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Targeting PLD2 in adipocytes augments adaptive
thermogenesis by improving mitochondrial quality

and quantity in mice

Hyung Sik Kim™*@®, Min Young Park’™*®, Nam Joo Yun'®, Hye Sun Go?*®, Mi Young Kim**®, Je Kyung Seong?*®, Minyoung Lee*®,
Eun Seok Kang*®, Jaewang Ghim>®, Sung Ho Ryuw>®, Brian A. Zabel*®, Ara Koh°®, and Yoe-Sik Bae'®

Phospholipase D (PLD)2 via its enzymatic activity regulates cell proliferation and migration and thus is implicated in cancer.
However, the role of PLD2 in obesity and type 2 diabetes has not previously been investigated. Here, we show that during diet-
induced thermogenesis and obesity, levels of PLD2 but not PLD1 in adipose tissue are inversely related with uncoupling
protein 1, a key thermogenic protein. We demonstrate that the thermogenic program in adipose tissue is significantly
augmented in mice with adipocyte-specific Pld2 deletion or treated with a PLD2-specific inhibitor and that these mice are
resistant to high fat diet-induced obesity, glucose intolerance, and insulin resistance. Mechanistically, we show that Pld2
deletion in adipose tissue or PLD2 pharmacoinhibition acts via p62 to improve mitochondrial quality and quantity in
adipocytes. Thus, PLD2 inhibition is an attractive therapeutic approach for obesity and type 2 diabetes by resolving defects in

diet-induced thermogenesis.

Introduction

The global obesity epidemic is associated with a high risk of
developing metabolic diseases including type 2 diabetes (Al-Goblan
et al., 2014), insulin resistance (Makki et al., 2013; Ye, 2013), heart
disease (Ebong et al., 2014; Poirier et al., 2006), stroke (Bazzano
et al,, 2010; Strazzullo et al., 2010), and hypertension (Hall et al.,
2015; Jiang et al., 2016). When energy intake consistently exceeds
total energy expenditure (EE), excess energy is stored in white
adipocytes (Cohen and Spiegelman, 2016), whose expansion re-
sults in obesity (Vzquez-Vela et al., 2008). Thus, increasing EE
under energy excess conditions is an attractive approach to
combat obesity and obesity-associated diseases.

Adipose tissue has a major role in EE (Blaszkiewicz and
Townsend, 2016; Saito, 2013). Classical brown adipose tissue
(BAT) and beige adipose tissue can increase EE through non-
shivering thermogenesis (van der Lans et al., 2013). This process
relies mostly on uncoupling protein 1 (UCP1), a mitochondrial
inner membrane protein that uncouples respiration from ATP
synthesis and thus dissipates energy as heat (Cannon and
Nedergaard, 2004; Sidossis and Kajimura, 2015). Conversely,

reduced metabolic activity in BAT is associated with obesity
(Orava et al., 2013), insulin resistance (Chondronikola et al., 2014),
and cardiometabolic health (Becher et al., 2021) in humans. Thus,
improving the metabolic activity or thermogenic potential of these
adipose tissues is of important therapeutic interest.

Exposure to cold or excess caloric intake can induce adaptive
thermogenesis, the latter also termed as diet-induced thermo-
genesis, both of which are known to be dependent on the
sympathetic nervous system (SNS; Morrison et al., 2014) and
stimulation of B-adrenergic receptors (BARs; Goto et al., 2016;
Lowell and Bachman, 2003; Paulo et al., 2018; von Essen et al.,
2017). Activation of diet-induced thermogenesis has been shown
to preserve leanness in humans (Levine et al., 1999; Quatela
et al., 2016; Saito et al., 2020). Thus, identification of causal
molecular targets for defective diet-induced thermogenesis is
actively ongoing and of important clinical relevance (Feldmann
et al., 2009; Zhang et al., 2018).

Phospholipase D (PLD), which hydrolyzes phosphatidylcho-
line into phosphatidic acid (PA) and choline, plays an essential

1Department of Biological Sciences, Sungkyunkwan University, Suwon, Republic of Korea; 2Laboratory of Developmental Biology and Genomics, College of Veterinary
Medicine, Seoul National University, Seoul, Republic of Korea; 3Korea Mouse Phenotyping Center, Seoul National University, Seoul, Republic of Korea; “Department of
Internal Medicine, Yonsei University College of Medicine, Seoul, Republic of Korea; °Department of Life Science, Pohang University of Science and Technology, Pohang,
Republic of Korea; ©Palo Alto Veterans Institute for Research, Veterans Affairs Hospital, Palo Alto, CA.

*H.S. Kim and M.Y. Park contributed equally to this paper; Correspondence to Yoe-Sik Bae: yoesik@skku.edu; M. Park’s present address is Drug Discovery Center, JW
Pharmaceutical, Seoul, Republic of Korea; M. Kim’s present address is Department of Biochemistry and Molecular Biology, Yonsei University College of Medicine, Seoul,
Republic of Korea.

© 2021 Kim et al. This article is distributed under the terms of an Attribution-Noncommercial-Share Alike-No Mirror Sites license for the first six months after the
publication date (see http://www.rupress.org/terms/). After six months it is available under a Creative Commons License (Attribution-Noncommercial-Share Alike 4.0
International license, as described at https://creativecommons.org/licenses/by-nc-sa/4.0/).

Rockefeller University Press
J. Exp. Med. 2021 Vol. 219 No. 2 e20211523

https://doi.org/10.1084/jem.20211523

W) Check for updates

1o0f13


https://orcid.org/0000-0001-8167-5058
https://orcid.org/0000-0001-9908-0941
https://orcid.org/0000-0001-9331-7805
https://orcid.org/0000-0003-4602-6751
https://orcid.org/0000-0001-6668-0668
https://orcid.org/0000-0003-1177-6958
https://orcid.org/0000-0002-9333-7512
https://orcid.org/0000-0002-0364-4675
https://orcid.org/0000-0003-3568-6746
https://orcid.org/0000-0003-0913-3048
https://orcid.org/0000-0001-7293-6180
https://orcid.org/0000-0001-7673-034X
https://orcid.org/0000-0002-6198-4512
mailto:yoesik@skku.edu
http://www.rupress.org/terms/
https://creativecommons.org/licenses/by-nc-sa/4.0/
https://doi.org/10.1084/jem.20211523
http://crossmark.crossref.org/dialog/?doi=10.1084/jem.20211523&domain=pdf

role in the regulation of cellular responses caused by diverse
extracellular stimuli (Wang, 1999), leading to cell proliferation
(Foster and Xu, 2003; Henkels et al., 2013) and cell migration
(Gomez-Cambronero, 2014). The regulation of cellular responses
by PLD is believed to be mediated by PA, which can bind to a
variety of intracellular signaling molecules such as different
kinases, phosphatases, and nucleotide-binding proteins (Jang
et al.,, 2012; Steed and Chow, 2001). Accumulating evidence
suggests that PLD is involved in the regulation of the patholog-
ical mechanism of several diseases, including cancer (Brown
et al., 2017; Cho and Han, 2017), infections (Lee et al., 2015),
pathological angiogenesis (Ghim et al., 2014), and neurodegen-
erative disorders such as Alzheimer’s disease (Lindsley and
Brown, 2012; Mendez-Gomez et al., 2018; Oliveira et al., 2010).
However, the role of PLD in diet-induced thermogenesis and
obesity has not been investigated so far. In this study, we dis-
covered that PLD2 is expressed in adipose tissues, the expression
of which is regulated by an excess calorie, high-fat diet (HFD).
We thus sought to determine the role of PLD2 in adipocytes
during diet-induced thermogenesis and obesity.

Results and discussion

PLD2 has an inverse relationship with UCP1 in adipose tissue
To investigate whether PLD plays a role in adipose tissue and
obesity, we first determined if PLD isoforms are expressed in
different adipose tissues. Pldl and Pld2 mRNA levels were higher
in inguinal white adipose tissue (ingWAT) and BAT than in
epididymal white adipose tissue (epiWAT; Fig. 1 A). We next
determined if expression of PLD isoforms changes during acute
diet-induced thermogenesis and obesity. Consistent with a
previous study (Ohtomo et al., 2017), UCPI levels in BAT were
increased by 4 wk of HFD but decreased after 12 wk of HFD,
suggesting that a defect in acute diet-induced thermogenesis
occurs after long-term HFD feeding. Interestingly, there was an
inverse relationship between UCP1 and PLD2 levels in BAT from
HFD-fed mice (Fig. 1 B). However, PLD1 was not detectable at
protein levels, excluding a direct role for PLD1 in adipose tissue
(Fig. 1 B). Similarly, in mice relieved from thermal stress at
thermoneutral conditions (30°C), UCP1 levels were increased
but PLD2 levels were decreased in BAT following 4 wk of HFD
feeding (Fig. 1 C).

Diet-induced thermogenesis has been suggested to be medi-
ated by the activation of the SNS and subsequent stimulation of
BARSs (Goto et al., 2016; Lowell and Bachman, 2003; Paulo et al.,
2018). We thus investigated if the activation of the SNS and
BARs is sufficient to suppress PLD2 levels. Cold exposure (for
SNS and BAR activation) or B3AR agonist CL316,243 (CL) treat-
ment at both room temperature and thermoneutrality signifi-
cantly reduced the expression of PLD2, again showing an inverse
relationship with UCPI levels in BAT and ingWAT (Fig. 1, D and
E). As expected, PLD activity was also reduced by the activation
of SNS and BARs (Fig. 1 F).

A previous report showed that proteasomal activities are
critical for the thermogenic ability of brown fat (Bartelt et al.,
2018). Indeed, we found that 4 wk of HFD at thermoneutrality
increased proteasomal activities in BAT and ingWAT (Fig. 1 G).
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B3AR antagonist SR59230A or proteasome inhibitor bortezomib,
but not a lysosome inhibitor, chloroquine, reversed the BAR
agonist isoprenaline-induced PLD2 reduction in primary brown
adipocytes (Fig. 1, H and I). This suggested that increased pro-
teasomal activity during diet-induced thermogenesis might in-
duce PLD2 degradation. However, 12 wk of HFD feeding reversed
the increased proteasomal activity (Fig. 1]), consistent with the
reversed UCPI levels in mice on 12 wk of HFD (Fig. 1 B) com-
pared with 4 wk of HFD. In addition, Pld2 mRNA levels were
increased in BAT and ingWAT by 12 wk of HFD (Fig. S1 A). This
seems to reflect a compensatory increase of Pld2 mRNA levels
as a result of PLD2 degradation, since inhibition of PLD2 pro-
tein degradation blocked the isoprenaline-induced increase in
Pld2 mRNA levels (Fig. S1 B). Taken together, PLD2 degradation
was observed during adaptive thermogenesis; however, blun-
ted proteasomal activities and a compensatory increase of Pld2
after a long-term HFD feeding might contribute to increased
PLD2 expression in adipose tissue.

Although diet-induced adaptive thermogenesis occurs in re-
sponse to excessive caloric intake to limit weight gain, prolonged
high-calorie intake eventually leads to diet-induced obesity
(Fischer et al., 2019; Rothwell and Stock, 1979; Saito et al., 2020).
This suggests that there are factors regulated during adaptive
thermogenesis that can exacerbate diet-induced obesity. In this
study, we found degradation of PLD2 on BAT during adaptive
thermogenesis. An isoprenaline-induced PLD2 decrease was
blocked by bortezomib but not by chloroquine (Fig. 1 I), which
suggests that the BAR agonist-stimulated PLD2 decrease is me-
diated by the proteasomal pathway in brown adipocytes. Fur-
thermore, isoprenaline-induced PLD2 degradation is blocked by
SR59230A (Fig. 1 H), suggesting a crucial role of B3AR in the
process. Taken together, the results suggest that B3AR activation
during adaptive thermogenesis may cause PLD2 degradation via
the proteasomal pathway. To our knowledge, no reports have yet
demonstrated PLD2 degradation in response to physiological
stress or HFD feeding; thus, this is the first determination that
PLD2 can be degraded during adaptive thermogenesis. A detailed
molecular mechanism regarding PLD2 degradation during adap-
tive thermogenesis should be investigated in future studies.

PLD2 regulates the thermogenic program in adipose tissues

Based on the inverse relationship between PLD2 and UCP1
levels, we asked if PLD2 inhibits the thermogenic program in
adipose tissue. Thus, we generated adipocyte-specific Pld2
conditional KO (hereafter referred to as Pld2 Ad-KO) mice (Fig.
S1 C). 8-wk-old Pld2 Ad-KO mice showed almost complete de-
pletion of PLD2 in different adipose tissues (epiWAT, ingWAT,
and BAT) but not in the liver without differences in body weight
when on a chow diet (Fig. S, D and E). In Pld2 Ad-KO mice,
ingWAT and BAT showed a darker red (brown) color and higher
induction of mitochondrial and thermogenic program genes
compared with control littermates (Fig. 2, A and B), which was
also supported by H&E and UCPI histological staining (Fig. 2 C).
Supporting a role for PLD2 in the thermogenic program, Pld2 Ad-
KO mice displayed higher temperatures in BAT and maintained
higher rectal temperatures during a 4-h cold exposure than their
littermate controls (Fig. 2, D and E). In addition, mice injected
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Figure 1. An inverse relationship between PLD2 and UCP1 expression in adipose tissues upon HFD feeding. (A) Quantitative RT-PCR of PldI and Pld2
mRNA expression in various adipose tissues from 8-wk-old WT mice (n = 6/group). (B) Representative Western blot images of PLD1, PLD2, UCP1, and GAPDH in
BAT from HFD (60% fat)-fed WT mice for 0, 4, and 12 wk at 22°C. (C) Representative Western blot images of PLD2, UCP1, and GAPDH in BAT from NCD or HFD
(45% fat)-fed WT mice for 4 wk at 30°C. (D) Experiments to test the effects of sympathetic nerve system stimulation on the level of PLD2. Schematic il-
lustration depicting WT mice incubated at 4°C for 1 wk or injected with the B3AR agonist, CL, at 1 mg/kg for 7 consecutive days (left). Representative Western
blot images of PLD2, UCP1, GAPDH, and B-Actin (middle), and quantification of PLD2 protein level (right) in BAT and ingWAT (n = 6/group). (E) Representative
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Western blot images of PLD2, UCP1, and GAPDH in BAT and ingWAT from vehicle- or CL-stimulated mice at 22°C or 30°C for 1 wk. (F) PLD activity levels in
lysates of BAT and ingWAT from 8-wk-old WT mice incubated at 4°C for 1 wk or injected with CL at 1 mg/kg for 7 consecutive days (n = 6/group). (G) The
proteasomal activity in the lysates of ingWAT and BAT from NCD or HFD (45% fat)-fed WT mice for 4 wk at 30°C (n = 5/group). (H) Representative Western
blot images of PLD2, UCPL, and B-Actin (left) and quantification of PLD2 (right) in isoprenaline (1 pM)- and SR59230A (1 uM)-treated primary brown adipocytes.
(1) Representative Western blot images of PLD2 and B-Actin in isoprenaline (1 uM)-, bortezomib (20 nM)-, and chloroquine (10 uM)-treated primary brown
adipocytes. (J) The proteasomal activity in the lysates of ingWAT and BAT from HFD (60% fat)-fed WT mice for 0, 4, and 12 wk at 22°C (n = 5/group). The data
are presented as mean + SEM. *, P < 0.05; **, P < 0.01; ***, P < 0.001 by two-tailed Student’s t test (A, D [right], F, G, H [right], and ). Data are representative
of at least two (C, E, H, and I) or three independent experiments (A, B, D, F, G, and J). a.u., arbitrary unit; Veh, vehicle.

with PLD2-specific inhibitor CAY10594 for 7 d also produced
thermogenic brown and beige fats (Fig. 2, F-H; and Fig. S1 F),
similar to those in Pld2 Ad-KO mice, proposing that PLD2 en-
zymatic activity is involved in the thermogenic activation of
adipose tissue.

Thermogenic activation of BAT is known to increase EE
(Cannon and Nedergaard, 2011). As expected, depletion or in-
hibition of PLD2 in adipose tissue increased EE (normalized to
lean body mass) during the dark phase without affecting res-
piratory exchange ratio (RER), locomotor activity, or food intake
(Fig. 2, I-L; and Fig. S1, G-I). At thermoneutrality, inhibition of
PLD2 also increased EE during both day and night compared
with control mice, without affecting RER and locomotor activity
(Fig. S1, J-L). In addition, the maximum thermogenic capacity
was significantly higher in Pld2 Ad-KO mice than control lit-
termates at 22°C or at thermoneutral conditions when it was
assessed after a single injection of BAR agonist CL (Fig. 2 M and
Fig. S1 M). Similarly, PLD2 depletion increased EE in mice fed an
HFD for 6 wk (Fig. S1 N). Taken together, these results suggest
that PLD2 in adipose tissue inhibits EE by suppressing its ther-
mogenic capacity.

Adipocyte PLD2 ablation or pharmacoinhibition confers
resistance to HFD-induced obesity and insulin resistance
Increased EE via thermogenic activation of adipose tissue has
emerged as a promising therapeutic approach to combat obesity
and insulin resistance (Kajimura et al., 2015). We thus investi-
gated the therapeutic effects of CAY10594 in mice after inducing
mild obesity (Fig. 3 A). 10 wk of CAY10594 administration in
obese mice prevented weight gain without affecting food intake
(Fig. 3, B-D). Inhibition of PLD2 activity in obese mice signifi-
cantly reduced fat mass and the tissue weight of epiWAT, in-
gWAT, and liver (Fig. 3, E and F). Well-known phenotypes of
HFD-induced obesity such as histological evidence of fatty liver
and adipocyte hypertrophy (Muir et al., 2016; Sarwar et al.,
2018) were prevented in CAY10594-injected mice on an HFD
(Fig. 3 G). In addition, liver damage was also reduced by PLD2
inhibition in obese mice, as determined by plasma aspartate
transaminase (AST) and alanine aminotransferase (ALT) levels
(Fig. S2 A). Consistent with reduced adiposity, CAY10594 in-
jection in obese mice enhanced EE during the dark phase
(Fig. 3 H) without affecting RER and locomotor activity (Fig. S2,
B and C). Importantly, PLD2 inhibition during diet-induced
obesity significantly improved oral glucose tolerance and insu-
lin sensitivity (Fig. 3, I and J); a similar improvement in glucose
tolerance and insulin sensitivity was observed when the bolus of
injected glucose or insulin was based on lean mass (Fig. S2, D
and E). Low-grade inflammation in adipose tissue has been
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implicated in insulin resistance (Makki et al., 2013). PLD2
inhibition decreased the levels of proinflammatory genes
(Tnfa, Il6, and Ilib) and increased anti-inflammatory gene
(Il10) expression (Fig. S2 F).

We next investigated the effects of adipocyte-specific dele-
tion of Pld2 on HFD-induced obesity. Pld2 Ad-KO mice were
resistant to HFD-induced obesity compared with control mice
(Fig. 3, K and L), although food intake was not different
(Fig. 3 M). As expected, there was a reduction in fat mass, adi-
pose tissue weight, and lipid accumulation in adipose tissue and
the liver from Pld2 Ad-KO mice compared with control litter-
mates on an HFD for 12 wk (Fig. 3, N-R). PLD2 depletion in
adipose tissue reduced glucose and insulin levels regardless of
feeding or fasting (Fig. 3, S and T). Consistently, there was an
improvement in glucose metabolism and insulin sensitivity
(Fig. 3, U and V) in HFD-fed Pld2 Ad-KO mice compared with
control mice, although metabolic rates were not different be-
tween two groups after long-term HFD feeding (Fig. S2, G-I).
Improved glucose tolerance and insulin sensitivity were main-
tained even when glucose or insulin was given to mice based on
their lean mass (Fig. S2, ] and K). Adipocyte-specific deletion of
PLD2 also enhanced insulin-stimulated Akt and GSK3p phos-
phorylation, a key signaling axis that mediates the metabolic
action of insulin (Fig. 3 W), and reduced the expression of pro-
inflammatory genes in epiWAT (Fig. S2 L). These results indi-
cate that targeting PLD2 activity prevents diet-induced obesity
and glucose intolerance.

Since activated BAR was shown to up-regulate transcrip-
tional activation of thermogenic genes including Ucp! (Chaudhry
and Granneman, 1999; Goto et al., 2016; Inagaki et al., 2016),
extensive efforts have been made to activate adipose tissue
thermogenesis using selective B3AR agonists as an anti-obesity
medication (Cypess et al., 2015; Lowell and Flier, 1997). How-
ever, these attempts have been unsuccessful, partly because of
poor biocavailability and concern that pharmacological BAR ac-
tivation leads to an increase in blood pressure (Michel et al.,
2020; Michel et al., 1990), a major risk factor for cardiovascu-
lar disease (Ali et al., 2020; Madamanchi, 2007). Thus, identi-
fication of mechanisms that ensure readiness of mature BAT for
immediate heat production and alternative routes for promoting
beige fat bypassing the BAR signaling pathway could lead to
therapeutic interventions with reduced cardiovascular risks. In
this study, we found that depletion or inhibition of PLD2 during
diet-induced obesity limited weight gain and improved glucose
tolerance and insulin sensitivity. Taken together, derepression
of PLD2 during adaptive thermogenesis seems to contribute to
defective thermogenesis and obesity. Thus, it may be clinically
relevant and important to determine whether PLD2 inhibitor
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Figure 2. Adipocyte-specific PLD2 deficiency or pharmacoinhibition activates the thermogenic program in adipose tissues. (A) Representative images
of fat depots and liver from 8-wk-old control and Pld2 Ad-KO mice (n = 6/group). Scale bars, 1 cm. (B) Relative mRNA expression of the thermogenic genes in
BAT and ingWAT from 8-wk-old control and Pld2 Ad-KO mice (n = 6/group). (C) Representative images of H&E and UCP1 staining of epiWAT, ingWAT, and BAT
from 8-wk-old control and Pld2 Ad-KO mice (n = 6/group). Scale bars, 25 um. (D) Representative thermal imaging (left) and highest temperature of the BAT
surface (right) of 8-wk-old control and Pld2 Ad-KO mice at 22°C (n = 6/group). (E) Measurement of rectal temperature of 8-wk-old control and Pld2 Ad-KO mice
every hour in cold exposure (n = 6/group). (F) Relative mRNA expression of thermogenic genes in BAT and ingWAT from vehicle- or CAY10594-injected (7 d)
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8-wk-old WT mice (n = 6/group). (G) Representative images of fat depots and H&E and UCP1 staining of epiWAT, ingWAT, and BAT tissues from vehicle- or
CAY10594-injected (7 d) 8-wk-old WT mice (n = 6/group). Scale bars, 1 cm (top), 25 pm (middle and bottom). (H) Measurement of rectal temperature of
vehicle- or CAY10594-injected (7 d) 8-wk-old WT mice every hour in cold exposure (n = 6/group). (I-L) The level of EE (1), RER (), locomotor activity (K), and
daily food intake (L) of 8-wk-old control and Pld2 Ad-KO mice (n = 5/group). (M) The oxygen uptake (VO,) levels of CL-injected 8-wk-old control or Pld2 Ad-KO
mice at room temperature condition (n = 6/group). The data are presented as mean + SEM. *, P < 0.05; **, P < 0.01; ***, P < 0.001 by Student’s t test (B, D
[right], F, and ) and two-way ANOVA (E, H, and M). Data are representative of three independent experiments (A-H). Temp, temperature; Veh, vehicle; VCO,,

carbon dioxide production.

CAY10594 is effective in subjects with obesity and type 2 dia-
betes without severe side effects.

PLD2 regulates mitochondrial quality and quantity

through p62

An adipocyte-specific role for PLD2 led us to examine its impacts
on p62, since others have published that adipocyte-specific p62-
deficient mice are obese and show a decreased metabolic rate by
impaired thermogenesis (Fischer et al., 2020; Huang et al.,
2021). Moreover, previous reports demonstrated that BAT mi-
tochondrial homeostasis requires mitophagy (Lu et al., 2018),
and p62 is important for controlling mitochondrial quality by
modulating mitophagy (Liu et al., 2017). We examined the ef-
fects of adipocyte-specific Pld2 deletion or inhibition on pé62
expression in ingWAT and BAT of HFD-fed mice. Pld2 Ad-KO
and CAY10594-injected mice showed significantly increased
levels of p62 and UCP1 in ingWAT and BAT (Fig. 4, A and B; and
Fig. S3, A and B). To assess the direct role of PLD2 on p62
expression, we incubated primary brown adipocytes with
CAY10594 for 3 h and 24 h. PLD2 inhibition significantly
induced p62 expression at both protein and mRNA levels,
similar to the effects of B3AR agonist CL (Fig. 4 C), suggesting
a cell-autonomous role of PLD2 activity on p62. In addition,
we demonstrated that p62 mediates the effects of PLD2 in-
hibition on UCP1 levels and thermogenic gene expression via
p62 knockdown in primary brown adipocytes treated with
CAY10594 (Fig. 4, D and E).

Based on the role of p62 in improving mitochondrial function
(Seibenhener et al., 2013), we next asked if PLD2 also regulates
mitochondrial function. CAY10594 enhanced the localization of
p62 in mitochondria 3 h after CAY10594 treatment (Fig. 4 F).
Analyses of transmission electron microscopy and mitochon-
drial DNA-to-nuclear DNA ratios revealed that PLD2 depletion
or inhibition markedly increased mitochondrial number and
mass compared with controls (Fig. 4, G-J; and Fig. S3, C and D).
We next asked if, in addition to increasing mitochondrial
quantity, targeting PLD2 could also improve mitochondrial quality.
Palmitate has been shown to induce mitochondrial dysfunction by
dissipating mitochondrial membrane potential (Hammerschmidt
et al., 2019), which can be assessed by the mitochondrial mem-
brane potential sensitive dye tetramethylrhodamine methyl ester
(TMRM). As expected, palmitate increased the TMRM"* popula-
tion but decreased the TMRM"&" mitochondrial population in
primary brown adipocytes, which was effectively reversed by the
treatment of PLD2 inhibitor CAY10594 (Fig. 4 K). TMRMPMg" cells
have been shown to be efficient in terms of oxygen consumption
rate (OCR), basal and maximal respiration, and spare respiratory
capacity compared with TMRM¥ cells (Choi et al., 2018; Franco-
Tborra and Tanji, 2020; Gambini et al., 2020). In line with this,
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inhibition or depletion of PLD2 in brown adipocytes signifi-
cantly enhanced the rate of oxygen consumption and the degree
of oligomycin insensitive respiration (Fig. 4,L-0; and Fig. S3, E
and F). Collectively, PLD2 negatively modulates p62, mito-
chondrial function, and energetics. In addition, CAY10594-
induced PLD2 inhibition decreased Drpl phosphorylation at
S637, a marker for mitochondria fusion; increased Drpl phos-
phorylation at S616, a marker for mitochondria fission; and
increased mitophagy-associated LC3B (Fig. S3, G and H). The
results suggest that PLD2 is involved in multiple aspects of
mitochondrial biology.

Mitochondrial quality control and homeostasis are associated
with adipose tissue remodeling and HFD-induced obesity
(Bournat and Brown, 2010). Thus, mitochondrial quality control
has been regarded as an important target for treating metabolic
diseases (Held and Houtkooper, 2015). In this study, we observed
that adipocyte-specific deletion of Pld2 causes p62 up-regulation
and localization into mitochondria (Fig. 4, A-C and F). Up-
regulation of p62 is associated with improved mitochondrial
quality control through mitophagy (Miiller et al., 2013). Between
our results and previous reports, PLD2 seems to play an essential
role in mitochondrial quality control by negatively regulating
p62 in adipocytes, which is required for browning and beige
adipocytes to increase EE.

In this study, we demonstrated that there is an inverse re-
lationship between PLD2 and UCPI levels during diet-induced
adaptive thermogenesis and obesity. Through genetic deletion in
adipose tissue or pharmacological inhibition of PLD2, we pro-
pose that PLD2 is a negative regulator for adipocyte thermo-
genesis and EE and a promising target to prevent obesity, insulin
resistance, and glucose intolerance.

Materials and methods

Animals

All experiments involving mice were performed with the ap-
proval of the Institutional Review Committee for Animal Care
and Use at Sungkyunkwan University. All studies used male
C57BL/6] background mice. C57BL/6] mice were purchased from
DBL, and adiponectin-Cre mice (AdipoQ-cre) were kindly pro-
vided by Prof. Hail Kim (Korea Advanced Institute of Science
and Technology, Daejeon, Republic of Korea). The Pld2 flox/flox
mice were generated as previously reported (Ghim et al., 2014).
Pld2 flox/flox mice were bred with AdipoQ-cre knock-in mice to
generate Pld2 flox/flox AdipoQ-cre (Pld2 Ad-KO) mice. The mice
were housed on a 12:12-h light-dark cycle with ad libitum access
to food and water at 22°C. For the obese mouse model and
control mouse, mice at 8 wk old were fed either a normal chow
diet (NCD; 10% fat as kcal; Research Diets) or HFD (60% fat as
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Figure 3. Improvement of obesity and type 2 diabetes in PLD2-targeted mice. (A) Schematic illustration of experiments to investigate the therapeutic
effects of CAY10594 in obese mice. (B and C) Body weight curve (B) and daily food intake levels (C) of vehicle- or CAY10594-injected obese WT mice (n = 6/
group). (D) Representative images of mice (top), fat depots and liver (bottom) from vehicle- or CAY10594-injected obese mice (n = 6/group). Scale bars, 1 cm.
(E) Weights of fat and lean mass from vehicle- or CAY10594-injected obese mice (n = 6/group). (F) Weights of fat depots and liver from vehicle- or CAY10594-
injected obese mice (n = 6/group). (G) Representative images of H&E staining of diverse fat depots and liver from vehicle- or CAY10594-injected obese mice.
Scale bars, 25 um. (H) Average EE at day and night from vehicle- or CAY10594-injected obese mice (n = 6/group). (1 and J) Blood glucose concentrations during
O-GTT (I) and ITT () in fasted vehicle- or CAY10594-injected obese mice (n = 6/group). (K-M) Body weight curve (K), representative images (L), and daily food
intake levels (M) of HFD-induced control and Pld2 Ad-KO mice for 12 wk (n = 6/group). Scale bars, 1 cm. (N) Representative images of fat depots and liver
of HFD-induced control and Pld2 Ad-KO mice for 12 wk (n = 6/group). Scale bars, 1 cm. (0) Weights of fat and lean mass of HFD-induced control and Pld2
Ad-KO mice for 12 wk (n = 6/group). (P) Weights of fat depots and liver from HFD-induced control and Pld2 Ad-KO mice for 12 wk (n = 6/group).
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(Q and R) Representative images of H&E staining of diverse fat depots (Q) and liver (R) from HFD-induced control and Pld2 Ad-KO mice for 12 wk (n = 6/group).
(S and T) Fed and fasted blood concentrations of glucose (S) and insulin (T) from HFD-induced control and Pld2 Ad-KO mice for 12 wk (n = 6/group). (U and V) Blood
glucose concentrations during O-GTT (U) and ITT (V) in fasted HFD-induced control and Pld2 Ad-KO mice for 12 wk (n = 6/group). (W) Representative Western blot
images of pAkt>473, Akt, pGsk3B°%, and Gsk3p in epiWAT and liver from HFD-induced control and Pld2 Ad-KO mice for 12 wk. The data are presented as mean + SEM.
*, P < 0.05 **, P < 0.01; ***, P < 0.001 by two-way ANOVA (B, I-K, U, and V) or two-tailed Student’s t test (C, E, F, H, O, P, S, and T). Data are representative of three

independent experiments (A-W). Veh, vehicle.

kcal; Research Diets) for 10 or 12 wk. For the diet-induced
thermogenesis model that had down-regulated functional ac-
tivity of BAT, mice at 8 wk old were fed an NCD for 4 wk in
thermoneutrality condition (30°C). After inactivation of BAT,
mice were fed an HFD (45% fat as kcal; Research Diets) for an
additional 4 wk in thermoneutrality conditions.

RNA isolation and quantitative RT-PCR

The total RNA was extracted from adipose tissues and primary
adipocytes using the Trizol method (Invitrogen) following the
manufacturer’s instructions. Complementary DNA was pre-
pared from 1 pg of RNA using the Reverse Transcription kit
(iNtRON). PCR reactions were run in duplicate for each sample
and analyzed using the Rotor-Gene SYBR Green PCR kit (Qiagen)
and the Rotor-Gene Q 2plex real-time PCR instrument (Qiagen).
mRNA expression levels were calculated using the AACT method
and normalized to the housekeeping gene Gapdh. The primer
sequences are provided in Table S1.

Western blot analysis

Homogenized tissues and cells were lysed in RIPA buffer
(iNtRON) containing protease and phosphatase inhibitors. Su-
pernatants were prepared following a brief centrifugation, and
protein concentrations in the supernatants were measured
using the BCA Protein Assay Kit (Thermo Fisher Scientific). The
cell lysates were then mixed with equal volumes of 2x SDS
sample buffer and boiled at 95°C for 5 min. Next, the protein
samples were separated by SDS-PAGE and transferred to a
polyvinylidene difluoride membrane (Millipore). After block-
ing in a 5% skim milk solution or 4% BSA (Sigma-Aldrich), the
membranes were incubated with the specific primary anti-
bodies. Antibodies to UCP1, p62, DIO2, and PGCl-o were pur-
chased from Abcam. Antibodies to pAkt (S473), Akt, pGsk3p (S9),
Gsk3B, LC3B, pDRPI (S616 or S637), Cytochrome C, B-Actin, and
GAPDH were purchased from Cell Signaling Technology. Anti-
bodies to DRP1 were from BD Bioscience, and anti-FIS1 antibodies
were from Abnova. PLD antibody was kindly provided by Prof. Do
Sik Min (Yonsei University, Incheon, Republic of Korea). After
incubation, the membranes were washed with 1x Tris-buffered
saline with 0.1% Tween 20 and incubated with anti-rabbit IgG
HRP-linked antibody or anti-mouse IgG antibody, and the antigen-
antibody complexes were visualized by enhanced chemilumines-
cence or Supersignal West Pico Chemiluminescent Substrate
(Thermo Fisher Scientific). Densitometry was performed using
Image ] Software (National Institutes of Health).

Proteasome activity assays
Proteolytic activities of proteasomes in lysates of ingWAT or
BAT isolated from NCD- or HFD-fed mice bred in 22°C or 30°C
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environments were measured using the fluorogenic 7-amino-4-
methylcoumarin (AMC)-conjugated peptide substrates. Each
tissue was homogenized on ice using a IKA homogenizer in
300 pl lysis buffer containing 40 mM Tris-HCI (pH 7.6), 50 mM
NaCl, 2 mM 2-mercaptoethanol, 2 mM ATP, 5 mM MgCl,, and
10% glycerol, followed by sedimentation for 20 min at 17,000 g.
The AMC fluorescence was monitored for 15 min at 37°C
with the following peptides: 100 uM Suc-LLVY-AMC (substrate
for the chymotrypsin-like proteasomal activity), 50 uM Boc-
LRR-AMC (substrate for the trypsin-like activity), and 250 pM
Z-LLE-AMC (substrate for the caspase-like activity), purchased
from UBPBio.

Measurement of PLD activity

PLD activity in adipose tissues was measured using the Amplex
Red Phospholipase D Assay Kit (Invitrogen). In this assay, PLD
cleaves phosphatidylcholine to yield choline and PA. The choline
is then oxidized by choline oxidase to betaine and H,0,. Finally,
in the presence of HRP, the H,0, reacts with Amplex Red rea-
gent to produce the fluorescent product resorufin, which is
measured at 571 and 585 nm.

Measurement of levels of plasma AST and ALT

The plasma levels of AST and ALT isolated from vehicle- or
CAY10594-injected HFD-induced obese model mice were mea-
sured using commercially available kits from FUJIFILM ac-
cording to the manufacturer’s protocol.

Histological and immunohistochemical analysis

Tissues were fixed in 4% paraformaldehyde (Sigma-Aldrich) for
60-72 h at room temperature and sectioned after being paraffin-
embedded. Multiple sections were deparaffinized, rehydrated,
and used for H&E staining and immunohistochemistry. For
antigen retrieval, the slides were sunk in 10 mM sodium citrate
(pH 6.0) and heated to 70°C for 30 min. Visualization of UCP1
was performed using a VECTASTAIN ABC Kit (Vector Labora-
tories) according to the manufacturer’s instructions. Briefly, the
slides were incubated with 5% normal goat serum for 30 min at
room temperature to block nonspecific binding. The sections
were incubated with primary antibody against UCP1 (Abcam)
for 1h at room temperature followed by 30 min incubation with
a species-specific, biotinylated secondary antibody. The slides
were incubated with alkaline phosphatase substrate (Vector
Laboratories) for visualization.

Metabolic cage analysis

Metabolic cage analysis was performed at Seoul University
College of Veterinary Medicine, Korea Mouse Phenotyping
Center. Metabolic rates including food consumption, oxygen
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Figure 4. Regulation of mitochondrial quality and quantity through p62 in adipocyte-specific Pld2-ablated or PLD2-pharmacoinhibited mice. (A and
B) Representative Western blot images (top) and quantification (bottom) of p62, UCPL, and B-Actin or GAPDH in ingWAT (A) and BAT (B) from HFD-induced
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control and Pld2 Ad-KO mice for 12 wk (n = 4/group). (C) Representative Western blot images (top) and quantification (bottom, left) of p62, B-Actin, and
quantitative analysis (bottom, right) of p62 mRNA expression in primary brown adipocytes treated with isoprenaline (1 uM), CL (10 pM), and CAY10594 (10 pM)
at the indicated time points (n = 3/group). (D and E) Representative Western blot images of p62, UCP1, and B-Actin (D) or mRNA expression of thermogenic
genes (E) in primary brown adipocytes transfected with a negative control siRNA (N.C.) or siRNA against p62 and treated with CAY10594 (10 pM) at 24 h.
(F) Differentiated primary brown adipocytes were treated with CAY10594 (10 uM) for 0, 3, or 24 h. Immunostained (left) with anti-p62 (red), anti-TOM20
(green), and DAPI (blue) and quantitative analysis (right) of p62 and TOM20 colocalization (n = 3/group). Scale bars, 10 um. (G and H) Representative images of
transmission electron microscopy (G, left), mitochondria number (G, right), and relative ratio of mitochondrial DNA (mt-Co1) to nuclear DNA (Ndufvl; H) of BAT
from HFD-induced control and Pld2 Ad-KO mice for 12 wk (n = 6/group). LD, lipid droplet; M, mitochondria. Scale bars, 2 pm (top), 1 um (bottom).
(1and J) Representative images of transmission electron microscopy (I, left), mitochondria number (1, right), and relative ratio of mitochondrial DNA (mt-Col) to
nuclear DNA (Ndufv; J) of BAT from vehicle- or CAY10594-injected obese mice (n = 6/group). Scale bars, 2 pm (top), 500 nm (bottom). (K) Representative
TMRM analysis (left) and TMRM low or high population (right) of stimulated primary brown adipocytes with vehicle- or CAY10594 (10 pM) at the indicated
times with palmitate (Pal, 500 pM) stimulation (n = 3/group). (L) Representative seahorse extracellular flux assays measuring OCR in primary brown adipocytes
treated with vehicle or CAY10594 (10 uM) for 5 d (n = 3/group). (M) Representative measurements of the percentage change in OCRs in primary brown
adipocytes treated with vehicle or CAY10594 (10 uM) for 5 d after injection of oligomycin, as an index of uncoupled respiration. The OCR before oligomycin
injection was set as 100% (n = 3/group). (N) Representative seahorse extracellular flux assays measuring OCR in primary brown adipocytes from control and
Pld2 Ad-KO mice (n = 3/group). (O) Representative measurements of the percentage change in OCRs in primary brown adipocytes from control and Pld2 Ad-KO
mice after injection of oligomycin, as an index of uncoupled respiration. The OCR before oligomycin injection was set as 100% (n = 3/group). The data are
presented as mean = SEM. *, P < 0.05; **, P < 0.03; ***, P < 0.001 by two-tailed Student’s t test (A-C [bottom], E, F and G [right], H, | [right], ], and K [right]).
Data are representative of at least two (A-D, F, and K) or three independent experiments (E, H, and J). Veh, vehicle; R/A, Rotenone/Antimycin A; FCCP,

Trifluoromethoxy carbonylcyanide phenylhydrazone.

uptake (VO,), EE, RER, and locomotor activity were measured in
a resting state using the PhenoMaster System (TSE Systems
GmbH). For the experiment, the mice first acclimated for 8hina
metabolic chamber provided with food and water were subse-
quently evaluated for 3 d. The temperature for these studies was
kept at 22°C or 30°C with a 12-h light/dark cycle. Standard in-
house software was used to measure the EE.

Cold tolerance test

A cold tolerance test was performed in 8-9-wk-old mice. The
animals were subjected to a cold room (4-8°C) without access to
food or water. The rectal temperature was measured at the in-
dicated time after exposure to cold using a Testo 925 electronic
rectal thermometer (Testo).

Measurement of body mass
Fat and lean body masses were measured by 1H magnetic res-
onance spectroscopy (Bruker BioSpin).

Measurement of surface body temperature

A thermal camera (FLIR Systems) was used to measure surface
body temperature of control and Pld2 Ad-KO mice. During
capture of thermal images, mice behavior was controlled to
avoid artificial effects. Surface temperature is calculated as the
highest area of the BAT using thermal imaging.

Measurement of blood glucose and plasma insulin levels

For the oral-glucose tolerance test (O-GTT), 10-h overnight-
fasted mice were injected with 2 g of glucose (Sigma-Aldrich)
per kg of body weight via oral injection. After the injection,
blood was taken by puncturing of the tail vein, and glucose levels
were measured using a glucometer (Roche) at the indicated time
points. For the insulin tolerance test (ITT), 10-h overnight-fasted
mice were injected with human insulin (Santa Cruz Biotech-
nology; 0.75 U/kg body weight) via i.p. injection, and tail blood
glucose concentrations were monitored at the indicated time
points. Plasma insulin concentrations were determined in 10-h
overnight-fasted mice using ELISA kits (ALPCO).
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CAY10594 injection in mice

CAY10594 (Cayman Chemical) was dissolved in DMSO/Tween-
80/distilled water (1:1:8). This working solution was mixed by
vortexing and i.p.-injected at a dosage of 10 mg/kg CAY10594.
Control groups were injected with equal volumes of DMSO di-
luted in the distilled water and Tween-80 solution, and weekly
body weight was measured. After 10 wk of injection, O-GTT,
ITT, and metabolic rate were measured as described above.

Cell culture

ingWAT and BAT were isolated from 6-wk-old C57BL/6] mice.
Briefly, the ingWAT was minced and digested with 1.5 mg/ml
collagenase in 10% FBS DMEM, and BAT was reacted with
1.5 mg/ml collagenase in 10 mM CaCl, PBS for 30 min at 37°C
with constant shaking. Mature adipocytes and connective tis-
sues were separated from the cell pellet by centrifugation at
200 g for 5 min. The cell pellet was then suspended with ACK
lysis buffer (Invitrogen) and filtered through a 100-pm cell
strainer (BD Bioscience). After PBS washing, the pelleted stro-
mal vascular cells from ingWAT were resuspended in DMEM/
F12 containing 10% FBS and 1% penicillin/streptomycin (P/S)
and seeded in 6-well plates for adipogenic differentiation.
90-95% confluent cells were differentiated with a medium
containing 5% FBS, 10 pg/ml insulin, 120 uM indomethacin, 0.2
pM dexamethasone, 0.5 mM 3-isobutyl-1-methylxanthine, 1 nM
3,3',5-triiodo-1-thyronine, and 1% P/S. After 3 d, the medium was
replaced with maintenance medium containing 10% FBS,
10 pg/ml insulin, and 1% P/S. After 2 d, these cells were main-
tained in DMEM/F12 with 10% FBS and 1% P/S. To prepare the
brown adipocytes, washed stromal vascular cells from BAT were
resuspended in DMEM containing 20% FBS and 1% P/S and
seeded in 6-well plates. 90-95% confluent cells were differ-
entiated with a DMEM medium containing 10% FBS, 125 uM
indomethacin, 2 ug/ml dexamethasone, 0.5 mM 3-isobutyl-1-
methylxanthine, 0.5 pM rosiglitazone, and 1% P/S. After 3 d,
the medium was replaced with maintenance medium containing
15% FBS, 10 pg/ml insulin, 1 nM 3,3’,5-triiodo-1-thyronine, and
1% P/S. After 2 d, these cells were maintained in DMEM with

Journal of Experimental Medicine
https://doi.org/10.1084/jem.20211523

10 of 13


https://doi.org/10.1084/jem.20211523

20% FBS and 1% P/S. The medium was refreshed every 2 d until
the cells were fully differentiated at day 7. To test the effect of
CAY10594 to adipocyte differentiation, the adipocytes were
treated with DMSO or 10 uM CAY10594 (Cayman Chemical) in
the induction stage for 5 d.

Mitochondrial respiration analysis

Stromal vascular fraction was isolated from ingWAT or BAT and
determined using a Seahorse XF24 Extracellular Flux Analyzer.
Cells were seeded and differentiated in XF 24-well cell culture
microplates (Agilent) at 1.0 x 105 cells per well in 500 pl of
growth medium. In the palmitate-BSA-containing media (Agi-
lent), respiration was assessed at the basal state, and under
CAY10594 treatment (10 pM), 2 uM oligomycin, 1 pM carbonyl
cyanide-4-phenylhydrazone, and 0.5 uM rotenone/antimycin A
were added at 22-min intervals. Consumption values were
normalized to extracted protein from the cell lysate of the final
mixture. The oxygen consumption test was repeated two times
for each replicate.

Confocal microscopy

For the visualization of PLD2 inhibitor (CAY10594)-induced
colocalization of p62 and mitochondria, primary adipocytes
were seeded onto coverslips in 6-well plates. The cells were fixed
in 3% paraformaldehyde for 15 min and permeabilized in 0.1%
Triton X-100 in PBS for 5 min at room temperature. After in-
cubation with PBS containing 2% BSA for 20 min, the samples
were incubated with a mouse monoclonal antibody against
TOM20 (1:200; Santa Cruz Biotechnology) and rabbit polyclonal
antibody against p62 (1:500, Abcam) for 3 h at room tempera-
ture. The samples were washed with PBS three times, incubated
with secondary antibody for 2 h, and counterstained with DAPI
(Invitrogen) for 15 min. The coverslips were mounted onto glass
slides and visualized by a Zeiss LSM700 microscope. The images
acquired were processed with Adobe Photoshop. Colocalization
was performed using Image] Software (National Institutes of

Health).

Transmission electron microscopy

The tissues were initially fixed for 2 h with 2.5% glutaraldehyde
in 0.1 M phosphate (pH 7.3) at room temperature. After fixation,
the tissues were treated with 1% OsO, plus 1.5% potassium fer-
rocyanide in 0.1 M phosphate buffer (pH 7.3) for 1 h at 4°C in the
dark and embedded in epon 812 after dehydration in an ethanol
and propylene oxide series. Polymerization was conducted using
pure resin at 70°C for 2 d. Ultrathin sections (70 nm) were ob-
tained with an ultramicrotome (EM UC7; Leica), then collected
on 100-mesh copper grids. After staining with 2% uranyl acetate
(15 min) and lead citrate (5 min), the sections were examined by
transmission electron microcopy at 120 kV (JEM-1400Plus) at
the Korea Basic Science Institute. Mitochondrial number, area,
and cristae length measurements were performed using Image]J
(National Institutes of Health).

Flow cytometry analysis for mitochondria
Matured brown adipocytes from BAT of WT mice were incu-
bated with 1% (wt/vol) fatty acid-free low-endotoxin BSA
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(Sigma-Aldrich)-conjugated palmitate (Sigma-Aldrich) for mi-
tochondrial stress. After incubation, adipocytes were stimulated
with DMSO or 10 uM CAY10594 for 3 or 24 h in an incubator at
37°C. Stimulated cells were stained with 100 nM of TMRM
(Thermo Fisher Scientific) for 30 min at 37°C. The cells were
then washed with PBS twice and analyzed using a FACSCanto II
(BD Biosciences) and FlowJo (TreeStar) software.

Statistical analysis

All results were evaluated using GraphPad prism software.
Statistical analysis was performed using Student’s t test or
ANOVA. All results are expressed as mean + SEM. P values <0.05
are considered statistically significant.

Online supplemental material

Fig. S1 shows the effects of HFD or isoprenaline on Pld2 mRNA
levels in ingWAT, BAT, and brown adipocytes and on metabolic
parameters in adipocyte-specific Pld2 KO or PLD2-inhibited
mice. Fig. S2 shows metabolic parameters and insulin sensitiv-
ity of PLD2-inhibited or adipocyte PLD2-ablated mice. Fig. S3
shows changes in p62, UCP1, Drpl, Fisl, LC3B, and mitochon-
drial condition in PLD2-inhibited or adipocyte Pld2-ablated
mice. Table S1 shows primer sequences used for quantitative
RT-PCR.

Data availability
All data needed to evaluate the conclusions in the paper are
present in the paper and the online supplemental material.
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Figure S1. Effects of HFD or isoprenaline on Pld2 mRNA levels in ingWAT, BAT, and brown adipocytes and on metabolic parameters in adipocyte-
specific Pld2 KO or PLD2-inhibited mice. (A) Pld2 mRNA expression in BAT and ingWAT from HFD-fed mice for 0, 4, and 12 wk (n = 6/group). (B) Quantitative
RT-PCR for Pld2 mRNA expression in vehicle- or isoprenaline (1 uM)- or bortezomib (20 nM, 1 h pretreat)-treated primary brown adipocytes for 24 h (n = 4/
group). (C) Generation of Pld2 Ad-KO mice. Details of the KO generation strategy are described in the Materials and methods section. (D) Western blot analysis
of PLD2 and B-Actin in various adipose tissue depots and liver from 8-wk-old control and Pld2 Ad-KO mice. (E) Fat and lean mass, and body weight (BW) of
8-wk-old control and Pld2 Ad-KO mice (n = 6/group). (F) Representative Western blot images of Cytochrome C (Cyto C), DIO2, PGC1-a, and GAPDH in BAT and
ingWAT of 8-wk-old mice injected with vehicle or CAY10594 for 7 consecutive days at 22°C. (G-1) The level of EE (G), RER (H), and locomotor activity (I) of
8-wk-old mice injected with vehicle or CAY10594 for 7 consecutive days at 22°C (n = 5/group). (J-L) The level of EE (J), RER (K), and locomotor activity (L) of
8-wk-old mice injected with vehicle or CAY10594 for 7 consecutive days at 30°C (n = 5/group). (M) Oxygen uptake (VO,) levels of CL-injected 8-wk-old control
or Pld2 Ad-KO mice at thermoneutral condition (n = 6/group). (N) EE of HFD-fed (6 wk) control and Pld2 Ad-KO mice (n = 5/group). The data are presented as
mean + SEM. *, P < 0.05; **, P < 0.01; ***, P < 0.001 by two-tailed Student’s t test (A, B, E, G-L, and N) and two-way ANOVA (M). Data are representative of
two (B and F) or three independent experiments (A and D). Veh, vehicle; VCO,, carbon dioxide production.
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Figure S2.  Metabolic parameters and insulin sensitivity of PLD2-inhibited or adipocyte PLD2-ablated mice. (A-C) The levels of plasma AST and ALT (A),
RER (B), and locomotor activity (C) of vehicle- or CAY10594-injected obese mice (n = 6/group). (D and E) Blood glucose concentrations during O-GTT (D) and
ITT (E) based on lean mass in fasted vehicle- or CAY10594-injected obese mice (n = 6/group). (F) Inflammation-related gene expression in epiWAT from vehicle
and CAY10594-injected obese mice (n = 6/group). (G-1) The level of EE (G), RER (H), and locomotor activity (1) of HFD-fed (12 wk) control and Pld2 Ad-KO mice
(n = 6/group). (J and K) Blood glucose concentrations during O-GTT (J) and ITT (K) based on lean mass in HFD-fed (12 wk) control and Pld2 Ad-KO mice
(n = 6/group). (L) Inflammation-related gene expression in epiWAT from HFD-fed (12 wk) control and Pld2 Ad-KO mice (n = 6/group). The data are
presented as mean + SEM. *, P < 0.05; **, P < 0.01; ***, P < 0.001 by two-tailed Student’s t test (A-C, F-I, and L) and two-way ANOVA (D, E, J, and K).
Data are representative of two (A, F, and L) or three independent experiments (D, E, J, and K). Veh, vehicle.
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Figure S3. Changes in p62, UCP1, DRP1, FIS1, LC3B, and mitochondrial condition in PLD2-inhibited or adipocyte Pld2-ablated mice. (A and B) Rep-
resentative Western blot images (top) and quantification (bottom) of p62, UCPL, and B-Actin, or GAPDH in ingWAT (A) and BAT (B) from vehicle- or CAY10594-
injected obese mice (n = 4/group). (C) The area (left) and cristae length (right) of mitochondria in BAT from HFD-fed (12 wk) control and Pld2 Ad-KO mice (n =
6/group). (D) The area (left) and cristae length (right) of mitochondria in BAT from vehicle- or CAY10594-injected obese mice (n = 6/group). (E) Representative
seahorse extracellular flux assays measuring OCR in primary brown adipocytes treated with vehicle or CAY10594 (10 uM) for 5 d (n = 3/group). (F) Repre-
sentative seahorse extracellular flux assays measuring OCR in primary brown adipocytes from control and Pld2 Ad-KO mice (n = 3/group). (G) Representative
Western blot images of pDRP1%¢16, pDRP1%¢37, DRP1, FIS1, and B-Actin in primary brown adipocytes treated with CAY10594 (10 uM) and carbonyl cyanide
m-chlorophenylhydrazone (CCCP; 20 uM) for the indicated time lengths. (H) Representative Western blot images of p62, LC3B, and B-Actin in primary brown
adipocytes treated with CAY10594 (10 uM) for the indicated time lengths. The data are presented as mean + SEM. *, P < 0.05; **, P < 0.01; ***, P < 0.001 by
two-tailed Student’s t test (A [bottom], B [bottom], and C-F). Data are representative of two (G and H) or three independent experiments (A and B). Veh,

vehicle.

Table S1 is provided as a separate file online. Table S1 shows primer sequences used for quantitative RT-PCR.
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