Cell Reports

ADH5-mediated NO bioactivity maintains metabolic
homeostasis in brown adipose tissue

Graphical abstract

Obesity -| HSF1{ == ADH5

v &SNB( 1

Highlights
e Thermogenesis induces BAT protein S-nitrosylation
modification

e ADHS5 is required for maintaining BAT metabolic homeostasis

e Diet-induced obesity suppresses BAT HSF1-mediated
activation of Adh5

e ADHS5 overexpression ameliorates BAT metabolic
dysfunction in the context of obesity

Sebag et al., 2021, Cell Reports 37, 110003
November 16, 2021 © 2021 The Author(s).
https://doi.org/10.1016/j.celrep.2021.110003

Authors

Sara C. Sebag, Zeyuan Zhang,
Qingwen Qian, ..., Matthew J. Potthoff,
Alexander Bartelt, Ling Yang

Correspondence
ling-yang@uiowa.edu

In brief

Sebag et al. report that ADH5-mediated
nitroso-redox homeostasis regulates
brown adipose thermogenesis, and loss
of HSF1-Adh5 activation leads to obesity-
associated metabolic dysfunction.

¢? CellPress


mailto:ling-yang@uiowa.edu
https://doi.org/10.1016/j.celrep.2021.110003
http://crossmark.crossref.org/dialog/?doi=10.1016/j.celrep.2021.110003&domain=pdf

Cell Reports ¢ CellPress

OPEN ACCESS

ADH5-mediated NO bioactivity maintains
metabolic homeostasis in brown adipose tissue

Sara C. Sebag,’'" Zeyuan Zhang,''" Qingwen Qian,’ Mark Li," Zhiyong Zhu,? Mikako Harata,” Wenxian Li,’

Leonid V. Zingman,? Limin Liu,® Vitor A. Lira,*°> Matthew J. Potthoff,® Alexander Bartelt,”-8-°'° and Ling Yang'-12*
1Department of Anatomy and Cell Biology, Fraternal Order of Eagles Diabetes Research Center, Pappajohn Biomedical Institute, University of
lowa Carver College of Medicine, lowa City, IA, USA

2Department of Internal Medicine, Fraternal Order of Eagles Diabetes Research Center, Cardiovascular Research Center, University of lowa
Carver College of Medicine, lowa City, IA, USA

3Department of Microbiology and Immunology, University of California, San Francisco, San Francisco, CA 94143, USA

4Department of Health and Human Physiology, Fraternal Order of Eagles Diabetes Research Center, Pappajohn Biomedical Institute,
University of lowa Carver College of Medicine, lowa City, 1A, USA

5College of Liberal Arts and Sciences, University of lowa, lowa City, IA 52242, USA

SDepartment of Neuroscience and Pharmacology, Fraternal Order of Eagles Diabetes Research Center, Pappajohn Biomedical Institute,
University of lowa Carver College of Medicine, lowa City, IA, USA

7Institute for Cardiovascular Prevention, Ludwig Maximilians University Munich Pettenkoferstr. 9, 80336 Munich, Germany

8German Center for Cardiovascular Research (DZHK), Partner Site Munich Heart Alliance, Munich, Technische Universitat Minchen,
Biedersteiner Str. 29, 80802 Miinchen, Germany

9Institute for Diabetes and Cancer (IDC), Helmholtz Center Munich, Ingolstadter Landstr. 1, 85764 Neuherberg, Germany

10Department of Molecular Metabolism, Harvard T.H. Chan School of Public Health, 665 Huntington Avenue, Boston, MA 02115, USA
MThese authors contributed equally

12| ead contact

*Correspondence: ling-yang@uiowa.edu

https://doi.org/10.1016/j.celrep.2021.110003

SUMMARY

Brown adipose tissue (BAT) thermogenic activity is tightly regulated by cellular redox status, but the under-
lying molecular mechanisms are incompletely understood. Protein S-nitrosylation, the nitric-oxide-mediated
cysteine thiol protein modification, plays important roles in cellular redox regulation. Here we show that diet-
induced obesity (DIO) and acute cold exposure elevate BAT protein S-nitrosylation, including UCP1. This
thermogenic-induced nitric oxide bioactivity is regulated by S-nitrosoglutathione reductase (GSNOR; alcohol
dehydrogenase 5 [ADH5]), a denitrosylase that balances the intracellular nitroso-redox status. Loss of ADH5
in BAT impairs cold-induced UCP1-dependent thermogenesis and worsens obesity-associated metabolic
dysfunction. Mechanistically, we demonstrate that Adh5 expression is induced by the transcription factor
heat shock factor 1 (HSF1), and administration of an HSF1 activator to BAT of DIO mice increases Adh5
expression and significantly improves UCP1-mediated respiration. Together, these data indicate that
ADHS5 controls BAT nitroso-redox homeostasis to regulate adipose thermogenesis, which may be therapeu-
tically targeted to improve metabolic health.

INTRODUCTION 2017; Saha and Kuroshima, 2000). NO also modulates BAT lipid

and glucose metabolism (Sansbury and Hill, 2014), sympathetic

Brown adipose tissue (BAT) plays critical roles in converting
intercellular and systemic lipid and glucose fuels directly into
heat in response to thermogenetic challenge (Bartelt et al.,
2011; Cannon and Nedergaard, 2004; Kajimura and Saito,
2014; Nedergaard et al., 2007; Saito et al., 2009; Townsend
and Tseng, 2014). The key signaling molecule nitric oxide (NO)
regulates BAT biology and physiology (Saha and Kuroshima,
2000) by increasing blood flow following noradrenergic stimula-
tion (Kikuchi-Utsumi et al., 2002; Nagashima et al., 1994), pro-
moting BAT hyperplasia through alteration of the proliferation
and differentiation of brown adipocyte (BA) precursors (Nisoli
et al,, 1998) and influencing BA hypertrophy (Jankovic et al.,
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tone (Giordano et al., 2002; Nisoli et al., 1997), and mitochondrial
biogenesis in response to acute thermogenic stimuli (Nisoli et al.,
2003, 2004). Although basal levels of NO are critical for maintain-
ing cellular and systemic homeostasis, excess NO production
contributes to the development of numerous pathological meta-
bolic disorders, including obesity (Chiarelli et al., 2000; Engeli
et al., 2004; Jankovic et al., 2017; Noronha et al., 2005; Sansbury
and Hill, 2014). However, the pathological role of BAT NO bioac-
tivity in the context of obesity is largely unknown.

NO regulates cellular functions largely through cyclic guano-
sine monophosphate (cGMP)-dependent signaling, reactive ox-
ygen species (ROS) and reactive nitrogen species (RNS) signal
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transduction pathways, and protein modifications (Stone and
Marletta, 1996). In mice, diet-induced obesity (DIO) increases
aberrant NO-mediated protein S-nitrosylation (SNO), leading
to nitrosative stress that disrupts cellular homeostasis (Kaneki
et al., 2007; Ovadia et al., 2011; Qian et al., 2018). We have
recently shown that protein SNOs are elevated in the livers of
obese patients compared to lean patients as well as in high-
fat diet (HFD)-fed mice, resulting in impaired endoplasmic
reticulum (ER) homeostasis and hepatic autophagy (Qian
et al., 2018, 2019; Yang et al., 2015). In contrast, attenuating ni-
trosative stress by suppressing inducible NO synthase (iNOS)
ameliorates obesity-associated insulin resistance in the liver,
skeletal muscle and adipose tissue (Becerril et al., 2018; Per-
reault and Marette, 2001; Yang et al., 2015). With regard to
pathophysiological studies in BAT, it has been demonstrated
that in vitro, excessive generation of NO inhibits lipolysis in
rat brown preadipocytes (Nisoli et al., 1998), while in vivo, abla-
tion of INOS improves the energy balance of ob/ob mice in part
by stimulating thermogenesis in brown fat cells (Becerril et al.,
2010). Although these studies suggest a link between patholog-
ical NO bioactivity and impaired BAT function, the contribution
of aberrant cellular nitrosative signaling in obesity-associated
BAT metabolic dysfunction remains uncharacterized.

Alcohol dehydrogenase 5 (ADH5; also named S-nitrosogluta-
thione reductase [GSNOR]) is the major cellular denitrosylase
that regulates cellular NO availability by catalyzing and regulating
the breakdown of SNOs in order to balance the intracellular thiol
redox status (Barnett and Buxton, 2017; Benhar et al., 2009; Liu
et al., 2001). In plants, ADH5 plays a critical role in modulating
tolerance to both heat and cold stressors (Hussain et al., 2019; Le-
terrier et al., 2011; Lv et al., 2017). In mammals, dysregulation of
ADHS5 contributes to the pathogenesis of a diverse array of chronic
diseases such as fatty liver disease, cardiovascular diseases and
aging (Barnett and Buxton, 2017; Qian et al., 2018; Que et al,,
2009; Rizza et al., 2018; Rizza and Filomeni, 2018; Sips et al.,
2013; Tang et al., 2013). Notably, a recent study demonstrated
that ADH5 regulates adipocyte differentiation (Cao et al., 2015).
However, the role of ADH5-mediated protein denitrosylation dur-
ing physiological cold adaptation or in the pathogenesis of
obesity-associated BAT dysfunction remains unknown.

Here, we demonstrate that ADH5 is required for maintaining
BAT metabolic homeostasis by playing a key role in balancing
cellular NO bioactivity in brown adipocytes. Furthermore,
we identified that dysregulation of an important proteostasis
regulator, heat shock factor 1 (HSF1), leads to disruption
of BAT ADH5 activation in the context of obesity. As such,
targeting nitrosative stress in BAT by modulating the balance
between ADH5 and iNOS actions may provide an avenue
for the development of new therapies to improve metabolic
health.

RESULTS

Obesity elevates protein SNO and decreases cellular
denitrosylation in BAT

To determine the impact of NO bioactivity on BAT function in
response to various metabolic stressors, we first investigated
the effects of nutritional overload on protein SNO in BAT using
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immunohistochemistry and a tandem mass tag (TMT)-based
SNO western blot analysis (Qu et al., 2014). Compared to mice
fed a regular diet (RD), there was a significant increase in general
protein SNO in BAT from mice fed a HFD (Figures 1A, 1B, S1A,
and S1B), which was associated with elevated basal nitrite and
nitrate (NOX) released into the supernatant from BAT explants
(Figure 1C). This obesity-associated NO signaling status was
correlated with a reduction in BAT mitochondrial uncoupling pro-
tein 1 (UCP1)-mediated oxygen consumption (Figure 1D) as
measured by high-resolution respirometry (Porter, 2017). To
investigate the NO bioactivity dynamics in response to acute
cold challenge, we measured BAT SNO levels in wild-type
(WT) mice acclimated from thermoneutrality (TN; 30°C) to room
temperature (RT; 22°C) as well as to acute cold (4°C). In
response to acute-cold challenge, BAT SNO was induced at 2
h, reduced at 6 h, and again increased at 24 h (Figures 1E, 1F,
and S1C). Together, these data indicate that thermogenic pro-
grams induce protein SNO in BAT.

Previous studies have shown that acute induction of thermo-
genesis in BAT generates physiologic levels of mitochondrial
ROS, which in turn alters the redox status of UCP1, leading to
activation of UCP1 (Chouchani et al., 2016). In contrast, studies
have shown that excessive levels of ROS and RNS impair BAT
mitochondrial function (Cui et al., 2019; Lee et al., 2020). Using
a group-based prediction (GPS)-SNO prediction tool (Xue
et al., 2010), we found that Cys25 and Cys305 are potential
SNO sites on murine UCP1, while Cys305 was predicted as a po-
tential SNO site on human UCP1 (Figure 1G). We then mapped
SNO sites on human UCP1 by mass spectra analysis following
SNO protein labeling by iodoacetyl tandem mass tag (iodoTMT)
reagent and found that Cys47, Cys189, and Cys305 are targeted
by SNO. Therefore, among these SNO sites, Cys305 is the com-
mon SNO site in both human and mouse UCP1 (Figures 1G and
1H). We then generated an SNO-resistant mouse UCP1 (C305A;
UCP1gnoR) Variant and its WT control (UCP1,,; Figure S1D).
Isoproterenol (ISO)-mediated UCP1-dependent oxygen con-
sumption was significantly reduced by the chemical NO donor
S-nitroso-N-acetyl-DL-penicillamine (SNAP) in human BAT cells
overexpressing UCP1,: (hTERT-hA41BAT-SVF) (Xue et al,
2015) (Figure 11). However, the SNAP-mediated suppression of
UCP1 uncoupling was significantly dampened in cells overex-
pressing UCP1gnor (Figure 11). We next determined whether
UCP1 is targeted by SNO in mouse BAT in vivo using immunohis-
tochemistry and biotin switch analyses. As shown in Figures 1J,
1K and S1E, not only is UCP1 targeted by SNO modification, but
also SNO-UCP1 expression is significantly increased in BAT of
mice fed a HFD (8 weeks on diet) compared to RD controls. How-
ever, we did not detect SNO of peroxisome proliferator activated
receptor gamma (PPARG), an SNO target reported in mesen-
chymal stem cells (MSCs) (Cao et al., 2015), in BAT from either
lean or obese mice (Figure 1J). Collectively, these data indicate
a potential role for protein SNO in the pathogenesis of obesity-
mediated BAT dysfunction.

ADHS5 protects BAT against obesity-associated
metabolic dysfunction

ADH5 modulates NO availability in the cell by catalyzing the
breakdown of SNOs (Barnett and Buxton, 2017; Benhar et al.,
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2009; Liu et al., 2004). We found that ADH5 was significantly
increased in BAT of WT RD mice challenged with acute cold
(4°C, 24 h; Figure 2A). In contrast, in the context of obesity,
Adhb5 transcript and protein expression in BAT were significantly
reduced after 12 weeks of HFD (Figures 2B and 2C). These data
are consistent with a recent study demonstrating that obesity re-
duces cellular antioxidant capacity in BAT (Alcala et al., 2017).
We next sought to determine whether gain of ADH5 function
could improve BAT function in the context of obesity. To this
end, we overexpressed Adh5 in BAT of adult mice using an
adenovirus-mediated gene delivery approach via interscapular
BAT injection (Balkow et al., 2016; Bartelt et al., 2018). Adeno-
virus-mediated Adh5 overexpression reduced general BAT
SNO compared to controls (Figures 2D and 2E) which was
concomitant with an increase in Ucp1 transcript and reduced
expression of the tested adipogenic markers (Figure 2F).
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Figure 1. Diet-induced obesity (DIO) elevates
nitrosative stress in brown adipose tissue
(BAT)

(A and B) Western blots and densitometric analysis
of protein S-nitrosylation (SNO) in interscapular BAT
(iBAT) from mice fed a regular diet (RD) or high-fat
diet (HFD) for 10 weeks. (—) AS, no ascorbate
(negative control for S-nitrosylation detection); (+)
SNAP, positive control for SNO detection. n = 4-5
mice/group. Data were normalized to actin beta
(ACTB) input.

(C) Relative nitrite/nitrate NOx release from super-
natants of BAT explants isolated from mice on a RD
(n = 8 mice) or HFD (n = 11 mice) for 10 weeks.

(D) High-resolution respirometry in fresh BAT from
mice in (A) (n = 4 mice/group). The UCP1-mediated
respiration was calculated and reported as fold
change of GDP-inhibited leak respiration (1 mM)
over baseline.

(E and F) Western blots and quantification of SNO in
interscapular iBAT mice exposed to thermoneu-
trality (TN; 30°C for 1 week), room temperature (RT;
22°C), or cold (4°C, 24 h). n = 3-6 mice/group. Data
were normalized to ACTB input.

(G and H) Predicted SNO sites on mouse UCP1 and
mapped SNO sites on human UCP1.

() High-resolution respirometry in human brown adi-
pocytes transiently transfected with control plasmid
(CT; pcDNA-EGFP), UCP1t, or UCP1Cggsa. Cells
were treated with 1 uM isoproterenol (ISO) (2 h) in
the presence or absence of 100 uM SNAP (2 h). The
UCP1-mediated respiration was presented as fold
change of GDP-inhibited leak (1 mM) over ISO-
mediated baseline. n = 3 independent experiments.

(J and K) Representative western blots and densi-
tometric analysis of S-nitrosylated proteins in BAT
from mice on a RD and HFD for 8 weeks. In western
blots, each lane represents an individual mouse.
Data were normalized to UCP1 input.

All data are presented as means + SEM. Asterisk
indicates statistical significance compared to the
RD groups (B-D and K), the 30°C group (F), and the
CT groups (l). Number sign indicates statistical
significance between 22°C and 4°C (F) and effect of
SNAP in same cells (l). Statistical significance was
determined by Student’s t test (B-D) and (K) and
one-way ANOVA (F and I); p < 0.05).
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Furthermore, high-resolution respirometry showed that these ef-
fects were in parallel with an increase in UCP1-mediated mito-
chondrial respiration in HFD-fed mice (Figures S1F and 2G).
Although the immunological properties of BAT are distinct from
white adipose tissue (WAT) and are comparatively less pro-
nounced during the early stage of obesity (van den Berg et al.,
2017; Villarroya et al., 2018a, 2018b), pathological inflammatory
signals derived from both brown adipocytes and BAT-resident
immune cells have deleterious effects on BAT recruitment and
activation (Cao et al., 2018). We found that overexpression of
Adh5 significantly reduced expression of the macrophage
marker F4/80 (Figures S1G and S1H), which was associated
with improved obesity-associated glucose intolerance (Figures
2H and 2I). Systemic glycemic control is tightly regulated by in-
terplays between organs, including the BAT-liver axis. Overex-
pression ADH5 in BAT improved hepatic insulin sensitivity in
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Figure 2. ADHS5 protects metabolic dysfunc-
tion of BAT in the context of obesity
(A) Representative western blots and densitometric

ACTB m 5 5 ACTB analysis of tested proteins in BAT from mice
< exposed to 22°C or 4°C for 24 hr. Data were
0.8 § 4 ,.,1 normalized to expression of ACTB (n = 4 mice/
§ § 0 5] > g 3 gg 038 group). . Lo
§ z g 2 * < .5 0.6 - .(B) Levels of mBNAs encoding the mldlcated genes
2 .g 0.4 g * _g o™ in BAT from mice fed a RD (n = 3 mice) or HFD for
39 T f;;,, 1 > g_ 0.4 12 weeks (n = 5 mice), data were normalized to the
© g 0.2 2 3 0.2 expression of Hprt.
g Adh5 UCP1 ’ (C) Representative western blots and densitometric
0.0-=3%¢ a°C K] 0.0 "D~ HFD analyses in BAT from mice fed a RD or HFD
D - F for 12 weeks (n = 9-10 mice/group). Data were
§ __ [OAd-GFP [l Ad-Adh5 normalized to the expression of ACTB.
g > 12 2 (D) Representative images (20x) of immunohisto-
Ad-GFP — A @ - g chemistry of ADH5 in BAT from mice on a HFD for
‘2 $0.9 " % 8 weeks followed by interscapular transduction of
ADH5 - E 3 Adeno-GFP (n = 7 mice) or Adeno-Adh5 (n = 5 mice)
EO 0.6 e (2.5 x 10° pfu/mouse) for additional 2 weeks. Scale
e % é, bar, 10 um.
"3!:0'3 @ (E) Representative western and quantification of
E 0.0 };E 0:0 ! L protein SNO in iBAT from mice in (D). n = 4 mice/
OQQ 6‘{0 4 v&\‘)\)C'Q@\“m:\QOQ\’QS\&: «° group. ' o
7'8 8?' SRS (S (F) Levels of mMRNAs encoding the indicated genes.
v Gene expression was normalized to Gapdh. n = 3-5
G H | mice/group.
§ CJAd-GFP Il Ad-Adh5 400= > Ad-GFP ==Ad-Adh5 (G) UCP1-dependent O, consumption rates in BAT
‘g- 3 20000+ from mice in (D). n = 4 mice/group.
2 * 300 7 * (H) Glucose tolerance tests (GTTs) and (l). AUC in
§g ) - 15000+ mice in (D).
o § E’ 200 = . 810000- All data are presented as means + SEM. Asterisk
€0 ° < indicates statistical significance compared to 22°C
g1 8 100+ 50004 (A), the RD groups (B and C), and the Adeno-GFP
§5 & group (E-l), as determined by Student’s t test;
E 0 0 I T I 1 0 p < 0.05.
& ) 0 30 60 .90 . 120_
=1 Time after glucose admistration (min)

mice on a HFD but did not significantly alter the expression of he-
patic transcripts involved in gluconeogenesis and lipogenesis
(Figures S11-S1K). Together, these data show a protective role
for BAT-ADH5 against obesity-associated BAT dysfunction
and systemic glucose intolerance.

ADHS5 deficiency impairs metabolic function of BAT

To determine a BAT-specific ADH5 role, we crossed Adh5™ mice
(Wei et al., 2011) with a Ucp7-Cre transgenic line to generate
BAT ADHS5 knockout (KO) (Adh55%°) mice. ADH5 expression in
the BAT from C57BL/6J, Adh5™ and Ucp1-cre mice was similar
among all three genotypes (Figure S2A). However, at RT, BAT
from Adh55KC lean mice displayed a “white-like” phenotype,
with increased expression of proinflammatory markers (Nos2
and Adgre1) and Lep but reduced expression of brown and
beige adipose identity markers (Ucp1 and Tmem26) compared
to Adh5™ mice (Figures 3A and 3B). Furthermore, Adh5 deletion
in BAT significantly suppressed UCP1 protein expression (Fig-
ures 3C and 3D), which was associated with elevated general
BAT SNO expression, increased SNO of UCP1 and enhanced
NOx production (Figures 3E, 3F and S2B-S2D). Systemically,
Adh55%° mice had a comparable core body temperature with
Adh5™ mice when housed at either RT or TN (Figure S2E). In
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addition, at RT, Adh55© and Adh5" mice had similar body
composition (Figure S2F) and whole-body metabolic profiles,
as measured by a comprehensive lab animal monitoring system
(CLAMS; Figures S2G and S2H).

We next measured UCP1-mediated mitochondrial respiration
in BAT fat pads from Adh5%%° mice and Adh5™ housed at TN or
treated intraperitoneally (i.p.) with CL316,243, an adipocyte-
specific B3-adrenergic agonist (Cannon and Nedergaard,
2011). As shown in Figure 3G, Adh5 deletion impaired UCP1-
mediated mitochondrial respiration in both conditions. To
confirm whether reduced mitochondrial respiration was attrib-
uted to defective ADH5 enzymatic activity, we excised BAT
fat pads from WT mice fed a regular chow (housed at TN)
and treated them ex vivo with an ADH5 chemical inhibitor,
N6022 (Blonder et al., 2014). As shown in Figure 3H, pharma-
cological inhibition of ADH5 significantly decreased UCP1-
mediated oxygen consumption. Consistent with our observa-
tion in the BAT, inhibition of ADH5 activity in a human BAT
cell line ((TERT-hA41BAT-SVF) showed a reduced oxygen con-
sumption rate (OCR) (Figures S2I and S2J). Finally, lipolysis
induced by the nonselective B-agonist ISO was also signifi-
cantly reduced in BAT explants from Adh55C mice compared
to WT mice (Figure 3I).
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ADHS5 is required for cold-induced thermogenesis in

BAT

BAT generates heat through non-shivering thermogenesis (Can-
non and Nedergaard, 2004; Harms and Seale, 2013); thus, to
investigate the functional role of BAT-specific ADH5 in cold-
induced thermogenesis, Adh5™ and Adh58K° mice weaned and
raised at TN conditions were challenged with acute cold expo-
sure (4°C for 24 h). Compared to littermate WT controls, both
BAT and inguinal WAT (iWAT) from Adh555° mice displayed an
increased proportion of large-sized adipocytes (Figure 4A) but
reduced brown and beige-like markers (Figure S3A). These
cellular alterations were correlated with significantly lowered
core body temperature after either TN acclimation followed by
cold exposure (Figure 4B) or after activation of the B-adrenergic
receptor (AR) by the B-adrenergic agonist, norepinephrine
(Figure 4C).

We then tested whether ADH5 in BAT is involved in
the regulation of systemic thermogenic adaptation to cold
exposure (4°C). Indirect mouse calorimetry analysis showed
that cold exposure lowered both core and BAT temperature
in Adh5%K° mice compared to WT controls (Figures 4D
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Figure 3. Deletion of Adh5 impairs metabolic
function of BAT.

Adh5fi Aﬂo (A) Representative light microscopy and H&E im-

154 ADH5 IE ages of BAT from Adh5" or Adh554C mice raised at
104 22°C. Scale bar, 10 pm.
5. III UCP1 | o e s o (B) Levels of mMRNAs encoding the indicated genes
oy in BAT from mice in (A). Expression is normalized to
TUBA | e e =) Gapdh. n = 3-5 mice/group.

Adh5 fl Adh5 BKO

3 Adh5fl Bl Adh5BKO

o
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]
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(C and D) Representative western blots (C) and
densitometric analysis (D) of ADH5 and UCP1
expression in BAT from Adh5" and Adh55%K° mice.
Expression is normalized to that of TUBA
(TUBULIN). n = 4-5 mice/group.

(E and F) Representative western blots of general
SNO (E) and S-nitrosylated UCP1 (F) in BAT from
mice in (A).

(G and H) UCP1-dependent O, consumption in BAT
from Adh5™ and Adh5%%© mice maintained at 30°C
(n = 3-4 mice/group) (G) or administrated with the
B3-AR agonist CL316,243 (0.5 mg/kg; n = 4-5 mice/
group) (H) in BAT from wild-type (WT) mice main-
tained at 30°C following treatment with the ADH5
inhibitor, N6022 (20 uM for 24 h), or vehicle (DMSO,
0.2%). n = 5 mice/group.

() Free fatty acid release measured in BAT explants
from mice exposed to DMSO (0.1%) or ISO (1 uM; 1
h). Data were normalized to protein concentration.
n = 5-6 mice/group.

All data are presented as means + SEM. Asterisk
indicates statistical significance compared to the
Adh5™" groups (B, D, G, and I) and the vehicle
group (H), as determined by Student’s t test; p <
0.05.

and 4E), which correlated with reduced

whole-body oxygen consumption and
energy expenditure (EE) (Figures 4F
and 4G). Furthermore, in line with our
observations from mice housed at TN
(Figure 3F), Adh5%KC mice showed a significantly reduced
cold-induced, UCP1-mediated oxygen consumption (Fig-
ure 4H). Finally, we found that compared to WT controls,
loss of BAT Adh5 resulted in decreased expression of cold-
induced genes that are normally activated as part of the ther-
mogenic program (such as Ucp1, Pparg, and the cofactor
Ppargcia) (Figure 4l1). Collectively, these results indicate that
ADH5 is indispensable for adaptation of BAT to cold-induced
thermogenesis.

It has been shown that Adh5-deficient MSCs exhibited
impaired adipogenesis (Cao et al., 2015). We then asked if
ADHS5 regulates BAT recruitment by assessing brown preadipo-
cyte differentiation using stromal vascular fraction (SVF) isolated
from Adh5™ mice followed by transduction of adeno-Cre to
delete Adh5. Mature (Pparg and Ucp1) and preadipocyte (DIk1)
markers, as well as lipid content, were comparable between
the tested groups (Figures S3B and S3C). Similar results were
also observed in human cells treated with the pharmacologic
ADHS5 inhibitor N6022 (Figures S3D and S3E). Together, our
data indicate a regulatory role for ADH5 in modulation of BAT
activation.
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BAT ADHS5 protects against obesity-associated
metabolic dysfunction

Obesity suppresses BAT metabolic function (Blondin et al.,
2015; Himms-Hagen, 1985; Leitner et al., 2017; Shimizu et al.,
2014; Shimizu and Walsh, 2015) and increases immune cell infil-
tration and ROS production (Alcala et al., 2017, 2019). To estab-
lish the direct regulation of ADH5 in the context of obesity, we
evaluated BAT function and systemic metabolic homeostasis
in Adh5%K°© and Adh5" mice fed a HFD. HFD-fed Adh5%K©
mice and Adh5™ mice had comparable body weight and compo-
sition (Figure 5A). In addition, indirect mouse calorimetry demon-
strated that activity, heat production and cumulative food intake
were slightly decreased (yet did not reach statistical significance)
in HFD-fed Adh55KC mice (Figures S4A-S4C). However, Adh5
deficiency in BAT worsened obesity-associated glucose intoler-
ance (Figures 5B and 5C), lowered whole-body oxygen
consumption (Figure 5D) and significantly decreased UCP1-
dependent oxygen consumption compared to explants from
WT mice (Figure 5E).

Malfunction of UCP1 and enhanced NO bioactivity activates
innate immune cells in BAT, leading to impaired glucose homeo-
stasis (Bond et al., 2018). Here, we found a significant increase in
HFD-mediated recruitment of F4/80-positive immune cells (Fig-
ures S4D and S4E), which was concomitant with a significant
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the macrophage marker Adgrel (Fig-
ure S4F). These changes in inflammatory
markers were concomitant with worsened
insulin signaling in BAT from Adh55X°
mice (Figure 5F), indicating that ADH5-brown adipocyte expres-
sion is pivotal in preserving a healthy immune-metabolic balance
of BAT during DIO. Finally, although proper ER function and
autophagy dynamics play important roles in BAT and beige
adipocyte activation, as well as for adipose tissue maintenance
(Altshuler-Keylin et al., 2016; Bartelt et al., 2018; Singh et al,,
2009), we found comparable expression of tested markers in
BAT (Figures S4G and S4H).

Obesity impairs HSF1-mediated activation of Adh5

The heat shock response (HSR) is a highly conserved physiolog-
ical stress response to diverse stressors, including cold-induced
adrenergic activation of BAT (Matz et al., 1996; Verma et al.,
2020). In an in silico analysis, we found that HSF1 possesses
binding elements at the Adh5 promoter (Figure 5G). To deter-
mine if HSF1 activates Adh5, we generated Adh5 luciferase
reporter constructs with HSF1 occupancy sites (—1,683 to
—1,671), as well as a control construct lacking this binding site.
HSF1 activated the Adh5 promoter, which was abolished in cells
expressing a mutant construct lacking this potential site (Fig-
ure 5G). We then examined BAT-nuclear expression of HSF1
from RD and HFD mice and found that DIO suppressed HSF1 nu-
clear translocation (Figure 5H). To explore the therapeutic poten-
tial of increasing HSF1 activity in BAT, we treated WT DIO mice
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with HSF1A (a pharmacological activator of HSF1) via interscap-
ular BAT injection. HFD mice treated with HSF1A demonstrated
increased expression of Hsfl, HSF1 target genes (Hsp90,
Dnajb1 and Hsp27), as well as Adh5 and Ucp1 transcripts in
BAT (Figure S5A). This increased Adh5 expression by HSF1 acti-
vation was associated with increased UCP1-dependent oxygen
consumption in BAT fat pads compared to controls (Figure 5l).
Furthermore, activation of mitochondrial respiration in BAT by
HSF1 in the context of obesity was not altered in Adh55K©
mice (Figure 5I), indicating that ADH5 is a downstream factor in
the HSF signaling cascade. Recently, Rizza et al. showed that
ten-eleven translocation 1 (TET; demethylase) and ADH5
concomitantly declined with age in the brain (Rizza et al.,
2018). To determine whether DNA methylation is involved in
HSF1-mediated Adh5 induction in the context of obesity, we
treated BAT explants from HFD-fed mice with a DNA methylation
inhibitor, 5-Aza-2'-deoxycytidine (5aza) (Christman, 2002), in the
presence or absence of HSF1A and examined 5aza inhibition ef-
ficiency (Figure S5B). As shown in Figure S5C, 5aza treatment

(I) High-resolution respirometry analysis in BAT
(HFD for 10 weeks) followed by interscapular treat-
ment with vehicle (DMSO; n = 4 mice) or an HSF1
activator (1 mM; n = 7 mice) every other day for
2 weeks. UCP1-mediated respiration was calcu-
lated and reported as fold change of GDP-inhibited
leak (1 mM) over baseline.

All data are presented as means + SEM. Asterisk
indicates statistical significance compared to the
Adh5" groups (C-E), the CT group (G), or the RD
groups (H), and treatment effects in same type of
mice (). Number sign indicates genetic effects in
mice with same treatment (C and I) and statistical
significance compared to WT (G). Statistical signif-
icance was determined by one-way ANOVA (B, C,
G, and |) and Student’s t test (D-F and H); p < 0.05.

*

slightly increased Adh5, but this did not reach statistical signifi-
cance. Furthermore, while activation of HSF1 significantly
increased Adhb transcript in BAT from obese mice, this effect
was not additive in samples treated with both HSF1 and 5aza.
These findings suggest that hypermethylation of BAT may not
directly modulate the HSF1-Adh5 axis. Together, these data
indicate that activation of the HSF1-ADH5 axis protects BAT
against obesity-associated metabolic dysfunction.

Previous studies have also shown that HSF1 is activated by
cold challenge (Ma et al., 2015; Reinke et al., 2008; Sarge and
Cullen, 1997). Indeed, we found that both cytosolic- and nu-
clear-localized HSF1 were significantly increased by 2 h, remain-
ing elevated after 6 and 24 h of cold exposure (Figures S5D and
S5E). Compared to HSF1 activation, cold-induced ADH5 was
delayed, increasing at 6 and 24 h (Figures S5D and S5E).
Together, these data indicate that cold-induced HSF1 activation
leads to increased ADHS5 over time, which together may
provide a feedback mechanism to fine tune the SNO in BAT.
To further assess the direct effects of p3-adrenergic signaling
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Figure 6. Inhibiting iNOS improves metabolic
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test (B-D); p < 0.05.

on HSF1-mediated BAT protein SNO, we stimulated freshly iso-
lated BAT of WT mice with CL316,243 in the presence or
absence of a chemical HSF1 inhibitor (KRIBB11) (Yoon et al.,
2011), which significantly reduced the expression of HSF target
genes (Figure S5F). Furthermore, CL316,243 elevated BAT gen-
eral SNO was almost abolished by KRIBB11 (Figures S5G and
S5H). Together, these data support the hypothesis that physio-
logical BAT ADH5 and NO bioactivity are regulated, in part, by
HSF1.

Inhibiting iINOS in BAT alleviates DIO-associated
metabolic dysfunction

Excessive NO production by parenchymal cells is one of the key
factors that drives immune cell infiltration and polarization in the
context of obesity (Sansbury and Hill, 2014). We observed higher
iNOS expression in BAT from mice on HFD, which is worsened
by deletion of Adh5 (Figure 6A). To define the major cellular
source of the iINOS induction, we isolated SVF from Adh55%<©
and Adh5" mice fed a HFD. While transcript levels of Adh5,
Nos2, and Tnf in the SVF were comparable between genotypes,
BAT-specific Adh5 deletion significantly increased expression of
these markers in the BA fraction (Figures 6B and 6C), which was
in agreement with a higher NOx production released from the BA
fraction (Figure 6D). To further examine the direct role of NO
bioactivity on BAT metabolic homeostasis in the context of
obesity, we injected 1400W, a specific iINOS inhibitor (Garvey
etal., 1997), into DIO mice intrascapularly. As shown in Figure 6E,
treatment with 1400W decreased HFD-mediated NOx produc-
tion and improved UCP1-mediated oxygen consumption
regardless of the genotype (Figure 6F). Gene expression ana-
lyses further supported this notion, showing that 1400W treat-

8 Cell Reports 37, 110003, November 16, 2021

ment reduced proinflammatory markers and ameliorated Ucp1
in BAT from both Adh5" and Adh555° mice on HFD (Figure 6G).
Taken together, these data demonstrate that ADH5 deficiency in
BAs propagates obesity-associated BAT metabolic dysfunction,
and inflammation is attributable in part to the induction of INOS-
mediated NO signaling.

DISCUSSION

ROS and RNS are redox mediators that regulate diverse aspects
of cellular processes and functions (Di Meo et al., 2016). Acute
induction of thermogenesis in BAT generates physiological
levels of mitochondrial ROS, which in turn alters UCP1-thiol
redox status and activates UCP1-dependent uncoupling (Chou-
chani et al., 2016; Mailloux et al., 2012). In contrast, under
chronic metabolic-thermogenic conditions such as obesity, an
excessive level of ROS is produced, which promotes mitochon-
drial damage in BAT (Cui et al., 2019; Kazak et al., 2017; Lee
et al., 2020). However, it is largely unknown whether and how
NO bioactivity, another key redox mediator, modulates BAT
function in health and disease. Our present study found that
the protein SNO signaling cascade plays a key role in regulating
BAT thermogenic function.

NO bioactivity is tightly regulated by the balance of NO avail-
ability and the capacity to remove it in part by denitrosylases
(Benhar et al., 2009). For the former, two NOS isoforms, endo-
thelial nitric oxide synthase (eNOS) and iNOS, are expressed in
BAT (Engeliet al., 2004; Kikuchi-Utsumi et al., 2002), with tempo-
ral studies revealing that eNOS is expressed early during cold
acclimation, whereas iNOS is elevated in the late phase (Ota-
sevic et al., 2011). On the other hand, ADH5 (Cao et al., 2015)
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and thioredoxin reductase 1 (Ayyappan and Nagajyothi, 2017),
both of which serve to denitrosylate and modify protein function
(Nakamura and Lipton, 2016), are expressed in BAT. These data
suggest that within BAT, there exists a fine-tuned equilibrium be-
tween protein SNO by NOS synthases and denitrosylases. How-
ever, the pathophysiological role of S-nitrosylative signaling in
BAT has yet to be well defined.

Previous studies investigating the modulation of nitrosative
signaling in the adipose tissue have involved deletion or inhibi-
tion of NOS expression and activity (Becerril et al., 2018; Fuji-
moto et al., 2005; Tsuchiya et al., 2007; Zanotto et al., 2016),
thereby diminishing all forms of NO bioactivity while also impair-
ing both cGMP and SNO-mediated signaling. Ultimately, these
approaches to dissect the function of protein SNO in regulating
BAT physiology are very challenging. Our study focused on
the key denitrosylase, ADH5. ADH5 has been shown to play
an important role in multiple cellular responses, including
B-AR signaling, endocytosis, inflammation, angiogenesis, and
apoptotic cell death (Barnett and Buxton, 2017). Here we inves-
tigated the hypothesis that ADH5 regulates BAT metabolic and
thermogenic function by balancing intracellular NO bioactivity.
Our study provides evidence that DIO increases BAT NO pro-
duction and elevates general protein SNO, including UCP1;
and ADHS5 protects against impairment of UCP1-dependent ox-
ygen consumption and glucose intolerance in obese mice.
Furthermore, BAT-Adh5 deletion led to the dysregulation of ther-
mogenic responses to both cold and direct B-AR3 activation.

In our study, we found that obesity promotes SNO of UCP1,
which is augmented by Adh5 deletion in BAT. We further showed
that SNO of UCP1 at C305 impairs BAT mitochondrial respiration
(Figure 11). It is important to note that sulfenylation of UCP1 at
Cys253 is required for BAT function during thermogenesis
(Chouchani et al., 2017) and is altered in aging (Xiao et al,,
2020). Therefore, future studies focusing on delineating redox-
mediated fine-tuning of post-transcriptional and post-transla-
tional UCP1 modifications generated by acute and chronic
stress may provide additional insights into the thermogenic func-
tion of BAT in health and disease. Regarding the fate of SNO
UCP1, it has been shown that SNO results in degradation of
the key DNA repair protein O%-alkylguanine-DNA alkyltransfer-
ase (AGT) and tumor necrosis factor (TNF)-receptor-associated
protein 1 (Trap1) by the ubiquitin-proteasome system in the liver
(Rizza et al., 2016; Wei et al., 2010). Therefore, it is possible that
obesity-associated downregulation of UCP1 may be in part
attributed to SNO-UCP1 and consequential degradation. We
also found that ADH5 expression positively correlates with the
expression of Ucp1 transcript. SNO signaling modulates diverse
cellular events, including controlling transcriptional programs
and epigenic regulations (Hess et al., 2005; Nott et al., 2008;
Mussbacher et al., 2019; Cao et al., 2015). Thus, it is possible
that nitrosative stress alters the BAT transcriptome, including
adipogenic markers and Ucp1 expression, in the context of
obesity.

We recognize that the role of ADH5 in regulating BAT meta-
bolic function could involve UCP1-independent actions. Multiple
thermogenic regulators are tightly regulated by protein SNO in
other organ systems. In the heart, two key proteins involved in
B2-AR receptor regulation, GRK2 and ARRB2, are shown to be
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targeted by SNO (Whalen et al., 2007). In skeletal muscle, it
has been shown that ADH5-KO mice exhibit an impaired
inotropic response to ISO in part by reducing denitrosylation of
RYR2 (Beigi et al., 2012; Stomberski et al., 2019). Of note, a
recent study demonstrated that SNO of PPARG in MSCs re-
duces adipogenesis and increases osteoblastogenesis (Cao
et al., 2015). Although we did not observe detectable SNO of
PPARG in BAT or an alteration of Adh5 deletion on BA differen-
tiation (Figures 1J, 1K, and S3B-S3E), we postulate that this
regulation may be context dependent and is an outcome of
whole-body deletion versus BAT-specific deletion.

Mechanistically, our study demonstrates that ADH5 is directly
induced by HSF1, a master regulator of the HSR. However,
studies have shown that HSF1 is also activated by cold chal-
lenge (Ma et al., 2015; Reinke et al., 2008; Sarge and Cullen,
1997). Here, we found the HSF1-ADHS5 signaling cascade main-
tains metabolic homeostasis of BAT in obesity, supporting a pre-
vious study showing treatment with celastrol activates BAT-
HSF1 and improves metabolic function (Ma et al., 2015). We
also showed that the HSF1-Adh5-axis-mediated BAT protein
SNO is, in part, through B3-AR signaling (Figures S5G and
S5H). Ultimately, our study provides a mechanistic insight into
how the HSF1-mediated transcriptional program controls
cellular nitro-redox (SNO) signaling by modulating expression
of Adh5. Another key feature of obesity-associated metabolic
abnormalities is low-grade chronic inflammation in the adipose
tissue, contributing to insulin resistance and metabolic abnor-
malities (Hotamisligil, 2006; Xu et al., 2003), as well as defects
in BAT recruitment and activation (Bartelt et al., 2018; Cao
et al., 2018). Conversely, supplementing with anti-inflammatory
molecules (e.g., epigallocatechin gallate and berberine) in-
creases BAT thermogenic activity (Okla et al., 2017). Accumu-
lated evidence has also shown that an excess of NO bioactivity
and nitrosative stress modulate transcription factor activities that
directly regulate inflammatory and adipogenic signatures (Choi
et al., 2016; Marshall et al., 2004; Ovadia et al., 2011; Shinozaki
et al., 2014). Our study showed that Adh5 deletion increased
Nos2 expression, NO production, and proinflammatory markers
in the BA, all of which were attenuated by chemical inhibition of
iNOS (via 1400W) in BAT (Figures 6A-6D). An important objective
for future studies is to determine the impact of ADH5-mediated
BA NO bioactivity on the immune signature, vascularization,
and sympathetic tone, as well as remodeling in BAT, in health
and disease.

Taken together, our study demonstrates that cellular nitrosa-
tive signaling is critical for BAT health. Identifying the molecular
mechanisms underlying the immuno-metabolic function of BAT
through ADH5-mediated nitro-redox signaling will help establish
a framework for developing therapies to ameliorate obesity-
mediated BAT dysfunction.

Limitations of the study

In our study, we used a germline Adh5 deletion approach; there-
fore, we could not rule out the possibility that the effect of ADH5
deficiency on systemic metabolic dysfunction is due to a mal-
adaptive systemic response from other organs/tissues. Future
studies will include an inducible Cre transgenic mouse line to
assess the HSF1-Adh5 signaling axis both basally and after

Cell Reports 37, 110003, November 16, 2021 9




¢? CellPress

OPEN ACCESS

metabolic stress in adult mice. Furthermore, we found that a
UCP1 SNO-resistant variant protects against chemical NO-
donor-induced impairment of UCP1-mediated mitochondrial
respiration in brown adipocytes. However, we recognize that
nitrosative stress responses in vitro may differ from obesity-
mediated effects in vivo. Future studies will focus on determining
the impact of SNO of UCP1 at Cys305 in vivo.
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Goat anti-Mouse polyclonal IgG HRP-linked Santa Cruz Cat$sc-2005; RRID:AB_631736

antibody

Goat anti-rabbit IgG (H+L) Antibody, Alexa
Fluor 488

Goat anti-rabbit IgG (H+L) Antibody, Alexa
Fluor 568

Goat anti-Rabbit IgG HRP-linked antibody
Mouse monoclonal anti-DDIT3 (L63F7)
Mouse monoclonal anti-INSRbeta (C-19)
Mouse monoclonal anti-SQSTM1/P62

Rabbit monoclonal anti-ADGRE1/F4/80
(D2S9R)

Rabbit monoclonal anti-ATG7

Rabbit monoclonal anti-EIF2AK3(D11A8)
Rabbit monoclonal anti-FOXO1 (C29H4)
Rabbit monoclonal anti-HSPA5(C50B12)
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(Ser473) (D9E)

Rabbit monoclonal anti-phospho-EIF2AK3
(Thro80)

Rabbit monoclonal anti-TUBA (11H10)
Rabbit polyclonal anti-ACTB(H-300)
Rabbit polyclonal anti-ADH5

Rabbit polyclonal anti-AKT1 2/3 (H-136)
Rabbit polyclonal anti-ATG5

Rabbit polyclonal anti-Histone H3K27me3
Active Motif

Rabbit polyclonal anti-HSF1
Rabbit polyclonal anti-MAP1LC3B

Rabbit polyclonal anti-phospho-FOXO1
(Ser256)

Rabbit polyclonal anti-UCP1
TMT Monoclonal Antibody (25D5)

ThermoFisher Scientific

Molecular Probes

Cell Signaling
Cell Signaling
Santa Cruz
Abnova

Cell Signaling

Abgent

Cell Signaling
Cell Signaling
Cell Signaling
Cell Signaling

Cell Signaling

Cell Signaling

Santa Cruz

Abcam

Santa Cruz

Novus

ThermoFisher Scientific

Cell Signaling
Novus
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Abcam

ThermoFisher Scientific

Cat#A32731; RRID:AB_2633280

Cat#A-11004; RRID:AB_2534072

Cat#7074S, RRID:AB_2099233
Cat#2895; RRID:AB_2089254
Cat#tsc-711; RRID:AB_631835
Cat#H00008878-M03; RRID:AB_1112274
CAT#70076; RRID:AB_2799771

Cat#AP1813a; RRID:AB_636747
Cat#5683, RRID:AB_10841299
Cat#76764; RRID:AB_2799887
Cat#3177S; RRID:AB_2119845
Cat#4060; RRID:AB_2315049

Cat#3179S; RRID:AB_2095853

Cat#2125S; RRID:AB_2619646
Cat#sc-10731; RRID:AB_2223515
Cat#91385; RRID:AB_2049142
Cat#sc-8312; RRID:AB_671714
Cat#NB110-53818; RRID:AB_828587
Cat#39156; RRID:AB_2867260

Cat#4356S; RRID:AB_2120258
Cat#NB600-1384; RRID:AB_669581
Cat#9461; RRID:AB_329831

Cat#ab10983; RRID:AB_2241462
Cat#90075; RRID:AB_10854708

Bacterial and virus strains

Adeno-Adh5
Adeno-GFP

Dr. Ling Yang; Qian et al., 2018

Yang et al., 2015

N/A
N/A

Chemicals, peptides, and recombinant proteins

1400W

3-Isobutyl-1-methylxanthine (IBMX)
3,3'-Diaminobenzidine (DAB) Liquid
Substrate System tetrahydrochloride
5-Aza-2'-Deoxycytidine (5aza)
Adenosine 5'-diphosphate
bis(cyclohexylammonium) salt (ADP)
CL316, 243

DAPI (4’,6-diamidino-2-phenylindole)
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Sigma
Sigma

Sigma
Sigma

Sigma
ThermoFisher Scientific

Cat#214358-33-5
Cat#15879
Cat#D7304-1SET

Cat#189825
Cat#A4386

Cat#C5976
Cat#D1306
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Dexamethasone Sigma Cat#D4902
Guanosine 5'-diphosphate sodium salt Sigma Cat#G7127

(GDP)

HSF1A Millipore Cat#1196723-93-9
Humulin R U-500 Lily Cat#0002-8501-01
Indomethacin Sigma Cat#4025268
lodoacetyl Tandem Mass TagTM ThermoFisher Scienticic Cat#90102

(iodoTMTTM) Reagents

Isoproterenol Sigma Cat#54750-10-6
KRIBB11 Sigma Cat#385570
Liberase Roche Cat#5401119001
Lipofectamine 2000 ThermoFisher Scientific Cat#L.30000015
Malate Sigma Cat#W237418
N6022 Sigma Cat#1208315-24-5
NDC 0409-6648-02 DEXTROSE Hospira Cat#0409-6648-02
Recombinant human UCP1 MyBiosource Cat#MBS963514
Rosiglitazone Sigma Cat#557366-M
S-Nitroso-N-acetyl-DL-penicillamine Sigma Cat#N3398
(SNAP)

Sodium pyruvate Sigma Cat#P5280
Succinate Sigma Cat#W239607
Critical commercial assays

Free Fatty Acid Fluorometric Assay Kit Cayman Chemical Cat#700310
Luciferase Assay Promega Cat#E1500
NBEBuilder HiFi DNA assembly system NEB Cat# E5520S
Nitrate/Nitrite Colorimetric Assay Kit Cayman Chemical Cat#780001
Pierce S-Nitrosylation Western Blot Kit ThermoFisher Scientific Cat#90105

Renilla Luciferase Assay Promega Cat#E2810

VECTASTAIN® ABC-HRP Kit, Peroxidase
(Standard) PK-4000

Vector Laboratories

Cat#PK-4000

Experimental models: Cell lines

Human: A41hBAT-SVF ATCC Cat#CRL-3385
Human: HEK293A ATCC Cat#CRL-1573
Mouse: Brown Adipocytes Dr. Ling Yang N/A

Mouse: Stromal Vascular Fraction Dr. Ling Yang N/A
Experimental models: Organisms/strains

Mouse: Adh55KC This paper N/A

Mouse: Adh5" Dr. Limin Liu; Wei et al.; 2011 N/A

Mouse: C57BL/6J
Mouse: FVB-Tg(UCP1-cre)1Evdr/J

The Jackson Laboratory
The Jackson Laboratory

JAX: Cat#000664
JAX: Cat#024670

Oligonucleotides. See Table S1.

Recombinant DNA

Plasmid:C305AUCP1
Plasmid:GFP
Plasmid:pcDNA3.1-IDH2-WT
Plasmid:WTUCP1

This paper
This paper
Addgene

This paper

N/A
N/A
Cat#V790-20
N/A

Software and algorithms

GraphPad Prism 9.20

GraphPad Software, LLC.

https://www.graphpad.com/
scientific-software/prism/
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Image Studio Lite LI-COR Biosciences https://www.licor.com/bio/
image-studio-lite/

Imaged Schneider et al., 2012 https://imagej.nih.gov/ij/

Other

60%kCal high-fat diet Research Diets Cat#D12492

Oil Red O staining Sigma Cat#00625

Opti-MEM ThermoFisher Scientific Cat#31985-062

Teklad global soy protein-free extruded Teklad Global Diet N/A

2920X

RESOURCE AVAILABILITY

Lead contact
Further information and requests for resources and reagents should be directed to and will be fulfilled by the lead contact, Dr. Ling
Yang (ling-yang@uiowa.edu).

Materials availability
Plasmids that were used for this study are available upon request. There are no other new materials generated in this manuscript.

Data and code availability

All data reported in this paper will be shared by the lead contact upon request.
This paper does not report original code.
Any additional information required to reanalyze the data reported in this paper is available from the lead contact upon request.

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Mouse models

Animal care and experimental procedures were performed with approval from the University of lowa’s Institutional Animal Care and
Use Committee. Animals received humane care in compliance with the Guide for the Care and Use of Laboratory Animals and with the
Principles of Laboratory Animal Care formulated by the National Society for Medical Research.

C57BL/6J mice (The Jackson Laboratory, 000664), UCP1-cre (The Jackson Laboratory, B6.FVB-Tg(UCP1-cre)1Evdr/J, 024670),
and Adh5™ (Wei et al., 2011) mice were kept on a 12-hour light/dark cycle. Male mice used to generate the DIO model were placed on
a 60% kCal high-fat diet (Research Diets, D12492) immediately after weaning (i.e., at 3 weeks of age). Adenovirus-Adh5 (Qian et al.,
2018) and adenovirus-GFP were delivered to male mice interscapularly at a titer of 2.5X10° pfu/mouse (Bartelt et al., 2018). HSF1A
(Millipore,1196723-93-9) and 1400W (Sigma, 214358-33-5) was interscapularly administrated at a dosage of 1 mM/mouse or
0.2 mg/kg respectively, every other day for 2 weeks. For cold-exposure and thermoneutrality experiments, male mice were singly
housed in an environmental chamber during a 12-hour light cycle (Metabowl; Jencons Scientific). Mice were given access to stan-
dard 2920X Teklad Global Diet and water ad libitum while in cages. In diet-induced obesity mouse model, experiments were
performed at 8-16 weeks of HFD feeding (age of 11-19 weeks) and age-matched normal chow fed mice controls. All tissues were
harvested, frozen in liquid nitrogen, and kept at —80°C until processed.

Cell Culture
HEK293A cells (ATCC) were cultured in DMEM medium with 10% cosmic calf serum (CCS) and 1% penicillin-streptomycin. The
hTERT A41hBAT-SVF was grown in BGM medium.

METHOD DETAILS

BAT fat pad and adipocytes treatment

Primary brown adipocytes were isolated from iBAT depots of Adh5™ mice as previously described (Gao et al., 2017; Ikeda et al.,
2017). Briefly, adipose tissues were minced and digested in 1 mg/mL liberase (Roche, 5401119001) in KRBH buffer in a 37°C water
bath with agitation for 30 minutes, followed by filtration through nylon mesh. The samples were centrifuged at 500xg for 10 minutes at
10°C. The floating mature adipocytes were collected and cultured in DMEM/F-12 containing 10% cosmic calf serum (CCS) and 1%
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penicillin-streptomycin (basal growth media, BGM). Cells were then grown for 5 days, transduced with Adeno-GFP (1X10'2 pfu) or
Adeno-ADH5 (1X10'2 pfu) and differentiated in BGM containing 0.25 nM 3-Isobutyl-1-methylxanthine (IBMX, Sigma, 15879), 1 uM
Rosiglitazone (Sigma, 557366-M), 0.125 nM Indomethacin (Sigma, 405268), 1 nM T3 (Sigma, T5516), Humulin R (Lily, Humulin R
U-500, 0002-8501-01) and 2 ng/mL dexamethasone (Sigma, D4902) for up to 10 days with media change every other day. The hTERT
A41hBAT-SVF was grown in BGM medium, followed by differentiation with or without 25 nM N6022 (Sigma, 1208315-24-5).

For HSF1 inhibition, BAT explants from WT mice were exposed to 37°C or 43°C with or without 2 uM KRIBB11 (Sigma, 385770) for
30 min. In addition, WT BAT explants were treated with 1 uM CL316,243 (Sigma, C5976) at 37°C in the presence or absence of 2 uM
KRBI11 for 2 hours. For other experiments, isolated BAT explants (HFD-fed, 16 weeks) were transduced with Adeno-GFP or Adeno-
Adh5 (1X10"2 pfu) for 3 days. All tissues were harvested, frozen in liquid nitrogen, and kept at —80°C until processed.

Mutagenesis and transfection

The mouse UCP1 (UCP1y1) and the S-nitrosylation resistant (UCP1gyoR) Variants were generated in a pcDNA3.1 backbone (Addg-
ene, V790-20) using cDNA isolated from WT BAT. Site-directed mutagenesis was then done with the NEBuilder HiFi DNA assembly
system (E5520S) following the manufacturer’s instructions. Primers used for cloning are listed in the Table S1.

The hTERT A41hBAT-SVF were transfected with either pcDNA-EGFP, UCP1t or UCP1gnor (2.5 ng/well, pcDNA3.1 backbone)
using Lipofectamine 2000 reagent (ThermoFisher Scientific, L3000015) in Opti-MEM medium (ThermoFisher Scientific, 31985-062).
At 24-48 hours post-transfection, cells were exposed to isoproterenol (ISO, 1 uM, Sigma, 54750-10-6) in the presence or absence
of S-Nitroso-N-acetyl-DL-penicillamine (SNAP, 100 uM, Sigma, N3398) for 2 hours. Cells were then trypsinized, spun at 500xg for
5 minutes at 4°C and assessed for UCP1-dependent oxygen consumption (see below).

HEK293A cells (ATCC, CRL-1573) were transfected with DNA constructs (0.5 ng/well) using Lipofectamine 2000 reagent in Opti-
MEM medium. At 48 hours post transfection, the activities of Firefly and Renilla luciferase were measured using the Luciferase Assay
System (Promega, E1500) and Renilla Luciferase Assay System (Promega, E2810), separately.

Nitrite and nitrate assay

Briefly, BAT depots were excised, cut into small pieces and incubated in 24-well plates in BGM (without phenol red) for 24 hours. The
supernatant was collected, then assayed for NOx using the Nitrate/Nitrite Colorimetric Assay Kit (Cayman Chemical, 780001) accord-
ing to manufacturers’ instructions. Values were normalized to RNA content.

Quantitative Real-time RT-PCR

Total RNA was isolated using TRIzol reagent (Invitrogen,15-596-018) and reverse transcribed into cDNA using the iScript cDNA syn-
thesis kit (Bio-Rad, 1708890). Quantitative real-time RT-PCR analysis was performed using SYBR Green (Invitrogen, KCQSO00).
Primer sequences are found in Table S1.

Western blot Analysis

Proteins were extracted from cells or tissues and subjected to SDS—polyacrylamide gel electrophoresis, as previously described
(Yang et al., 2015). Membranes were incubated with primary antibodies at 1:1000 dilution (see STAR Methods); and then incubated
with the appropriate secondary antibody conjugated with horseradish peroxidase (1:5000, Santa Cruz, sc-2005 or 1:5000, Cell
Signaling Technology, 7074S). Signal was detected using the ChemiDoc Touch Imaging System (Bio-Rad), and densitometry ana-
lyses of western blot images were performed by using the Image Lab software (Bio-Rad).

Nuclear fractionation

The nuclear fractions were prepared as described previously (Yang et al., 2015). 30 ug BAT was homogenized in hypotonic buffer:
250 mM sucrose, 20 mM HEPES, pH 7.5, 10 mM KCl, 1.5 mM MgCl,, 1 mM EDTA, and 1 mM EGTA followed by filtering through a
100 um cell strainer. The cell lysates were centrifuged at 825 g for 20 minutes at 4°C. The pellets were dissolved in NE buffer (20 mM
HEPES, pH 7.9, 1.5 mM MgCl,, 0.5 M NaCl, 0.2 mM EDTA, 20% glycerol and passed through a 32G needle. The lysate was further
cleared by spinning at 18000 g for 15 minutes at 4°C.

S-nitrosylation detection

In situ detection of S-nitrosylated protein

The assay was performed as described with minor modifications (Thibeault et al., 2010). Briefly, frozen BAT sections were fixed with
3.5% paraformaldehyde, and then permeabilized with 0.1% Triton X-100 in PBS containing 1mM EDTA and 0.1 mM neocuproine.
Biotin-switch assay was performed by first blocking free thiols using HENS buffer containing 20 mM MMTS at room temperature
for 30 minutes. Then the S-nitrosylated proteins were labeled in HENS buffer with 0.4mM biotin-HPDP and 10 mM ascorbic acid
for 1 hour. Biotinylated proteins were labeled using strepvidin conjugated with Alexa 488 (ThermoFisher Scientific, A32731). The sec-
tions were then subject to immunostaining for UCP1 using antibodies against UCP1 (1:1000, Abcam, ab10983) and secondary
antibodies conjugated to Alexa-568 (Molecular Probes, A-11004). The images were observed using a Ziess 700 confocal or Leica
fluorescence microscope. The images were quantified using ImarisColoc (Bitplane).
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Detection of S-nitrosylation proteins

Total S-nitrosylated proteins in BAT was detected by S-nitrosylation Western Blot Kit (Thermo Fisher Scientific). Briefly, BAT was
lysed in HEN buffer and 500 pg protein was used for each sample. Free cysteines were first blocked with MMTS for 20 minutes at
50°C. Following precipitation, using 4 x volume of cold acetone for 60 minutes at —20°C, S-nitrosylated cysteines were selectively
labeled with iodoTMT reagent in the presence of 20 mM sodium ascorbate at RT for 2 hours. Samples were then separated by SDS-
PAGE and blotted to membrane for detection of SNO proteins by the anti-TMT antibody.

Assessment of SNO of UCP1 by mass spectrometry

100 pg of recombinant human UCP1 (MyBioSource) was treated with or without of 200 uM SNAP for 15 minutes in dark at RT. The
samples were then blocked with MMTS for 20 minutes at 50°C to block free cysteines, and labeled with iodoTMT reagent as
described above. After acetone precipitation and desalt processes, mass spectrometry analysis was performed by the Taplin Bio-
logical Mass Spectrometry Facility at the Harvard Medical School using an Orbitrap Fusion mass spectrometer. MS/MS data were
searched against the Uniprot mouse database using the SEQUEST algorithm.

ADHS5 Activity assay

The ADH5 enzyme activity assay was performed as described previously (Liu et al., 2001). Briefly, 10 pg protein lysate was added to
200 pL of assay mix (20 mM Tris-Hcl, 200 uM NADH, and 0.5 mM EDTA). The kinetics of GSNO-dependent NADH consumption was
measured in the absence or presence of 100 uM of GSNO by using a microplate reader (340 nm) at 37°C. The resulting ADH5 activity
was expressed as nmol of NADH degraded per min/mg protein.

Oil Red O staining
Murine or human differentiated brown adipocytes were fixed with 4% PFA and stained with 0.3% Oil Red O solution (Sigma-Aldrich,
00625) and imaged using a Nikon microscope.

Immunohistochemistry and Immunofluorescence

Forimmunohistochemistry, iBAT depots were fixed with 4% PFA and sectioned at 5 um thick, followed by deparaffinization and rehy-
dration processes. Tissue sections were stained using H&E. The images were observed under a Nikon microscope (10x). For F4/80/
UCP1 dual staining, sections were deparaffinized, blocked, and incubated overnight at 4°C with UCP1 (1:100) followed by secondary
staining at RT (1 hour, 1:50). Slides were then washed and blocked prior to overnight staining with F4/80 antibody (1:100) followed by
secondary staining for one hour at RT (1:50). Nuclei were stained with 4’,6-diamidino-2-phenylindole (1:2500, DAPI). Images were
taken using a LSM 880 confocal microscope (Carl Zeiss) and analyzed with NIH Imaged. For ADH5 staining, sections were incubated
with primary antibody (1:100) followed by staining with a Vectastain ABC kit (Vector Laboratories) using Sigma Fast 3,3'-diaminoben-
zidine (Sigma-Aldrich) as the substrate. Images were taken by using a Nikon microscope.

Lipolysis assay

Lipolysis in BAT was measured as described previously (Bartelt et al., 2018). Briefly, BAT depots were excised and incubated in
24-well plates in DMEM with high glucose supplemented with 2% w/v FA-free BSA (FA-free BSA, Sigma, 10775835001). BAT
was then incubated for 1 hour at 37°C before stimulation with 10 uM isoproterenol (ISO). Samples were taken at the indicated
time points, and the supernatant was assayed for free fatty acid (FFA) using a FFA fluorometric kit (Cayman Chemical). The fatty
acid release was normalized to RNA content.

Metabolic Phenotyping

Whole-body energy expenditure and body composition

Whole-body energy expenditure (VO,, VCO,), food intake, and locomotor activity were monitored using a Comprehensive Lab Animal
Monitoring System (CLAMS, Columbus Instruments) at the Fraternal Order of Eagles Metabolic Phenotypic Core. For core temper-
ature measurements, a thermistor was implanted subcutaneously within the abdominal cavity; for BAT temperature recording, a
thermistor was implanted between BAT and the underlying muscle layer in the inter-scapular region prior. The temperature at
each tissue was recorded by CLAMS Telemetry Temperature Transmitter system. Body composition was measured by using Bruker
Minispecs (LF50).

Infrared imaging

Mice were injected with norepinephrine (0.3 mg/kg) via i.p. 15 minutes after injections, body surface temperature was imaged in fully
awake, unrestrained mice using a high-resolution infrared camera (A655sc Thermal Imager; FLIR Systems, Inc.) as described (Zhu
et al., 2014).

Respirometry of BAT

hTERT A41hBAT-SVF (2.5X10° cells) or freshly isolated iBAT (weighed for ~2 mg) was resuspended or minced in respiration buffer
(2.5 mM glucose, 50 M palmitoryl-L-carnitine hydrochloride, 2.5 mM malate, 120 mM NaCl, 4.5 mM KCI, 0.7 mM NayHPOQ,,
1.5 mM NaH,PO, and 0.5 mM MgCl,, pH 7.4). High-resolution O, consumption was measured in 2 mL of buffer Z containing
0.5mM EDTA using the OROBOROS Oxygraph-2k (O2k; Oroboros Instruments, Innsbruck, Austria (Tyrrell et al., 2016). All respiration

e5 Cell Reports 37, 110003, November 16, 2021



Cell Reports ¢? CellP’ress

OPEN ACCESS

measurements were conducted at 37°C and a working range O, of ~350-180 uM. Respiration was measured as follows: 5 mM
malate + 10 mM pyruvate followed by 1 mM GDP (UCP1) and finally 0.5 mM adenosine diphosphate (ADP) (complex | OXPHOS
substrate). Data shown correspond to subtraction of the oxygen flux observed after guanidine diphosphate (GDP) addition (1 puM,
for UCP1) or 0.5 mM adenosine diphosphate (ADP, for Complex 1) from that measured after the addition of 10mM pyruvate +
5mM malate and normalized to baseline flux. The graph shown corresponds to subtraction of the oxygen flux observed after addition
of 1 uM GDP from that measured after addition of 10 mM pyruvate + 5 mM malate and normalized to baseline flux. For hTERT
A41hBAT-SVF transfected with control or UCP1 constructs, the baseline was normalized to total protein content.

Primary brown adipocyte cellular respirometry

Cellular OCR of BAs was determined using a Seahorse XFe96 Analyzer. Adipocytes were plated and differentiated (for 6 days) in XF96
cell culture microplates. Basal respiration was determined to be the OCR in the presence of substrate alone. The respiratory rate was
measured at 37°C in 8 replicates (independent wells). ATP-synthase-independent respiration was measured after injection of 1TuM
oligomycin, maximal respiration was then measured after addition of 1 uM FCCP and finally, leak respiration was measured after in-
jection with 15uM rotenone/antimycin. All values were normalized to total protein content determined by BCA (Pierce).

Glucose tolerance test

Animals were fasted for 16 hours prior to GTT. Glucose tolerance was tested by measuring glucose concentration at different time
points after an intraperitoneal (IP) glucose injection (0.8-1.25 g/kg body weight, 50% dextrose, Hospra Inc, 0409-6648-02) (Qian
et al., 2018).

QUANTIFICATION AND STATISTICAL ANALYSIS

Results are expressed as the mean + the standard error of the mean (SEM); n represents the number of individual mice (biological
replicates) or individual experiments (technical replicates) as indicated in the figure legends. We performed the Shapiro-Wilk
Normality test in experiments that have a relatively large sample size (n > 5) and found that these data pass the normality test
(alpha = 0.05). Data were further analyzed with two-tailed Student’s and Welch’s t test for two-group comparisons or ANOVA for mul-
tiple comparisons. For both One-Way ANOVA and Two-Way ANOVA, Tukey’s post hoc multiple comparisons were applied as rec-
ommended by Prism. In all cases, GraphPad Prism (GraphPad Software Prism 8) was used for the calculations.
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