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Preadipocytes can give rise to either white adipocytes or beige
adipocytes. Owing to their distinct abilities in nutrient storage and
energy expenditure, strategies that specifically promote “beiging”
of adipocytes hold great promise for counterbalancing obesity and
metabolic diseases. Yet, factors dictating the differentiation fate
of adipocyte progenitors remain to be elucidated. We found that
stearoyl-coenzyme A desaturase 1 (Scd1)-deficient mice, which resist
metabolic stress, possess augmentation in beige adipocytes under
basal conditions. Deletion of Scd1 in mature adipocytes expressing
Fabp4 or Ucp1 did not affect thermogenesis in mice. Rather, Scd1
deficiency shifted the differentiation fate of preadipocytes from
white adipogenesis to beige adipogenesis. Such effects are depen-
dent on succinate accumulation in adipocyte progenitors, which
fuels mitochondrial complex Il activity. Suppression of mitochondrial
complex Il by Atpenin A5 or oxaloacetic acid reverted the differen-
tiation potential of Scd1-deficient preadipocytes to white adipo-
cytes. Furthermore, supplementation of succinate was found to
increase beige adipocyte differentiation both in vitro and in vivo.
Our data reveal an unappreciated role of Scd1 in determining the
cell fate of adipocyte progenitors through succinate-dependent reg-
ulation of mitochondrial complex II.
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From an evolutionary perspective, cells from yeast to man
possess lipid droplets as storage of triglycerides for future
energy consumption (1). As a specialized tissue, fat bodies first
appeared in arthropods (2). In mammals, adipose tissues are for
energy storage and caloric intake balance. This adipocyte-
composed loose connective tissue also helps cushion and insulate
the body (3). Adipose tissue is also integrally involved in various
other biological processes such as neuroendocrine and immune
regulation (4). According to their molecular characteristics and
distinct functions, mammalian adipose tissues can be classified as
white adipose tissue (WAT) for energy storage and brown adipose
tissue (BAT) for energy dissipation and heat generation (5, 6).
Upon chronic cold exposure or exercise, a process termed “beig-
ing” occurs in WAT through generating beige adipocytes and
conducts nonshivering thermogenesis by converting nutrients into
chemical energy in the form of heat (7, 8). These postnatal induced
beige adipocytes share similarities with brown adipocytes, such as
multilocular lipid droplets, high levels of uncoupling protein 1
(Ucpl), as well as thermogenic capacity (9—11). Strategies inducing
beige adipogenesis hold great promise in counterbalancing over-
nutrition and metabolic disorders.

The cellular features and functions between beige adipocytes
and brown adipocytes are similar; however, their origins are
quite different. By employing lineage-tracing mouse models, it
has been revealed that progenitors of brown adipocytes reside
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in the dermomyotome (12). In contrast, beige adipocytes originate
from Myf5-negative progenitors, a common cell population
that also gives rise to white adipocytes (5). Previous studies
have demonstrated that adipose tissue-derived mesenchymal stem
cells (ADSCs) located at the perivascular region are the pro-
genitors for de novo beige and white adipogenesis during the
development, expansion, or regeneration of adipose tissue (8, 13).
ADSCs can differentiate into white or beige adipocytes when
cultured in appropriate conditions. By utilizing these in vitro sys-
tems, it was found that these well-orchestrated adipogenic pro-
cesses are controlled by a large number of transcriptional factors
such as PRDM16, C/EBPs, PPARy, and PGCla, which control
distinct stages of adipogenesis (14-16). In the last decade, studies
have made a giant leap in understanding the mechanism of adipo-
cyte differentiation. However, few strategies are available to ma-
nipulate the fate of ADSCs and increase adaptive thermogenesis.
Lipogenesis and lipolysis are two major coordinated events for
adipocytes to maintain energy homeostasis and key factors involved
in the regulated formation and function of different adipocyte
types (17, 18). Enhanced expression and activity of lipogenic genes
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are concomitant with the accumulation of triacylglycerol in adi-
pocytes. Among them, stearoyl-coenzyme A desaturase 1 (Scdl) is
the rate-limiting enzyme for catalyzing saturated fatty acids into
monounsaturated fatty acids, mainly for the production of oleate
and palmitoleate (19). A high level of Scd1 expression is correlated
with obesity and some metabolic diseases. Blockade or deficiency
of Scdl in mice inhibited the progression of obesity and insulin
resistance induced by a high-fat diet (HFD) (20). Specific knockout
of Scdl in liver or skin can also provide mice with protection
against high-carbohydrate- or high-fat diet-induced adiposity
through impairment of gluconeogenesis in liver or up-regulation of
thermogenic processes (21, 22). Detailed investigations into the
biological significance of Scd1 in the metabolism of adipose tissues
will provide key insights for understanding the pathophysiological
mechanisms of metabolic diseases and exploiting novel therapeutic
strategies.

Here, we found that Scdl deficiency promoted the de novo
generation of beige adipocytes, rather than switching white adi-
pocytes into beige adipocytes. The preference of Scdl-deficient
ADSC: for beige adipocyte differentiation resulted from increased
activity of mitochondrial complex II fueled by accumulated suc-
cinate. Succinate alone was sufficient to redirect ADSCs for beige
adipogenesis. Taken together, our results demonstrate a key role
of Scdl-succinate coupling in dictating adipocyte progenitor cells
for beige adipogenesis and adaptive thermogenesis.

Results

Loss of Scd1 Potentiates Beige Adipocyte Formation. Previous studies
have reported that Scdl could be a potential therapeutic target
to control obesity and its related metabolic disorders (20). To
verify the role of Scdl in energy metabolism, Scd1**¥¢ mice,
with a mutation of the Scdl gene, were subjected to an HFD to
induce obesity (23). Consistently, we found that these mice are
resistant to the gains of body weight and fat mass and the de-
velopment of insulin resistance (Fig. 14 and SI Appendix, Fig.
S1A and B). In addition, the loss of Scdl increased oxygen (O-)
consumption, whole-body carbon dioxide (CO;) production,
and heat generation, when monitored in metabolic cages
(Fig. 1B).

We further performed histological analysis of the WAT and
BAT from these wild-type (WT) mice and Scd1***¥* mice upon
HFD feeding. We found that many more multilocular beige
adipocytes were accumulated in inguinal WAT (iWAT) of mice
with Scdl functional deficiency, as analyzed by hematoxylin and
eosin (H&E) and Ucpl staining (Fig. 1C). Additionally, genes
associated with thermogenesis were much higher in iWAT of
Scdl-deficient mice than that of WT mice, verifying that an en-
hanced formation of beige adipocytes occurs when Scd1 is ablated
(Fig. 1D). Considering the inherent differences in thermogenesis
among distinct inbred mice (24), another strain of Scd1-deficient
mice in CS7BL/6 background (Scd1™™*™) was also tested in the
same study. Consistently, Scdl deficiency (Scd1™™™) also pro-
tected mice from HFD-induced obesity and insulin resistance (S/
Appendix, Fig. S1 C-F). Compared with WT mice, Scd1-deficient
C57BL/6 mice exhibited higher potentials in energy expenditure
and more beige adipocyte formation in iWAT (S Appendix, Fig.
S1 G and H).

To examine whether these enriched beige adipocytes in iWAT
of Scdl-deficient mice are preexisting or induced by HFD treat-
ment, we analyzed the tissue mass and morphological features of
iWAT of WT and Scdl-deficient mice subjected to a normal diet.
As expected, mice with ablation of Scd1 had a significant increase
in the mass of interscapular BAT and a lower mass of iWAT (Fig.
1E). H&E staining also revealed more extensive multilocular ad-
ipocytes distributed in the inguinal fat depots of Scd1***** and
Scd1"™™N=™ mice than those of control mice (Fig. 1F and SI Ap-
pendix, Fig. S1I). Assays for detecting thermogenesis-associated
genes in iWAT showed a significant enhancement in Scd1?**Y*
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mice compared with controls (Fig. 1G). These data show that
deletion of Scdl strengthens beige adipocyte formation and
confers mice with resistance to HFD-induced obesity.

Enriched Beige Adipocytes in Scd1-Deficient Mice Are Not Related to
the Transition between White and Beige Adipocytes. The accumula-
tion of beige adipocytes in vivo usually requires an external stim-
ulus such as cold or exercise. Therefore, illustrating how Scdl
deficiency dictates beige fat biogenesis under basal conditions or
upon HFD feeding may provide new strategies to combat meta-
bolic diseases. Beige adipocytes can be generated by a lineage
conversion from mature unilocular adipocytes, a well-known pro-
cess termed beiging (13, 25-27). To verify whether beige adipo-
cytes in Scd1-deficient mice originate from white adipocytes, Scd!
was deleted in mature adipocytes by crossing mice bearing flox
alleles of Scdl with Fabp4“™ (fatty acid-binding protein 4) mice, named
FCeScd11°* (ST Appendix, Fig. S24). We proceeded to analyze the
inguinal fat mass, adipocyte size, and multilocular lipid droplet
appearance in F“°Scd1™™ mice. Distinct from the changes in adi-
pose tissue of Scd1?®** and Scd1™!™N"™ mice, a limited difference
was observed in mice with Scdl deficiency in mature adipocytes
(Fig. 2 A and B). Also, these F*Scd1™™* mice showed comparable
or lower levels of thermogenesis-associated genes in BAT as well as
in inguinal and gonadal WAT (Fig. 2C and SI Appendix, Fig. S2B).
Next, these F<°Scd1™™ mice were fed an HFD. Compared with
littermate controls, no changes of body weight, fat and lean mass,
insulin resistance, and energy metabolism including O, consumption,
CO, production, and heat generation were observed in FEresed1ox
mice (Fig. 2 D-G and SI Appendix, Fig. S2C).

Beige adipocytes have high plasticity, which can regain the
phenotypes and functions of white adipocytes, especially upon
HFD feeding (28). We questioned whether the sustained “whit-
ening process” is affected in Scd1-deficient mice. Thus, we con-
structed mice with an Scdl-specific deletion in Ucpl-positive
cells (named U™Scd1%°%) (SI Appendix, Fig. S2D). However, no
difference was shown in body weight and rectal temperature
between U“Scd1™™ mice and their littermate controls (SI Ap-
pendix, Fig. S2E). Also, U“™Scd1"°* mice showed similar adipocyte
size in iIWAT and BAT to that of control mice (SI Appendix, Fig.
S2F). When fed an HFD, U“*Scd1™™* and control mice gained
body weight in a similar pattern (Fig. 2H). Monitored by using
metabolic cages, these U“™Scd17°* mice and control mice exhibited
comparable levels in O, consumption, CO, production, and heat
generation in both light and dark cycles (Fig. 21 and SI Appendix,
Fig. S2G). Meanwhile, the size and morphology of adipocytes in
iWAT, gonadal WAT (gWAT), and BAT were not affected by
Scdl deficiency in beige/brown adipose tissue (Fig. 27). In sum-
mary, loss of Scd1 does not regulate the transition between white
and beige adipocytes.

Scd1 Dictates the Developmental Fate of Adipocyte Progenitors. We
thus far have excluded the possibility that the accumulation of
beige adipocytes in mice with Scd1 deficiency was initiated by the
conversion of mature white adipocytes. We further checked an
alternative possibility that beige adipocytes can be more vigorously
generated from precursors when Scd1 is deficient. To achieve this,
ADSCs were isolated from iWAT of WT and Scd1™™“™ mice.
These cells were featured as CD45"CD31 Sca-1*CD140a* (SI
Appendix, Fig. S34). ADSCs derived from WT and Scd1™™Nt@m
mice showed comparable levels in the expression of CD137 and
TBX1, markers for the recognition of beige adipocyte progenitors
(9) (SI Appendix, Fig. S3B). Also, we found that the expression
of Prdm16, Pgcla, Cebpa, Cebpb, Cebpd, and SrebfI in both WT
and Scdl-deficient ADSCs exhibited limited differences (SI
Appendix, Fig. S3C).

Given that ADSCs can undergo white and beige adipogenesis
in certain culture conditions, cells from WT and Scd1-deficient
mice were examined for their differentiation ability. These ADSCs
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Fig. 1. Loss of Scd1 potentiates beige adipocyte formation. (4) Body weight of WT and Scd1 mutant (5cd12°”¥) mice fed an HFD for 10 wk (n = 5 for each
group, repeated three times). (B) Daily O, consumption, CO, production, and heat generation of WT and Scd1 mutant (Scd12°Y%) mice fed an HFD (n > 3 for
each group, repeated two times). (C) Representative H&E staining and immunohistological staining for Ucp1 in inguinal WAT, gonadal WAT, and inter-
scapular BAT of WT and Scd1 mutant (Scd 1225 mice fed an HFD. (Scale bars, 50 pm.) (D) Relative mRNA levels of thermogenic and adipogenic genes in
iWAT of WT and Scd1 mutant (Scd12°Y%) mice fed an HFD (n = 3 for each group, repeated three times). (E) The ratio of tissue mass (i\WAT or BAT) to body
weight in WT and Scd1 mutant (Scd122XY%) mice (8 wk old; n = 3 for each group, repeated three times). (F) H&E staining of representative sections of
iWAT and BAT from WT and Scd1 mutant (Scd122X%) mice (8 wk old). (Scale bars, 100 pum.) (G) Relative expression levels of Ucp1, Pparg, Pgcla, and
Prdm16 in iWAT from WT and Scd1 mutant (Scd12PY) mice (8 wk old; n = 3 for each group, repeated three times). Data are shown as mean + SEM. *P <

0.05, **P < 0.01, and ***P < 0.001.

were initiated in beige adipogenic culture, and we found adipo-
cytes generated from WT and Scdl-deficient ADSCs exhibited
similar multilocular morphology and mRNA levels in thermogenic
and adipogenic genes (SI Appendix, Fig. S3 D and E). Surprisingly,
when we cultured these ADSCs in white adipogenic differentia-
tion medium, which contains no chemical or hormonal inducer of
beige adipogenesis, ADSCs from Scdl-deficient mice were still
converted into beige adipocytes. As predicted, adipocytes gener-
ated from Scdl-deficient ADSCs showed more multilocular mor-
phology and smaller lipid droplets compared with those from WT
ADSCs (Fig. 3 A and B). No difference was found in the expres-
sion of genes associated with white adipogenesis, including Cebpa,
Cebpb, Pparg, Fabp4, and Leptin (Fig. 3C). However, we observed
a robust enhancement of mRNAs encoding key thermogenic genes
in differentiated ADSCs with Scdl deficiency, including Ucpl,
Prdm16, Pgcla, Cidea, Cox8b, and SrebfI (Fig. 3C). Similar results
were shown in protein levels of Lipinl, Ucpl, PGCla, and C/EBPp
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(Fig. 3D). Taken together, loss of function of Scdl in ADSCs
determines cells with a preference for beige adipocyte generation
in response to signals for classical white adipogenesis.

To verify the regulatory effect of Scdl in determining the cell
fate of adipocyte progenitors in vivo, we conditionally deleted
Scdl in mesenchymal progenitors by crossing Sed1"°* mice with
Dermo1<™ (also called Twist2“™) mice (named D“™Scd1°%)
(SI Appendix, Fig. S3F). Despite the fat mass and the lean mass
not being affected by Scd1 deficiency in adipocyte progenitors,
more multilocular adipocytes were observed in the iWAT of
DScd1™* mice (Fig. 3 E and F). Consistently, analysis of genes
associated with white or beige adipocyte generation further dem-
onstrated that Scdl deficiency in adipocyte progenitors facilitates
beige adipocyte formation in iWAT (Fig. 3G). When these mice
were fed an HFD, we found that DScd1™°* mice are resistant to
accelerated gain of body weight (Fig. 3H). The glucose tolerance,
O, consumption, and CO, production were also significantly
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Fig. 2.

Enhanced beige adipocytes in the adipose tissue of Scd1-deficient mice is not related to white-to-beige transition. (A) The ratio of tissue mass (BAT,

iWAT, and gWAT) to body weight of 8-wk-old control (Scd171°) and F¢Scd 17 mice (n = 3 for each group, repeated two times). (B) H&E staining of representative
sections of iWAT, gWAT, and BAT from 8-wk-old control (Scd 1) and FeScd1f°* mice. (Scale bars, 100 um.) (C) Relative mRNA levels of thermogenesis- and
adipogenesis-related genes in iWAT and BAT of control (Scd1%°%) and F<®Scd 1% mice (n = 4 for each group, repeated two times). (D) Body weight of control
(Sed171°) and FE®Scd 1™ mice fed an HFD for 12 wk (n > 4 for each group, repeated three times). (E and F) The ratio of fat mass and lean mass to body weight (E)
and insulin sensitivity (F) of control (5cd1%1°%) and F®S¢d 1% mice fed an HFD for 12 wk (n = 3 for each group, repeated three times). (G) Daily O, consumption, CO,
production, and heat production of control (Scd1°) and F<*scd1f°* mice fed an HFD (n = 4 for each group, repeated two times). (H) Body weight of control
(Sed171°) and US"®Scd 1% mice fed an HFD for 8 wk (n > 4 for each group, repeated three times). (/) Heat generation of the light cycle and the dark cycle in control
(Scd1%°) and U<"®Scd17°* mice fed an HFD (n = 4 for each group, repeated two times). (J) H&E staining of representative sections of iWAT, gWAT, and BAT of
control (Scd1™°%) and U®scd1f°* mice fed an HFD for 8 wk. (Scale bars, 100 um.) Data are shown as mean + SEM. *P < 0.05 and ***P < 0.001.

improved in D“"Scd1"°* mice compared with that of controls (Fig.
3I and SI Appendix, Fig. S3G). Together, our data provide evi-
dence that deficiency of Scd1 potentiates adipocyte progenitors
to undergo beige adipogenesis.

Robust Mitochondrial Complex Il Activity in Scd1-Deficient ADSCs
Dictates Their Preference for Beige Adipogenesis. As enriched ex-
pression of Ucpl in adipocytes is a mark for high thermogenic
ability, we further evaluated the spare respiratory capacity (SRC)
in adipocytes derived from WT and Scdl-deficient ADSCs by
employing the seahorse XF24 analyzer to measure oxygen
consumption rate (OCR). Much higher maximal OCR and
extra capacity for energy generation were found in adipocytes

Liu et al.

differentiated from Scdl-deficient ADSCs, compared with
that of WT ADSCs (Fig. 44 and SI Appendix, Fig. S44). It is
well-known that the oxidative phosphorylation (OXPHOS)
process is carried out by the electronic transport chain (ETC)
composed of a series of complexes on the mitochondrial inner
membrane (29). We further detected the quantity and enzymatic
activity of mitochondrial complexes. When Scdl was deficient, no
changes were found in the protein levels of these five mitochon-
drial complexes in either ADSCs or their differentiated adipocytes
(Fig. 4B). We further examined if the activities of mitochondrial
complexes were affected and responsible for the enhanced SRC.
As expected, adipocytes derived from Scd1-deficient ADSCs showed
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differentiated adipocytes from WT and Scd 1-deficient (Scd1t™INtamy ADSCs cultured in white adipogenic medium (n = 30 for each group, repeated three times). (C)
Relative expression levels of genes associated with thermogenesis (Top) and adipogenesis (Bottom) in differentiated adipocytes from WT and Scd1-deficient
(Scd1t™mN®M) ADSCs cultured in white adipogenic medium (n = 3 for each group, repeated three times). (D) Immunoblot analysis of Lipin1, Ucp1, PGCla, C/EBPP,
Scd1, and B-actin in WT and Scd 1-deficient (Scd1t™'Ntamy ADSCs and their differentiated adipocytes. White Adi, white adipogenic medium. (E) The ratio of fat mass
and lean mass to body weight in control (Scd17°) and D*scd171°* mice (8 wk old; n = 3 for each group). (F) H&E staining of representative sections of iWAT,
gWAT, and BAT from 8-wk-old control (Scd1™°%) and D"Scd 179 mice. (Scale bars, 100 pm.) (G) Relative expression levels of genes associated with white or beige
adipocytes in iWAT and BAT from control (Scd 1) and D*scd 1% mice (8 wk old; n = 3 for each group). (H) Gain of body weight of control (5cd1) and
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mice fed an HFD for 8 wk (n = 3 for each group). Data are shown as mean + SEM. *P < 0.05, **P < 0.01, and ***P < 0.001.
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Enhanced activity of mitochondrial complex Il controls Scd1-deficient ADSCs with a propensity for beige adipogenesis. (A) Spare respiratory capacity

(indicated by the difference between maximal OCR and basal OCR) in differentiated adipocytes from WT and Scd1-deficient (Scd1™"™*™) ADSCs cultured in a
24-well plate with white adipogenic medium for 5 d (n = 4 for each group, repeated two times). (B) Immunoblot analysis of mitochondrial complexes and COXIV in
ADSCs derived from WT and Scd1-deficient (Scd1™™'™™) mice and their differentiated adipocytes. Ai, adipocytes derived from ADSCs cultured in white adipogenic
medium; PC, positive control. (C) The OCR in ADSCs from WT and Scd1-deficient (Scd1'™'™*™) mice. A+R, antimycin and rotenone; Oligo, oligomycin; FCCP,
p-trifluoromethoxyphenylhydrazone (n > 3 for each group, repeated three times). (D) The activities of complex Il per pg of mitochondrial protein in ADSCs derived
from WT and Scd1-deficient (Scd1"™'™2™) mice (n = 3 for each group, repeated three times). (E) Representative images (Left) and the average diameter of lipid
droplets (Right) of adipocytes differentiated from WT and Scd1-deficient (Scd 1™ '™Nt™) ADSCs, with Atpenin A5 treatment at concentrations of 0, 100, and 200 nM
(n = 30 for each group, repeated three times). (Scale bars, 100 pm.) (F) Immunoblot analysis of Ucp1 and Lipin1 in adipocytes differentiated from Scd1-deficient
(Scd1t™™N®™) ADSCs, with Atpenin A5 treatment (0, 100, and 200 nM). (G) The OCR of adipocytes differentiated from Scd1-deficient (Scd1*™'Nt™) ADSCs, with or

without (Ctrl) Atpenin A5 (100 nM) treatment (n = 3 for each group). Data are shown as mean + SEM. *P < 0.05, **P < 0.01, and ***P < 0.001.

an up-regulation in the activities of mitochondrial complexes I, II,
and III, with a slightly down-regulation in mitochondrial complex V
activity (SI Appendix, Fig. S4B). Distinct from the enhanced levels
of maximal OCR in adipocytes derived from Scdl-deficient
ADSCs (SI Appendix, Fig. S44), we surprisingly found that
ADSCs with Scdl deficiency exhibit much lower capabilities in
OCR and maximal respiratory rate (Fig. 4C). However, the activity
of mitochondrial complex II was strikingly higher in Scd1-deficient
ADSCs than that of WT ADSC:s (Fig. 4D and SI Appendix, Fig. S4C).

Mitochondrial complex II is also referred to as succinate
dehydrogenase, a unique enzyme that participates in both the
tricarboxylic acid (TCA) cycle and ETC. It catalyzes succinate
oxidation into fumarate coupled with the reduction of ubiquinone
to ubiquinol. To parse out if enhanced activity of mitochondrial
complex II in Scdl-deficient ADSCs is responsible for the com-
mitment of beige adipocytes, Atpenin A5, a mitochondrial com-
plex II inhibitor that competitively binds to ubiquinone, was added
to ADSCs cultured in white adipogenic differentiation medium.
We found that Atpenin AS5 significantly increased the sizes of lipid
droplets in adipocytes generated from Scdl-deficient ADSCs, and
these effects were found to be dose-dependent (Fig. 4F). Also,
Atpenin A5 down-regulated the mRNA levels of Ucpl, Pgcla,
Prdm16, and Cox8b, as well as the protein level of Ucpl in dif-
ferentiated ADSCs with Scdl deficiency (Fig. 4F and SI Ap-
pendix, Fig. S4D). No change was detected in the genes for white
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adipogenesis (SI Appendix, Fig. S4D). By employing the seahorse
XF24 analyzer, we found that Atpenin A5 treatment significantly
inhibited the maximal respiratory rate in adipocytes derived from
ADSCs with Scdl deficiency (Fig. 4G). Alternatively, oxaloacetate
(OAA) was also used to suppress the oxidation of succinate.
Similar to the treatment with Atpenin AS, addition of OAA
significantly decreased the mRNA levels of Ucpl1, Pgcla, Prdmi6,
Cidea, and Cox8b in adipocytes generated from Scdl-deficient
ADSCs (SI Appendix, Fig. SAE). These data strongly suggest
that the enhanced activity of mitochondrial complex II in Scd1-
deficient ADSCs dictates their preference for beige adipocyte
differentiation.

Enriched Succinate in Scd1-Deficient ADSCs Fuels the Activities of
Mitochondrial Complex IIl. We next explored the mechanisms of
the increased activity of mitochondrial complex II in ADSCs
impacted by Scd1 deficiency. We used liquid chromatography-
mass spectrometry (LC-MS) to profile comprehensive metab-
olites in WT and Scd1-deficient ADSCs and their differentiated
adipocytes (Dataset S1). Principal component analysis (PCA) and
unsupervised hierarchical clustering showed that WT and Scd1-
deficient ADSCs were located at a relative distance (Fig. 5 4
and B). The changes reached the maximum upon stimulation
with adipogenic medium in adipocytes generated from WT and
Scdl1-deficient ADSCs (Fig. 5 4 and B). Thus, a total of 250
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Fig. 5. Accumulated succinate fuels mitochondrial complex Il activity in Scd1-deficient ADSCs. (A and B) Principal component analysis (A4) and unsupervised
hierarchical clustering (B) in ADSCs (WT-ADSCs and knockout [KO]-ADSGCs, indicated by red and green) and their differentiated adipocytes (WT-Ai and KO-Ai,
indicated by purple and blue) from WT and Scd1-deficient (Scd1"™™*@™) mice (n = 5 for each group). (C) The analysis of the top 15 most enriched metabolic
pathways with a total of 250 metabolites contributing to PC2 by using online tools from MetaboAnalyst. (D) Module shown for the network associating the
key signature metabolites among WT and Scd1-deficient (Scd1™'™*™) ADSCs and their differentiated adipocytes. Edges indicate the experimentally verified
interactions among metabolites. The size of nodes indicates betweenness value. (E) The concentration of succinate in WT and Scd1-deficient (Scd1t™'Ntam)
ADSCs and their differentiated adipocytes cultured in white adipogenic medium for 7 d (n = 3 for each group, repeated two times). (F) The activity of
mitochondrial complex Il in adipocytes generated from WT ADSCs with (succinate; 2 mM) or without (Ctrl) succinate stimulation (n = 3 for each group,
repeated two times). (G) Schematic illustration of '3C tracing of [U-'C]glucose in glycolysis and the TCA cycle. (H) Adipocytes generated from WT and Scd1-
deficient (Scd1™'™t™ KO) ADSCs were incubated with [U—13C]glucose for 1 or 4 h. After extracting polar metabolites, the labeling proportion of each
isotopologue in the total was calculated (n = 5 for each group). Data are presented as mean + SEM. *P < 0.05 and **P < 0.01.
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metabolites loading for PC2 were analyzed for the enrichment
analysis. We found that these detectable metabolites were mainly
associated with fatty acid metabolism and oxidation, amino acid
metabolism and degeneration, the citric acid cycle, as well as the
electronic transport chain (Fig. 5C). We next depicted metabolite
differences using a network-based permutation test. These 250
metabolites were analyzed and mapped to the selected molecular
interaction network to create subnetworks. Among them, succi-
nate showed the highest betweenness centrality value (Fig. 5D and
Dataset S2). We further confirmed the elevated concentration
of succinate in ADSCs derived from Scd1™™%“™ mice and
their descendants during white adipogenesis, relative to those
of control cells (Fig. 5E). Indeed, addition of cell-permeable
diethyl succinate (hereafter referred to as succinate) to ADSCs
can significantly increase the activity of mitochondrial complex
II (Fig. 5F). Therefore, succinate accumulation in Scd1-deficient
ADSCG: is associated with their enhanced activity of mitochondrial
complex II.

Based on the analysis that the most relevant metabolic pathway
affected by Scdl deficiency is fatty acid metabolism, we asked if
the accumulated fatty acids catabolized by Scd1l were related to the
enhanced succinate in Scd1-deficient ADSCs. We profiled major
fatty acids in white adipose tissue of WT and Scd1**** mice and
found that loss of Scd1 induced a lower ratio of monounsaturated
fatty acids (C16:1 and C18:1) to saturated fatty acids (C16:0 and
C18:0) (SI Appendix, Fig. S5 A and B). Therefore, we supple-
mented oleic acid, a monounsaturated fatty acid, to Scd1-deficient
ADSCs under white adipogenic conditions. By monitoring cell
morphology, we found that the tendency of Scd1-deficient ADSCs
to generate beige adipocytes was significantly impaired by this
oleic acid treatment (SI Appendix, Fig. S5C). More importantly,
addition of oleic acid sharply decreased the concentration of
succinate and the activity of mitochondrial complex II in adipo-
cytes generated from Scd1-deficient ADSCs (SI Appendix, Fig. S5
D and E). Also, the expression of beige adipogenic genes in these
adipocytes differentiated from Scdl-deficient ADSCs was inhibi-
ted by oleic acid (SI Appendix, Fig. S5F). Thus, the absence of
monounsaturated fatty acids endows ADSCs with a tendency to
differentiate into beige adipocytes via succinate.

To gain insights into the impact of Scd1 deficiency on succinate
accumulation, we used isotope-labeled glucose and glutamate as
carbon tracers for metabolic flux analysis. ADSCs from WT and
Scd1-deficient mice were cultured under white adipogenic condi-
tions for 10 d and then incubated with [U-"*C]glucose or [U-*C]
glutamate. We found an impaired incorporation of >C carbons
from [U-"*C]glucose into glycolysis and the TCA cycle in Scd1-
deficient adipocytes (Fig. 5 G and H). However, a significant
proportion of *C carbons from [U-*C]glutamate was incorpo-
rated into the GABA shuttle and TCA cycle in these Scd1-deficient
adipocytes (SI Appendix, Fig. S5 G and H). These results sug-
gest that Scdl deficiency in differentiated adipocytes endows
them with a preference to consume glutamate rather than glucose,
subsequently resulting in succinate accumulation.

Succinate Stimulates Beige Adipogenesis. To investigate whether
succinate directly regulates the beige adipogenesis process,
succinate was used to treat ADSCs under the white adipocyte
differentiation condition. With succinate treatment, ADSCs
exhibited more significant accumulation of multiloculated lipid
droplets and up-regulation of thermogenic gene expression
compared with those of control ADSCs (SI Appendix, Fig. S6 A
and B). These results reveal that succinate endows ADSCs with
a preference for the generation of beige adipocytes. In addition,
succinate treatment was found to increase the maximal respiratory
capacity of ADSC:s in a dose-dependent manner (Fig. 64). Such
amplified maximal OCR in succinate-treated ADSCs can be re-
versed by Atpenin AS treatment, an inhibitor of mitochondrial
complex II (SI Appendix, Fig. S6C). RNA-sequencing analysis
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showed a clear distinction between adipocytes generated from
ADSCs that were treated with (Suc-Adi) and those without suc-
cinate (Ctrl-Adi). Compared with Ctrl-Adi, Suc-Adi are enriched
with genes associated with beige adipocytes, although less in the
representative genes related to white adipocytes (Fig. 6B) (30-32).
Accordingly, pathway enrichment analysis demonstrated that the
PI3K-Akt pathway and the AMPK pathway were altered in adi-
pocytes differentiated from ADSCs with succinate treatment,
further supporting succinate-treated ADSCs with a strong prefer-
ence to generate beige adipocytes (SI Appendix, Fig. S6 D and E).
Given that succinate in metabolic pathways is important for
reactive oxygen species (ROS) production, we next questioned if
succinate oxidation was involved in promoting beige differenti-
ation. We first measured ROS generation in mitochondria and
found that a much higher level of ROS can be observed in adi-
pocytes differentiated from Scdl-deficient ADSCs, compared
with adipocytes from WT ADSCs (SI Appendix, Fig. STA). Also,
addition of succinate resulted in a rapid and robust enhancement
of ROS formation in mitochondria of WT and Scdl-deficient
adipocytes, strongly suggesting that succinate is a potent driver
of ROS generation during adipogenesis (SI Appendix, Fig. STB).
Of note, supplementation of mitoquinone, a mitochondrial ROS
scavenger, could significantly suppress the beige adipogenesis in-
duced by succinate treatment (SI Appendix, Fig. S7 C and D).
These data show that mitochondrial ROS induced by succinate can
be associated with the regulation of Scdl in beige adipogenesis.
We next tested if the enhanced beige adipogenesis by succinate
can be seen in in vivo experiments. First, we employed a de novo
adipogenesis system. ADSCs were isolated from Fabp4-mTmG
reporter mice generated by crossing Fabp4“™ mice with mTmG
mice (Fig. 6C) (33). These cells were mixed with Matrigel and
subcutaneously injected into the chest of mice. Mice were exposed
to succinate in drinking water at different concentrations (5 and
10 mM) for 4 wk. The Matrigel plugs were isolated and counted
for these mT/mG-labeled multilocular adipocytes. More beige
adipocytes were observed in the succinate-treated group (Fig. 6
D-F). Consistently, succinate amplified Ucpl expression in ad-
ipocytes in the Matrigel plugs (Fig. 6 E and F and SI Appendix,
Fig. S84). Also, mRNA expression of beige adipogenic genes,
including Ucpl, Cox8b, and Pgcla, was also elevated (Fig. 6F).
To further evaluate the effects of succinate in controlling beige
adipocyte formation in vivo, we detected the metabolic parameters
in mice treated with succinate. Succinate administration did not
influence body weight, tissue mass (iWAT, gWAT, and BAT), and
histology of other nonfat organs including kidney, lung, spleen, and
liver (SI Appendix, Fig. S8 B-D). Of note, the formation of beige
adipocytes in WAT was enhanced in mice with succinate admin-
istration, compared with that of the control group (SI Appendix,
Fig. S8D). Elevated mRNA levels of thermogenic genes in both
iWAT and gWAT also verified the promoting effects of succinate
in beige adipogenesis (S Appendix, Fig. SS8E). More importantly,
when succinate was supplemented in drinking water for HFD-fed
mice, gains in body weight and fat mass were suppressed (Fig. 6 G
and H). Many more beige adipocytes were observed in the adipose
tissue of succinate-treated obese mice (Fig. 6/). Consistently, these
succinate-treated mice also showed enhanced whole-body energy
expenditure (Fig. 6J). Taken together, these results suggest that
succinate administration dramatically induces beige adipogenesis.

Discussion

Comprehending the development and maintenance of beige
adipogenesis helps develop strategies to fight obesity. In the
present study, we identified Scdl as a key enzyme in controlling
beige adipogenesis. Its deficiency in ADSCs conferred cells
with the ability to differentiate into beige adipocytes. Detailed
analysis revealed that an accumulation of succinate induced by
Scdl deficiency enhances the activity of mitochondrial complex
IT and promotes ADSCs to differentiate into beige adipocytes.
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Fig. 6. Succinate promotes beige adipogenesis. (A) The OCR (Left) and the maximal OCR (Right) of adipocytes differentiated from WT ADSCs, with or without
succinate (Suc; 1 and 2 mM) treatment (n = 5 for each group). (B) Heatmap showing expression profiles of select genes in each group. Ctrl-Adi, differentiated
adipocytes; Suc-Adi, succinate-treated differentiated adipocytes. The color scale shows normalized fragments per kilobase million representing the mRNA level of
each gene in blue (low expression) to white to red (high expression) scheme. (C) Schematic representation for generation of Fabp4“®; mTmG mice by crossing
mTmG mice with Fabp4“"™ mice (Left); representative image of a mouse injected with a mixture of Matrigel and ADSCs (Right). The white dashed line indicates the
Matrigel implant. (D) Mass of Matrigel mixed with ADSCs implanted in mice, with or without succinate (5 and 10 mM) administration in drinking water for 4 wk
(n = 4 for each group, repeated two times). () The percentages of Ucp1* adipocytes with tdTomato (mT") or EGFP (mG*) and Ucp1~ adipocytes in fluorescence-
labeled adipocytes (n > 9 for each group, repeated two times). (F) Relative expression of genes associated with thermogenesis and adipogenesis in implants with or
without succinate treatment (10 mM) (n = 3 for each group, repeated two times). (G) Gains of body weight of WT mice fed an HFD for 5 wk with or without
succinate (10 mM) in drinking water (n = 4 for each group). (H) The ratio of tissue mass (BAT, iWAT, and gWAT) to body weight in WT mice fed an HFD for 5 wk
with or without succinate (10 mM) in drinking water (n = 4 for each group). (/) H&E staining of representative sections of iWAT, gWAT, and BAT from obese mice
with or without succinate (10 mM) supplementation. (Scale bars, 100 um.) (J) Daily O, consumption and CO, production of obese mice supplied with or without
succinate (10 mM) treatment (n = 4 for each group). Data are shown as mean + SEM. *P < 0.05, **P < 0.01, and ***P < 0.001.
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Such regulation can be reversed by the addition of oleic acid.
Notably, administration of succinate alone could accelerate
beige adipogenesis through strengthening the activity of mito-
chondrial complex II.

In this study, we also analyzed the negative role of Scdl in beige
adipogenesis during HFD feeding-induced adiposity, providing
potential strategies to combat obesity. We found that ablation of
Scdl increased the thermogenic response of WAT in both naive
and obese status. Also, ablation of Scd1 was necessary to maintain
a beige adipocyte phenotype and prohibit ADSCs from acquiring
the morphology of white adipocytes. Previous studies on mice with
Scd1-specific deletions in liver or skin showed that Scd1 deficiency
functioned distinctly in obesity (21, 22). Such difference can be
attributed to its differential roles in metabolism regulation and
organ specificity. Nevertheless, supBression of Scd1 can improve
metabolic stress. By employing U~"Scd1*, F€"Scd1"°%, and
DScd1°* mice, we conclude that Scdl deficiency potentiates
beige adipogenesis, raising a hitherto unappreciated role of Scdl
in dictating the differentiation fate of progenitor cells. With the
progressions in identifying the specific marker of ADSCs, future
investigations into Scdl deficiency in preadipocytes will provide
novel understanding and therapeutic targets for metabolic disorders.

Scdl is the rate-limiting enzyme for catalyzing saturated fatty
acids into monounsaturated fatty acids. When it is deficient, an
accumulation of saturated fatty acids and an impairment of
unsaturated fatty acids can be observed (34, 35). Our results
demonstrated that replenishment of oleic acid can equilibrate
the superabundant levels of succinate in Scdl-deficient ADSCs,
rectifying the propensity of these cells to acquire beige adipocyte
morphology and thermogenic capacity. Our findings also provide
insights into the potential use of succinate to control ADSCs in
the direction of beige adipocyte generation, as demonstrated
through both in vitro and in vivo tracing experiments. These
results corroborate a recent study that highlighted the impor-
tance of succinate in thermogenesis by directly acting on brown
adipocytes (36). Also, dietary supply of succinate protected
mice against HFD-induced obesity (36). These results provide
the basis for illustrating a link between lipid acid metabolism
and succinate in promotion of beige adipocyte generation. Yet,
the regulatory mechanisms for succinate accumulation in Scd1-
deficient ADSCs remain elusive. By employing the metabolic flux
analysis, we found that succinate accumulation in Scdl-deficient
ADSCs and their differentiated adipocytes may come from glu-
tamate via GABA shuttle rather than from glucose. Glutamate
metabolism may be an alternative pathway to drive beige adi-
pogenesis, but its potential function and mechanisms in fighting
metabolic disorders deserve further investigation.

By utilization of Atpenin A5 and OAA, the necessity of mi-
tochondrial complex II activity in dictating ADSC fate was ver-
ified. Mitochondrial complex Il is a critical enzyme that links the
TCA and ETC. Previous studies have demonstrated that the ROS
generated by mitochondrial complexes plays important roles in
oxidative damage, as well as cell differentiation and death (37-39).
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Indeed, we found a high level of ROS in mitochondria from
Scd1-deficient adipocytes. Their ROS generation can be induced
by succinate stimulation. Improvement of substantial antioxidant
capacity by mitoquinone can down-regulate the promotion of
succinate in beige adipogenesis. Due to the limitation in using
inhibitors to specifically block mitochondrial ROS generated
from forward ETC and reverse ETC, future investigations should
parse out the role of ROS in beige adipogenesis. Additionally, the
highly activated AMPK signaling pathway in Scdl-deficient mice
has been reported to increase fatty acid oxidation (40). However,
the mechanism of Scdl in the regulation of AMPK is unclear (41).
Detailed investigations on the orchestration between fatty acid
metabolism and AMPK signaling will improve our understanding
of the cell fate of beige adipogenesis.

Adipose tissue is highly plastic in maintaining nutrient homeo-
stasis. In our study, we show that lack of Scd1 can change fatty acid
profiles, and subsequently dictate ADSCs with a tendency for
beige adipogenesis by strengthening mitochondrial complex II
activity fueled by succinate. Previous studies have reported that
the expression and activity of Scd1 in mouse were related to envi-
ronmental stimuli, with up-regulation in obesity status but down-
regulation in cold exposure or physical exercise (42, 43). Thus, Scd1
is a sensor of metabolic changes in ADSCs. Regulation strategies
on the axis of Scdl-succinate-mitochondrial complex II could
direct adipogenesis and potentially fight obesity.

Materials and Methods

Scd1tmINtEM mice (B6.129-Scd1t™'NtM/5/5, 006201), Ucp1-Cre mice [B6.FVB-
Tg(Ucp1-cre)1Evdr/), 24670], and Dermo1-Cre mice [B6.129X1-Twist2t™!-1(crelbory)
008712] were purchased from The Jackson Laboratory. Scd12°>%¢ mice (BALB/c
background) were described in previous studies (44). Fabp4-Cre mice [B6.Cg-
Tg(Fabp4-cre)/Nju, N000114] and mTmG reporter mice [B6.129(Cqg)-
Gt(ROSA)2650rtm4ACTB-tdTomato,-EGFP)/N\ i, - NO00041] were purchased from
the Model Animal Research Center of Nanjing University. Scd17°* mice
were purchased from the Shanghai Model Organisms Center. Genetically
modified sex-matched littermate WT mice were used as controls. Mice
were housed in the animal facilities of the Shanghai Institutes for Bi-
ological Sciences, Chinese Academy of Sciences under pathogen-free
conditions. All animal experiments were approved by the Institutional
Animal Care and Use Committee of the Institute of Health Sciences,
Shanghai Institutes for Biological Sciences of the Chinese Academy of
Sciences. Additional information on materials, experimental protocols,
and statistical analyses is provided in S/ Appendix.

Data Availability. All additional data and information are included in S/
Appendix as figures, additional legends, references, and tables for primers.
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