gov/pubmed/33274552
https://doi.org/10.1002/mnfr.202000681
http://www.ncbi.nlm.nih.gov/pubmed/8384714
https://doi.org/10.1073/pnas.90.6.2160
http://www.ncbi.nlm.nih.gov/pubmed/9113987
https://doi.org/10.1073/pnas.94.9.4318
http://www.ncbi.nlm.nih.gov/pubmed/31635264
https://doi.org/10.3390/nu11102512
http://www.ncbi.nlm.nih.gov/pubmed/34472619
https://doi.org/10.1093/nutrit/nuab059

