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ABSTRACT

Objective: The activation of non-shivering thermogenesis (NST) has strong potential to combat obesity and metabolic disease. The activation of
NST however is extremely temporal and the mechanisms surrounding how the benefits of NST are sustained once fully activated, remain
unexplored. The objective of this study is to investigate the role of 4-Nitrophenylphosphatase Domain and Non-Neuronal SNAP25-Like 1
(Nipsnap1) in NST maintenance, which is a critical regulator identified in this study.

Methods: The expression of Nipsnap1 was profiled by immunoblotting and RT-qPCR. We generated Nipsnap1 knockout mice (N1—KO) and
investigated the function of Nipsnap1 in NST maintenance and whole-body metabolism using whole body respirometry analyses. We evaluate the
metabolic regulatory role of Nipsnap1 using cellular and mitochondrial respiration assay.

Results: Here, we show Nipsnap1 as a critical regulator of long-term thermogenic maintenance in brown adipose tissue (BAT). Nipsnap1 lo-
calizes to the mitochondrial matrix and increases its transcript and protein levels in response to both chronic cold and B3 adrenergic signaling. We
demonstrated that these mice are unable to sustain activated energy expenditure and have significantly lower body temperature in the face of an
extended cold challenge. Furthermore, when mice are exposed to the pharmacological B3 agonist CL 316, 243, the N1—KO mice exhibit
significant hyperphagia and altered energy balance. Mechanistically, we demonstrate that Nipsnap1 integrates with lipid metabolism and BAT-

specific ablation of Nipsnap1 leads to severe defects in beta-oxidation capacity when exposed to a cold environmental challenge.

Conclusion: Our findings identify Nipsnap1 as a potent regulator of long-term NST maintenance in BAT.
© 2023 The Authors. Published by Elsevier GmbH. This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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1. INTRODUCTION

The metabolic state of obesity results from the chronic and excessive
accumulation of fat either due to overnutrition and/or insufficient en-
ergy expenditure [1,2]. It is well-established that obesity is associated
with adverse health outcomes including diabetes, cardiovascular dis-
eases, and several types of cancer [3—6]. Indeed, the global preva-
lence of obesity in humans has reached pandemic proportions and it is
now classified as the leading cause of preventable death worldwide
[7]. Current therapies such as dietary restriction, surgery, or phar-
macological interventions are either unsustainable or are limited by
adverse side effects [8—11]. Therefore, the need for novel therapeutic
options is critical. The activation of the brown and beige fat non-
shivering thermogenesis (NST) program to increase energy expendi-
ture has been conclusively proven to protect against obesity in rodent
models and is promising as a molecular treatment option to combat
obesity in humans [12—15]. Indeed, human brown adipose tissue

(BAT) can be safely activated by acute cold exposure and is associated
with an increase in energy expenditure [16—21]. While the mecha-
nisms underlying BAT thermogenic activation are increasingly well
understood, the mechanisms regarding how NST is sustained once
activated are poorly characterized and relatively under-explored [22—
24]. This knowledge gap becomes exiremely important given the
transient nature of BAT activation. As has been shown in human
studies, once thermogenic stimuli are removed, BAT is rapidly deac-
tivated and most protective benefits against obesity are lost [25,26].
Identifying regulatory factors that are required for long-term thermo-
genic maintenance will provide additional molecular therapeutic op-
portunities to maintain the protective benefits of NST in order to
combat obesity and associated metabolic diseases. In order to address
this problem, we have mapped the BAT mitochondrial proteome in
mice under chronic cold challenge conditions to identify unique pro-
teins that either become upregulated or demonstrate sustained
upregulation in late-stage thermogenesis—defined as greater than or

"Division of Nutritional Sciences, Cornell University, Ithaca, NY, 14850, USA 2Department of Veterinary Medicine, Cornell University, Ithaca, NY, 14850, USA ®Department of

Biological Sciences, San Jose State University, San Jose, CA, 95192, USA
4 Co-First Author.

*Corresponding author. E-mail: jb2254@cornell.edu (J.J. Barrow).

Received February 16, 2023 « Revision received June 29, 2023 « Accepted June 30, 2023 « Available online 7 July 2023

https://doi.org/10.1016/j.molmet.2023.101770

MOLECULAR METABOLISM 75 (2023) 101770 © 2023 The Authors. Published by Elsevier GmbH. This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/). 1

www.molecularmetabolism.com


Delta:1_given name
Delta:1_surname
Delta:1_given name
Delta:1_surname
Delta:1_given name
Delta:1_surname
Delta:1_given name
Delta:1_surname
Delta:1_given name
Delta:1_surname
http://creativecommons.org/licenses/by-nc-nd/4.0/
mailto:jb2254@cornell.edu
https://doi.org/10.1016/j.molmet.2023.101770
http://crossmark.crossref.org/dialog/?doi=10.1016/j.molmet.2023.101770&domain=pdf
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://www.molecularmetabolism.com

List of Abbreviations

Nipsnap1 4-Nitrophenylphosphatase Domain and Non-Neuronal

SNAP25-Like 1

N1—KO  Nipsnap1 Knockout Mice
N1-Flox  Nipsnap1 Flox Mice
NST Non-Shivering Thermogenesis

TN Thermoneutrality

V02 Volume of inspired oxygen

VC02 Volume of expelled carbon dioxide
RER Respiratory Exchange Ratio

BAT Brown Adipose Tissue

IWAT Inguinal White Adipose Tissue
gWAT Gonodal White Adipose Tissue
GTT Glucose Tolerance Test

ITT Insulin Tolerance Test

equal to 7 days of cold exposure. We hypothesize that proteins
exhibiting this expression pattern could be involved in the regulation of
long-term thermogenic maintenance in BAT.

Here, we have discovered a thermogenic factor known as 4-
Nitrophenylphosphatase Domain and Non-Neuronal SNAP25-Like 1
(Nipsnap1) as a potent regulator of long-term thermogenic mainte-
nance in BAT. Nipsnap1 is an evolutionarily conserved protein from
flies to humans that is expressed predominantly in highly energetic
tissues such as the brain and liver [27—31]. It possesses an N-terminal
mitochondrial targeting sequence (MTS) that directs it to the mito-
chondrial matrix, and previous studies have determined that Nipsnap1
plays a critical role in mitophagy where it functions as a sensor of
mitochondrial health and recruits autophagy proteins when mito-
chondria become damaged [32,33]. Other reported functions include
its role in pyruvate and branched chain amino acid metabolism
[34,35], pain transmission signaling, neurological disorders, carcino-
genesis, and the immune response [36,37]. Most of the current
research for Nipsnap1 however details these functions in brain or liver
tissues but the expression profile and function of Nipsnap1 in ther-
mogenic adipose tissue is unknown.

In this study, we provide evidence of Nipsnap1 as a late-stage ther-
mogenic regulatory factor. We show that Nipsnap1 is robustly activated
after chronic cold exposure or pharmacological B3 activation in BAT.
We further demonstrate that loss-of-Nipsnap1 in brown fat depots
impairs the sustained activation of the NST program. Mechanistically,
ablation of Nipsnap1 in BAT compromises both cellular de novo lipo-
genesis and mitochondrial lipid beta-oxidation capacity leading to a
significant decline in energy expenditure and a reduced ability to
maintain body temperature homeostasis in the face of chronic cold
exposure. Nipsnap1 may have targeted therapeutic opportunities to
ensure the long-term activation of NST.

2. MATERIALS AND METHODS

2.1. Mice

All animal experiments were approved by the Institutional Animal
Care and Use Committee (IACUC) at Cornell University. For all animal
studies, both male and female mice were used as no specific gender
differences were observed. The specific number and gender of the
mice are indicated in each figure. To generate the conditional
Nipsnap1 transgenic mice, genetic recombineering was performed
as described previously [38]. Briefly, murine heterozygous Nipsnap1

sperm (EMMA Strain ID: EM 04250) harboring loxP sites between
exons 2—4 of the Nipsnap1 gene was acquired from the European
Conditional Mouse Mutagenesis Program (EUCOMM). In vitro fertil-
ization (IVF) with Nipsnap1™®™! sperm and WT C57BL/6J mouse
eggs was performed at the Cornell Stem Cell and Transgenic Core
Facility. Live heterozygous Nipsnap1™®" mice were subsequently
crossed with mice harboring the FLP recombinase to remove the
Neomycin cassette and inter-crossed to generate the homozygous
floxed Nipsnap1™®/F% strain. To achieve thermogenic adipose
tissue-specific deletion of Nipsnap1, Nipsnap1 ™ mice were then
crossed with UCP1 Cre mice (Jackson #024670). All mice were
maintained on 12 h light and dark cycles and fed ad /ibitum with
either standard irradiated rodent chow or a 60% high fat diet (HFD)
(Research Diets D12492). For cold exposure experiments, 6-week-
old male and female wild-type C57BL/6J (Jackson #000664) and
Nipsnap1 transgenic mice were single-housed in rodent incubators
and exposed to a constant temperature of 6.5 °C for indicated time
points. For pharmacological induced thermogenesis experiments,
mice were reared at room temperature (25 °C) until 6—8 weeks of
age before being placed in the Promethion metabolic cages at TN
where they were injected daily via intraperitoneal injection (IP) with
1 mg/kg CL 316,243 for the indicated time points. HFD treatment was
initiated in mice at 6 weeks of age for 24 weeks.

2.2. Mouse primary brown adipocytes culture and differentiation
For in vitro studies of thermogenesis with primary brown adipocytes,
BAT adipose tissue was obtained from 3-week-old male wild-type
C57BL/6J mice or Nipsnap1 Flox mice. Fat pads from 5 mice were
pooled after dissection, minced thoroughly and digested in 15 ml of
BAT dissociation buffer (123 mM NaCl, 5 mM KCI, 1.3 mM CaCl,,
5.0 mM Glucose, 100 mM HEPES, 4% BSA and 1.5 mg/ml collagenase
B) for 30min at 37 °C with constant shaking. The cell suspension was
filtered with a 100 pum cell strainer and centrifuged at 600 g for 5min.
The pellet was then suspended in adipocyte culture medium (DMEM/
F12 with 10% FBS, 25 mM HEPES, 1% PenStrep), filtered with a
40 uM cell strainer, centrifuged at 600 g for 5min, and resuspended in
culture medium and plated in 10 cm polystyrene cell culture dishes.
Preadipocytes were seeded to post confluency and differentiated with
DMEM/F12 supplemented with 5ug/mL Insulin, 1 pM Rosiglitazone,
1 uM Dexamethasone, 0.5 mM Isobutylmethylxanthine and 1 nM T3.
Cells were maintained in differentiation media for 48 h before being
switched into maintenance media (Sug/mL Insulin and 1 M Rosigli-
tazone and 1 nM T3) for 4—6 days. For primary brown adipocyte
adenoviral-GFP or Cre treatment, primary Nipsnap1 flox brown adi-
pocytes were treated with 1000 Multiplicity of infection (MOI) of either
Adeno GFP or Adeno Cre virus for 72 h. Cells were then trypsinized and
reseeded into desired assay plates and exposed to another dose of
adenovirus treatment at an MOI of 1000 for 72 h. Cells were then
differentiated as described above. For lipid signaling experiments,
differentiated primary adipocytes were exposed to 1 pum of norepi-
nephrine for 1 h before harvest.

2.3. Glucose and insulin tolerance tests

Glucose tolerance tests were performed at weeks 10 and 16 of the
HFD treatment. Mice were fasted for 16 h before receiving 1.5 mg/kg
intraperitoneal injection (IP) of glucose. Blood glucose levels were
measured using a glucometer every 15min for a duration of 2 h after
glucose administration. Insulin tolerance tests were performed at week
19 of the HFD treatment. Mice were fasted for 6 h prior to receiving 1U/
kg IP injection of insulin. Blood glucose levels were then measured by
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glucometer every 15min for a period of 2 h post-injection. The blood
sample was collected from tail nicking.

2.4. In vivo indirect calorimetry

Mice were single-housed in rodent Promethion metabolic cages (Sable
Systems International) situated in a temperature-controlled thermal
cabinet with a 12-hour light/dark cycle schedule. For cold exposure
studies, mice were reared at room temperature until 6 weeks of age.
They were then acclimated in metabolic cages set to 30 °C for 72 h
after which the thermal cabinet was cooled to 6 °C for the duration of
the cold exposure study. For CL 316, 243 metabolic studies, mice were
reared at room temperature until 8 weeks of age. They were then
placed in the metabolic cages set to 30 °C for the duration of the
experiment. CL 316,243 (Cayman #17499) was dissolved in PBS and
injected into mice at 1 mg/kg bw daily for 10 days. Comprehensive
real-time metabolic measurements such as energy expenditure (kcal/
hr), oxygen consumption (VO,), carbon dioxide expiration (VCO,),
locomotive movement (measured by X—Y infrared beam breaks), and
respiratory exchange ratio (RER) were measured and recorded every
3 min using the Sable System data acquisition software (IM-3
v.20.0.3). Raw data was then processed using the Sable System
Macro Interpreter software and One-Click Macro systems (v2.37). Data
was further processed using the CalR software [39].

2.5. RNA and protein analyses

Total RNA was extracted using TRIzol reagent. Isolated tissues were
homogenized using the Qiagen TissueLyser Il in TRIzol to isolate total
RNA and processed according to the manufacturer’s instruction. Total
RNA (1ug) was reverse transcribed to ¢cDNA using the gScript cDNA
Synthesis kit. RT-qPCR was performed using the CFX384 Real-Time
PCR System using SYBR Green. For protein analyses, tissues were
homogenized with the Qiagen TissueLyser Il in 2% SDS lysis buffer
supplemented with protease and phosphatase inhibitors. Protein
concentration was measured by bicinchoninic protein assay. Proteins
were then resolved on 12% SDS-PAGE. The protein gels were then
transferred to polyvinylidene fluoride (PVDF) membranes. Blots were
probed with target antibodies and visualized using the FluorChem
imaging system. Images were quantified with densitometry using the
AlphaView software.

2.6. Mitochondrial isolation

To isolate mitochondria for respirometry analyses, brown fat pads were
isolated and mechanically disrupted with scissors in a hypotonic
mitochondrial isolation buffer (300 mM sucrose, 5 mM HEPES, 1 mM
EDTA, pH 7.2 with KOH). Minced brown adipose tissue was then lysed
using a glass-Teflon homogenizer with a tight-fitting pestle using 15
strokes. Homogenates were filtered by 100 mM mesh filter and
centrifuged at 600g to remove the nuclei and cellular debris. The
supernatant was retained and centrifuged at 8,500g for 10 min to
isolate mitochondria. Mitochondria were then resuspended in MAS
buffer [40] (70 mM sucrose, 220 mM mannitol, 5 mM KH2P04, 5 mM
MgCl, 2 mM HEPES, 1 mM EGTA, pH7.2 with KOH) and quantified by
bicinchoninic protein assay. To isolate mitochondria for WB analyses,
the Qproteome Mitochondria Isolation Kit was used. For mitochondria
protection assays, isolated and purified mitochondria were treated with
or without proteinase K (10ug/ml) for 30min at RT.

2.7. Cellular and mitochondrial respiration assay

Oxygen consumption rate (OCR) was measured by Seahorse XFe24
analyzer (Agilent). For cellular respirometry analyses, primary brown
adipocytes were differentiated in XFe24 cell culture plates as
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previously described. To assess cellular CL-induced respiration, cells
were washed and switched to unbuffered DMEM supplemented with
4.5 g/L glucose, 4 mM glutamine, 100 mM pyruvate, and 2% of fatty
acid-free BSA, pH7.4 by NaOH on day 7 post-differentiation. For
cellular beta-oxidation test, cells were washed and switched to un-
buffered DMEM supplemented with 0.5 mM glucose, 1 mM glutamine,
0.5 mM c-carnitine, 1% FBS for starvation for 24 h. On the day of the
assay, cells were switched into unbuffered DMEM supplemented with
2 mM glucose, 0.5 mM L-carnitine, incubated for 30min and then put
into the assay. The compounds concentrations were as follows (final
concentration): For CL-driven respiration, Port A: CL 316, 243 (10 mM)
and Port B: Rotenone/Antimycin A (4 1M each); for beta-oxidation test,
Port A: Etomoxir (10 nM). Port B: Oligomycin (4.5 uM), Port C: DNP
(0.6 mM), Port D: Rotenone/Antimycin A (4 uM each). For mitochon-
drial respirometry analyses, fresh mitochondria from interscapular
brown adipose tissue were isolated as previously described. Then 5 g
of mitochondria were centrifuged from hypotonic isolation buffer and
resuspended in 50 pl of MAS buffer per well in a seahorse plate. The
seahorse plate was centrifuged at 2000g for 20min to adhere to the
mitochondria. Then 450 pul of MAS buffer was carefully added to each
well. The mitochondrial stress test compounds were as follows (final
concentration): Palmitoyl-L-carnitine (50 pM) (for palmitate-driven
respiration). Respirometry data were collected using the Agilent
Wave software v2.4.

2.8. Body composition

Body composition to assess lean and fat mass were measured via NMR
using the Minispec LF65 Body Composition Mice Analyzer (Bruker,
Karlsruhe, Germany)

2.9. Mitochondrial and whole cell proteomics

To analyze the mitochondrial proteome, total mitochondria were iso-
lated from brown fat tissue as described above. BAT mitochondria
were isolated from 8-week-old male mice exposed to TN or Cold
environment (n = 3 per group) and lysed in radio immunoprecipitation
buffer (RIPA) [150 mM NaCl, 50 mM Tris-Cl pH 7.5, 0.5% NP-40, 0.1%
Sodium deoxycholate, supplemented with protease and phosphatase
inhibitors]. To analyze the whole cell proteome, brown adipose fat pads
were isolated and lysed in 2% SDS solution supplemented with pro-
tease and phosphatase inhibitors. Sample lysates were quantified by
bicinchoninic protein assay and delivered to the Biotechnology
Resource Center (BRC) at Cornell University for Tandem Mass-Tagged
(TMT) shotgun-based quantitative proteomics. Briefly, proteins were
denatured, reduced, cysteine blocked, and digested using the S-trap
approach. The resulting trypic peptides were TMT-labeled, and pooled.
The labeled peptides were then fractionated by high pH reverse phase
chromatography by the Ultimate 3000 MDLC platform into 10 fractions.
Then samples were subjected to nanoLC-MS/MS analysis using a
reverse phase HPLC separation and NanoLC RP coupled with an
Orbitrap Eclipse mass spectrometer (Thermo Scientific) equipped with
a nano ion source. lon quantification and proteomic database searches
were conducted using the Proteome Discoverer 2.4 software against
the mouse database. All MS and MS/MS raw spectra were processed
using Proteome Discoverer 2.4 (PD 2.4, Thermo) for reporter ion
quantitation analysis. Statistics were calculated according to the Cold/
TN mice in mitochondrial proteomics; and N1—KO/N1-Flox mice in the
N1—KO mice BAT tissue proteomics; conducted by the proteomic core
facility. Statistical test normalization and significance test information
is detailed in the statistic section. Gene ontology was performed by
EnrichR [41,42]. The mass spectrometry proteomics data have been
deposited to the ProteomeXchange Consortium via the PRIDE partner
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Figure 1: Nipsnap1 harbors late-stage thermogenic expression profile in BAT (A) Schematic of BAT mitochondrial proteomic analysis in chronic cold compared to TN-
exposed wild-type (WT) male mice. (B) Line volcano plot of the mitochondrial proteins identified in BAT mitochondria (Cold vs TN, n = 3 per group). (C) Diagram of filtering
process to identify unannotated mitochondrial proteins. (D) Relative mRNA expression from WT mice exposed to 1, 4, and 8 days of cold (CD) exposure compared to thermoneutral
controls (n = 3). (E) Representative Western blot of BAT tissue from WT male mice exposed to TN and Cold for 8 days. (F) Densitometry of Nipsnap1 (above) and Ucp1 (below)
protein levels normalized to -Actin from Figure 1E. (G) Relative mRNA time-course expression of Nipsnap1 (above) and Ucp1 (below) from WT male mice exposed to 1, 4, 8 days
of cold exposure compared to thermoneutral controls (n = 5). (H) Representative Western blot of BAT tissue from male mice treated with CL 316,243 or PBS IP injection for 8 days.
(1) Densitometry of Nipsnap1 (left) and Ucp1 (right) protein levels normalized to 3-Actin from Figure 1H. (J) Relative mRNA time-course expression of Nipsnap1 (above) and Ucp1
(below) from male mice treated with CL 316,243 or PBS IP injection for 1, 4, and 8 days compared to PBS-treated controls (n = 5). (K) Diagram of Nipsnap1 gene with the
mitochondrial targeting sequence indicated (top); Representative Western blot for Nipsnap1 expression in different subcellular compartments from the BAT tissue of 10 day cold-
exposed WT mice (bottom). (L) Mitochondrial protease protection assay on mitochondria isolated from the BAT tissue of 10 day cold-exposed male WT mice (bottom). qPCR data
are represented as mean + SEM. Significance is denoted as *p < 0.05, **p < 0.01 ***p < 0.001 by Student’s t test.
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Figure 2: Nipsnap1 ablation in BAT causes severe defect in the maintenance phase of NST. (A) Diagram of breeding strategy to generate conditional Nipsnap1 knockout
mouse in thermogenic adipose tissue. (B) Relative Nipsnap1 and Nipsnap2 mRNA expression in prolonged cold-induced N1-Flox and N1—KO mice in BAT, Liver, and Brain tissue
(n = 5). (C) Representative Western blot for Nipsnap1 and Nipsnap2 from prolonged cold-induced N1-Flox and N1—KO mice. (D) Energy expenditure of male N1-Flox and N1—KO
mice exposed to thermoneutral (TN, 30 °C) for 3 days followed by prolonged cold (COLD, 6 °C, red arrow) for 10 days (n = 6). Grey bars denote the dark cycle and white bars
indicates the light cycle. Blue shaded region indicates an overlay of Nipsnap1 maximal expression period. Red arrow indicates the switch to cold temperatures (E) Zoomed-in
diagram of energy expenditure plot (from the blue shaded region from 2D) of male N1-Flox and N1—KO mice representing day 7—10 of cold exposure (COLD, 6 °C). Quanti-
fication is indicated to the right. (F) Oxygen consumption of male N1-Flox and N1—KO (n = 6) mice at cold-exposed day 7—10 (n = 6). (G) Carbon dioxide production of male N1-
Flox and N1—KO (n = 6) mice at cold-exposed day 7—10. (H) Respiratory exchange ratio (RER) measurement of male N1-Flox and N1—KO (n = 6) mice on day 7—10 exposed to
cold (COLD, 6 °C) (1) Daily rectal temperature measurement of male N1-Flox and N1—KO exposed to cold (COLD, 6 °C) for 10 days (n = 8). (J) Quantification of Figure 2I (K) BAT
tissue weight from male N1-Flox and N1—KO mice exposed to cold for 10 days (n = 8). Whole body metabolic assessments (D and E) were analyzed by ANCOVA. All other figures
unless otherwise indicated are data represented as mean + SEM. *p < 0.05, **p < 0.01 ***p < 0.001 by Student’s t test.
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Figure 3: Ablation of Nipsnap1 leads to severe defects in BAT Lipid Metabolism. (A) Oxygen consumption rate of N1-Flox and N1—KO primary brown adipocytes (n = 10). CL, CL
316, 243; The western blot inlay represents deletion of Nipsnap1 (B) Quantification CL-induced oxygen consumption rate from 3 A of N1-Flox and N1—KO primary brown adipocytes
with antimycin/rotenone and basal OCR values subtracted to represent true mitochondrial respiration (n = 10). (C) Representative Western blot of BAT from 10-day cold-induced N1-
Flox and N1—KO female mice. (D) Volcano plot of the proteins upregulated (green) and downregulated (blue) from the BAT tissue proteomic analysis of female N1—KO mice compared
to N1-Flox controls after 10-day cold exposure. (E) Gene ontology analysis of the down-regulated proteins from female N1—KO BAT proteome compared to N1-Flox BAT in 10-day cold
exposure. (F) Heatmap representing the lipid metabolic genes that were downregulated in N1—KO BAT compared to N1-Flox after 10 days of cold exposure. (G) Diagram depicting the
down-regulated proteins in the lipid metabolic pathway. (H) 'C labeled paimitic acid from N1-Flox and N1—KO primary brown adipocytes as a proxy for de novo lipogenesis. (I)
Representative Western blot validating select down-regulated proteins involved in lipid metabolism in BAT from N1—KO and N1-Flox female mice after 10 days of cold exposure. (J)
Representative Oil red O staining image of differentiated N1-Flox and N1—KO primary brown adipocytes. (K) Quantification of Oil red O staining from (J) (n = 3). (L) Total triglyceride
levels in N1-Flox and N1—KO brown adipocytes (n = 5). (M) Beta-oxidation-driven respiratory capacity with the Seahorse Bioanalyzer in the N1-Flox and N1—KO primary brown
adipocytes (n = 5). (N) Quantification of beta-oxidation-driven basal oxygen consumption rate of N1-Flox and N1—KO primary brown adipocytes (n = 5). All Seahorse data and palmitic
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repository with the dataset identifiers PXD043251 (Mitochondrial
proteomics-Figure 1B) and PXD043252 (N1—KO vs N1-Flox prote-
omics- Figure 3D).

2.10. Qil Red O staining

0il red O staining was performed as described previously [43]. In
short, Qil Red O stock solution was prepared by dissolving 0.2 g Qil
red O powder in 40 ml isopropanol. A 2:3 stock to distilled water
working solution was then prepared and filtered immediately before
use. For cell staining, cells were washed with PBS and fixed in 4%
formaldehyde in PBS for 15min at RT. Fixed cells were then washed 3
times with PBS, and Oil red O working solution was then added. After
30min incubation with mild shaking at RT, cells were washed 5 times
in PBS and then imaged with an Olympus IX71 Inverted Fluorescence
Microscope. Images were acquired and analyzed by OLYMPUS cell-
Sens Entry 3.2. For staining quantification, 1 ml isopropanol was
added to the stained cells. The plate was incubated for 10min at RT
with mild shaking. 200 pl of the eluate per sample was then
transferred to a clear bottom 96-well plate along with 200 pl pure
isopropanol as a blank control. Absorption was measured at 510 nm
by SpectraMax M3 and data was acquired and interpreted by SoftMax
Pro 6.

2.11. Measurement of cellular triglycerides

Mouse primary brown adipocytes were seeded on a 96-well plate and
differentiated as described in Method 2.2. Total triglycerides were
measured using Triglyceride-Glo™ Assay (Promega J3160) following
the manufacturer’s instructions.

2.12.  De novo lipogenesis stable isotope tracing of free fatty acids

Mouse primary brown adipocytes were harvested, cultured, and
differentiated as described previously. After 6 days in maintenance
media, primary cells were washed twice with pre-warmed PBS, then
incubated with glucose-free DMEM media supplied with 25 mM
13C-Glucose and 4 mM Glutamine, pH7.4 for 4hrs. At the end of in-
cubation, primary cells were washed three times with PBS, then free
fatty acids were extracted from cells using 90% methanol (LC/MS
grade, Thermo Scientific A456-500). The extracts were clarified by
centrifugation at 14,000 g for 20 min at room temperature. The su-
pernatants were collected and sent to the Proteomics and Metab-
olomics Core Facility at Weill Cornell Medicine, where samples were
dried down using a SpeedVac. The dried sample was reconstituted
using 50% methanol prior to LC-MS analysis. Chromatographic sep-
aration was performed on a Vanquish UHPLC system (Thermo Scien-
tific) with a Cadenza CD-C18 3 pum packing column (Imtakt, 2.1 mm id
x 150 mm) coupled to a Q Exactive Orbitrap mass spectrometer
(Thermo Scientific) via an lon Max ion source with a HESI Il probe
(Thermo Scientific). The mobile phase consisted of buffer A: 5 mM
ammonium acetate in water (LC/MS grade, Thermo Scientific) and
buffer B: 5 mM ammonium acetate, 85% isopropanol (LC/MS grade,
Thermo Scientific), 10% acetonitrile (LC/MS grade, Thermo Scientific),
and 5% water. The LC gradient was as follows: 0—1.5 min, 50% buffer
B; 1.5—3 min, 50—90% buffer B; 3—5.5 min, 90—95% buffer B; 5.5—
10 min, 95% buffer B, followed by 5 min of re-equilibration of the
column before the next run. The flow rate was 150 pL/min. MS data
was acquired in negative mode. The following electrospray parameters
were used: spray voltage 3.0 kV, heated capillary temperature 350 °C,
HESI probe temperature 350 °C, sheath gas, 35 units; auxiliary gas 10
units. For MS scans: mass scan range, 140—1000 m/z, resolution,
70,000 (at m/z 200); automatic gain control target, 1e6; maximum
injection time, 50 ms. MS data files were processed using EI-MAVEN
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(v0.12.0). Identification of free fatty acids and their 13C isotopologues
was based on accurate masses within 5 ppm and standard retention
times. Relative quantitation was performed based on MS signal in-
tensities. The raw files for the lipidomics experiment (Figure 3H) has
been uploaded to the Mendeley Data Repository can be found at the
following link: https://data.mendeley.com/datasets/r8gymtsnrp/1.

2.13. Statistical analyses

Statistical analyses were calculated using GraphPad Prism 8 software
in consultation with the Cornell Statistical Consulting Unit (CSCU).
Specific statistical tests are indicated in each figure and most data are
represented as the mean + S.E.M unless otherwise indicated. Both
unpaired two-tailed Student’s T-test and two-way ANOVA were used
with post hoc analysis by Bonferroni. For proteomic analysis, statistical
analyses were conducted by the Biotechnology Resource Center (BRC).
Briefly, target peptide signals were normalized by total peptide amount
and the P-value was calculated by student’s t-test with no correction
for multiple testing using the Proteome Discoverer 2.4 software. Mu-
rine food consumption analysis was performed by ANCOVA using the
CalR application and as described previously (Nature Methods 2012/
Muller et al. Nature Metabolism 2021 by ANCOVA, CalR website). At
least two biological replicates were conducted for most ex vivo studies
with independently derived primary cells. For animal experiments, an
n = 5—10 per group for an alpha value of 0.05 and an effect size of
>10—20% respectively was determined to yield significance. A
minimum of 2 biological and/or technical replicates were performed for
all in vivo experiments with appropriate vehicle controls.

3. RESULTS

3.1. Nipsnap1 harbors a late-stage thermogenic expression profile
in BAT

To identify proteins that have the potential to serve as key mediators of
late-stage thermogenic maintenance, we isolated mitochondria from
interscapular BAT of mice exposed to either a chronic cold (6.5 °C) or a
thermoneutral (30 °C) environment for 8 days and performed TMT-
labeled proteomics (Figure 1A,B). Of the captured mitoproteome,
protein candidates were subsequently filtered based on protein
abundance in BAT (>100 copies), fold change response to cold in-
duction (Cold/TN > 1.5 fold), orthologous expression to humans for
translational potential (Expressed in human BAT proteome [44]), and
novelty [41,42]) (Figure 1C). This yielded eight proteins as potential
candidates. Of these candidates, Nipsnap1 emerged as the most
significant based on protein and gene abundance levels in response to
an 8-day chronic thermogenic activation (Figure 1D). Nipsnap1 protein
induction was then confirmed by western blot, displaying a significant
increase in BAT exposed to chronic cold conditions similar to
UCP1—the classical marker of thermogenic activation, indicating that
the Nipsnap1 may harbor thermogenic properties (Figure 1E,F). The
increase in Nipsnap1 under chronic cold conditions was specific to
only BAT, as there was no increase in inguinal white adipose tissue
(iWAT) or in other tissues such as the brain and liver that are reported
to have high expression of Nipsnap1 [33]. Moreover, there was also no
increase in Nipsnap2, which shares strong homology with Nipsnap1
(Figure. S1E).

To map the expression dynamics of Nipsnap1 in BAT, we measured the
protein and mRNA expression of Nipsnap1 at 1, 4, and 8 days rep-
resenting acute, intermediate, and prolonged murine cold challenge
conditions. Intriguingly, Nipsnap1 mRNA and protein induction did not
begin until day 4 of cold exposure, unlike that of Ucp1 mRNA and
protein levels that are robustly induced after just 1 day of cold exposure
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(Figure 1G and Figure. S1F). This suggests that Nipsnap1 may play a
role in the maintenance, rather than the initiation, of non-shivering
thermogenesis. Similar induction and expression dynamics of Nips-
nap1l was observed in pharmacologically activated non-shivering
thermogenesis using the B3 receptor agonist CL 316, 243
(Figure 1H—J), which indicates that Nipsnap1 is regulated, at least in
part, through the classical CAMP pathway that induces many other
thermogenic genes. Nipsnap1 contains a mitochondrial-targeting
sequence and has been shown to localize to the mitochondrial ma-
trix in brain and liver previously [30]. To reveal the localization of
Nipsnap1 in BAT, we fractionated BAT from chronic 10-day cold-
exposed wildtype mice and probed cytoplasmic, nuclear, and mito-
chondrial compartments for Nipsnap1 expression. Indeed, Nipsnap1
was localized to the mitochondrial compartment in BAT (Figure 1K) and
is located in the inner mitochondria as shown by mitochondrial pro-
tease protection assay (Figure 1L). Taken together, Nipsnap1 is a
mitochondrial protein that exhibits a late-stage activation expression
pattern in response to cold and B3 adrenergic stimuli suggesting that it
may play a role in the maintenance of non-shivering thermogenesis
rather than its activation.

3.2. Mice lacking Nipsnap1 in brown adipose tissue can no longer
maintain effective non-shivering thermogenesis

To determine if Nipsnap1 plays a role in the maintenance of non-
shivering thermogenesis in BAT, we generated a conditional Nips-
nap1 knockout (KO) mouse in thermogenic adipose tissue termed N1—
KO (Figure 2A). The N1—KO mice are fertile and viable with no obvious
developmental defects. We confirmed that Nipsnap1 gene and protein
levels were successfully reduced in BAT while remaining unchanged in
liver and brain. Importantly, the expression of Nipsnap2, a close ho-
molog of Nipsnap1, was unaffected in N1—KO mice (Figure 2B,C). To
determine if Nipsnap1 is required for long-term thermogenic mainte-
nance, we placed N1—KO and N1-Flox control mice in metabolic cages
to analyze whole-body metabolism. Mice were acclimated in the
metabolic cages for 3 days at thermoneutral (TN) temperature condi-
tions (30 °C) before subsequent exposure to a 10-day chronic cold
challenge. As expected, the shift from TN to cold temperatures resulted
in a boost in energy expenditure, but we observed no significant dif-
ferences between the N1-Flox control and N1—KO mice under TN
conditions or in the early stages of cold exposure (thermogenic acti-
vation). Remarkably, however, a significant decline in whole-body
energy expenditure emerged after 7 days of prolonged cold expo-
sure (the thermogenic maintenance stage), which strikingly aligned
with the period of maximum Nipsnap1 expression (day 7—10).
Notably, these defects occurred during the night cycle when the mice
are the most active (Figure 2D,E). The impaired energy expenditure
persisted despite no differences in total food consumption and loco-
motor activity between the N1—KO mice and the N1-Flox controls
(Figures. S2A and S2B). Significant defects were also observed in VO,
and VCO, levels during prolonged cold challenge conditions with no
changes in overall energy balance (Figure 2F,G and Figures. S2C—
S2G). Furthermore, the N1—KO mice displayed an elevated respira-
tory exchange ratio revealing a metabolic shift from lipid to carbohy-
drate metabolism, suggesting a potential defect in the ability to
metabolize lipids (Figure 2H and Figure. S2H). To determine if the
defect in energy expenditure observed during the late-stage thermo-
genic maintenance period in the N1—KO mice translated to disordered
whole-body thermoregulation—a proxy for BAT function, we assessed
daily body temperature of N1—KO mice compared to N1-Flox controls
under chronic cold conditions for 14 days. Consistent with what was
observed previously with energy expenditure, the N1—KO and N1-Flox

mice were both able to successfully protect their body temperature
against cold in the early stages of thermogenesis. However interest-
ingly, N1—KO mice began to exhibit defects in thermoregulation at day
7 which aligns with the Nipsnap1 maximal expression period
(Figure 21,J). Tissue level analysis revealed that the BAT and IWAT in
N1—KO mice displayed a significant decrease in tissue weight
compared to N1-Flox controls while the eWAT depot was unaffected
(Figure 2K and Figure. S2I). No differences in overall body weight, fat,
or lean mass were observed (Figure. S2J-S2L). Taken together,
Nipsnap1 ablation in BAT leads to an impaired ability to sustain
thermogenic activation. N1—KO mice, when compared to N1-Flox
controls, are initially able to protect their body temperature when
faced with a cold challenge through an active thermogenic process,
but later display a defect in their ability to maintain effective thermo-
genesis due to their inability to express Nipsnap1.

3.3. Ablation of Nipsnap1 leads to defects in BAT lipid metabolism

Given the inability of the Nipsnap1 knockout mice to sustain long-term
activation of thermogenesis and their corresponding decline in whole-
body energy expenditure, we interrogated whether the defects in
thermogenesis originate specifically from brown fat. We therefore
isolated and cultured primary N1-Flox and N1—KO brown adipocytes
and assessed cellular respirometry using the Seahorse Bioanalyzer.
Indeed, significant defects in cellular respiration were observed in N1—
KO adipocytes, impacting both basal and CL-induced oxygen con-
sumption rates (Figure 3A,B). Based on these results and the known
defects in thermogenic maintenance and energy metabolism in vivo,
we hypothesized that Nipsnap1 deficiency could be compromising
classical UCP1-dependent thermogenesis. To test this, we performed
thermogenic protein and gene profiling in BAT. Surprisingly, there were
no differences in classical thermogenic markers or core mitochondrial
genes at either the protein or RNA level (Figure 3C and Figures. S3A—
S3C). To gain mechanistic insight as to how the ablation of Nipsnap1
could be causing such drastic defects in the maintenance of non-
shivering thermogenesis, we performed TMT-labeled proteomics in
the brown adipose tissue of our N1—KO mice compared to N1-Flox
controls exposed to chronic cold conditions for 10 days to interro-
gate proteome changes during the thermogenic maintenance phase.
We observed a host of significantly differentially expressed proteins
and subsequent gene ontology analyses revealed that the majority of
the down-regulated proteins were associated with lipid metabolism
processes (Figure 3D,E). Indeed, many core lipid metabolism proteins
such as ATP Citrate Lyase (Acly), Fatty Acid Synthase (Fasn), and
Stearoyl CoA Desaturase (Scd1) were significantly reduced in N1—KO
mice compared to N1-Flox controls (Figure 3F—G). Curiously, there
were no changes at the mRNA level for lipid metabolism genes, which
indicates a potential role for Nipsnap1 in the post-translational regu-
lation of lipid metabolism proteins (Figure. S3D). Given these signifi-
cant changes in lipid metabolism protein levels, we postulated that
either de novo lipogenesis (DNL), lipid accumulation, lipid signaling
capacity, and/or lipid beta-oxidation may be impacted. In order to
determine if ablation of Nipsnap1 in BAT led to defects in DNL, we
cultured primary N1—KO and N1-Flox brown adipocytes in the pres-
ence of high concentrations of 13¢ Jabeled glucose to initiate DNL. We
then measured the incorporation of 13¢ carbons into free fatty acids.
N1—KO brown adipocytes had significantly lower levels of 'C carbon
incorporation into palmitic acid and other free fatty acids compared to
N1-Flox controls suggesting significant impairments in DNL (Figure 3H
and Figures. S3E and S3F). Indeed, Fasn, Acly, and Scd1 protein levels
which are key players in DNL were significantly reduced via immu-
noblot analysis (Figure 3l). Curiously, ablation of Nipsnap1 did not alter
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lipid storage capacity, as measured by Oil Red O staining, or total
triglycerides levels in primary N1—KO brown adipocytes compared to
N1-Flox controls (Figure 3J-L). We next examined whether loss-of-
Nipsnap1 conferred defects in key lipid proteins in response to
norepinephrine (NE) signaling. To test this, we interrogated levels of
phosphorylated hormone-sensitive lipase and phosphorylated acetyl
CoA carboxylase in primary brown adipocytes from N1—KO and N1-
Flox mice exposed to NE. We noted no differences in lipid signaling
in response to acute NE treatment (Figure. S3G). Finally, we wanted to
assess whether functional beta-oxidation capacity was affected. We
therefore performed cellular respirometry analyses in primary N1-Flox
and N1—KO brown adipocytes in the presence or absence of the
carnitine palmitoyl transferase 1 (CPT1) inhibitor etomoxir which in-
hibits fatty acid oxidation [45,46]. To trigger cellular beta-oxidation, we
exposed fully differentiated N1-Flox and N1—KO brown adipocytes to a
starvation media containing 0.5 mM glucose, 1 mM glutamine, and
0.5 mM L-carnitine for 12 h to deplete glucose levels and force the
brown adipocytes to use their intrinsic lipid stores as the primary
substrate for energy. We then performed cellular respirometry analysis
to evaluate beta-oxidation capacity. We observed severe defects in the
DNP-induced maximal respiratory capacity of N1—KO primary brown
adipocytes compared with N1-Flox controls (Figure 3M,N). The
impaired beta-oxidation capacity in primary brown adipocytes
prompted us to assess whether these defects in fatty acid metabolism
were also present in vivo. To test this, we isolated BAT mitochondria
from mice that were chronically exposed to a 10-day cold temperature
challenge and performed palmitate-driven respirometry analyses in
isolated mitochondria from N1—KO mice compared to N1-Flox con-
trols. Remarkably, there was also a defect in beta-oxidation capacity
present in isolated chronically cold-activated mitochondria from N1—
KO mice compared to N1-Flox controls (Figures. S3H—S3I). This defect
in mitochondrial beta-oxidation capacity mechanistically supports our
earlier findings in which we observed a macronutrient metabolism shift
in N1—KO mice to favor carbohydrate metabolism over the oxidation of
lipids due to impaired lipid metabolism (Figure 2H). Taken together, the
significant defects in lipid beta-oxidation capacity observed in both
isolated mitochondria from BAT tissues, as well as in primary brown
adipocytes from N1—KO mice compared to N1-Flox controls mecha-
nistically contributes to the inability to sustain effective non-shivering
thermogenesis when faced with a chronic cold challenge. This is
further compounded by defects in DNL which may decrease endog-
enous lipid substrate availability for cellular oxidation. These results
suggest that Nipsnap1 integrates with lipid metabolism and when
ablated in BAT, leads to significant declines in DNL and beta-oxidation
capacity.

3.4. Nipsnap1 KO mice activate a hyperphagic response to
pharmacological 33 activation with CL 316, 243

Given that our findings strongly point towards an integrated role of
Nipsnap1 with beta-oxidation capacity (Figure 3J-L), we hypothesized
that pharmacological activation of NST in vivo would be severely
impacted as this process heavily relies on functional beta-oxidation.
We therefore placed 8-week-old N1—KO mice and N1-Flox controls
in the Promethion metabolic cages and administered daily intraperi-
toneal injections of the B3 agonist CL 316, 243 under TN environ-
mental conditions for 10 days. On the first day following CL injection,
we observed the expected boost in energy expenditure in response to
CL administration similarly between the N1-Flox control and N1—KO
groups (Figure 4A). Surprisingly however, as daily CL administration
continued over the course of 10 days, we did not observe any differ-
ences between the N1-Flox control and N1—KO groups in energy
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expenditure, VO,, or VCO, during the late-stage thermogenic main-
tenance phase (Figure 4B and Figures. S4A—S4D). There were also no
differences between the levels of lipid metabolism proteins, total body
weight, or adipose tissue depots although the BAT tissue weight
trended lower in the N1—KO mice compared to controls (Figure 4C—E).
This was stark contrast to the significant defects in VO, and VCO,
levels observed when the N1—KO mice were exposed to cold envi-
ronmental conditions. We then speculated whether a compensatory
mechanism was taking place with upon pharmacological 3 NST
stimulation to promote the normalization of the energy expenditure
levels in the N1—KO mice to match the N1-Flox controls. Intriguingly
we observed a significant increase in food consumption in N1—KO
mice compared to N1-Flox controls during the CL-driven thermogenic
maintenance phase (Day 7—10) when Nipsnap1 is maximally
expressed (Figure 4F). This hyperphagic response in the N1—KO mice
led to a positive energy balance compared to N1-Flox controls that was
only significant in the thermogenic maintenance phase (Figure 4G,H).
Given that the increase in food consumption was not coupled to dif-
ferences in body weight or significant locomotive movement (Figure.
S4E), it is plausible that this contributed instead to increasing V0o
and VCO, thereby normalizing energy expenditure levels in the N1—KO
mice to that of the N1-Flox controls. Taken together, CL-stimulated
NST activation under TN conditions in the N1—KO mice triggers a
hyperphagic response that is only seen in the NST maintenance period
when Nipsnap1 is maximally expressed. The increase in food con-
sumption, uncoupled to a change in body weight or locomotive
movement, may be a driver for the normalization of energy expenditure
in the N1—KO mice compared to N1-Flox controls.

3.5. Nipsnap1 KO mice do not have increased susceptibility to diet-
induced obesity

To determine if the BAT-specific ablation of Nipsnap1 would render
N1—KO mice more susceptible to diet-induced obesity, we challenged
the N1—KO mice and N1-Flox controls with a high fat diet (HFD) or a
chow feeding regimen under thermoneutral conditions for 24 weeks.
As expected, the HFD feeding led to a significant weight gain in both
N1-Flox and N1—KO mice compared to the chow fed groups, but there
were no differences between genotypes (Figure 5A). We postulated
that perhaps there were no differences in weight gain because Nips-
nap1 levels are minimally expressed under thermoneutral environ-
mental conditions. Indeed, though we observed a mild increase in
Nipsnap1 levels due to diet-induced-obesity in the N1-Flox mice, the
increase in Nipsnap1 protein levels is not as potent as what is observed
under cold exposure conditions (Figure 5B). Therefore, we interrogated
the response to HFD, but this time, under constant cold-exposure
conditions for 24 weeks in which Nipsnap1 would be robustly
expressed. We monitored weight gain throughout the duration of the
study and though the mice did not experience as much weight gain
under cold-exposed conditions when paired with a HFD compared to
mice in thermoneutral conditions, there remained no differences in
weight gain between the N1-Flox and N1—KO groups (Figure 5A,C). To
assess if Nipsnap1 played a regulatory role in whole-body glucose
metabolism in response to a cold-exposed high fat diet, we performed
glucose and insulin tolerance tests (GTT and ITT respectively). There
were no differences in GTT or ITT between N1-Flox and N1—KO groups
(Figure 5D,E). There were also no differences in body composition, or
in adipose depots weights after HFD feeding in a cold environment
(Figure 5F, G, and Figure. S5A). Lastly, we noted no alterations of
Nipsnap2 expression levels between N1-Flox and N1—KO mice
(Figure. S5B). To determine if the defects with lipid metabolism that
was observed under chow fed cold-exposure conditions persisted to

MOLECULAR METABOLISM 75 (2023) 101770 © 2023 The Authors. Published by Elsevier GmbH. This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/). 9

www.molecularmetabolism.com


http://creativecommons.org/licenses/by-nc-nd/4.0/
http://www.molecularmetabolism.com

A Day 1 Energy Expenditure B  Day 7 Energy Expenditure C PBS cL
0.6- -+ N1-Flox Flox KO Flox KO
E a s E ¢ - - . Nipsnapl
3 05 ; g 2t & s
£ i 't -
5 4 ; g sz - - - - e | Ucpl
g 5 E Sl Sawe® |y
£ 0.31 E
[ x
g s - [ T T TMES
Y 0.2 : 2
3 ! s ; 37_| -—--|Scd1
2 04 ; :
w 60 -30 0 30 60 90 120 60 30 0 30 60 90 120 37—| e -—--fl B-Actin
Time (minutes) Time (minutes)
D E F Food Consumption
30 1
N.S. 250- EniFox =
- _ EnNiko £
— e (=]
] = 200- © 100
= 20 £ g
&= = 3
2 2 150+ a
[ o [=
; E N.S. 8
Z 10 g 1001 L= g 50
@ & 8
50 T‘S
0 | it ol Nipsnap1 Max Expression
& o BAT  iWAT  eWAT - ———————————
‘\é‘\ @* DI D2 D3 D4 DS D6 D7 D8 D9 DIO
=— N1-Flox = NI1-KO
G Energy Balance
Food Consumed (kcal/hr) - Energy Expenditure (kcal/hr) H
ACTIVATION MAINTENANCE
804 20 60
- = N1-Flox = m
5 |— N1KO £ 5l 2
<) ° @
< w g g
8 8 4o
= o 104 * &
£ 3
@ 40 © a
2 ® NSS. o
s | o 5 =
3 3 &
Z 20 H lon 3
§ Iﬁ 0- 20 =
e Nipsnap1 Max Expression Da'y 1 Da'y 3 Da‘y 7 Da)Il 10
DI D2 D3 D4 D5 D6 D7 D8 D9 DIO — N1-Flox — N1-KO

Figure 4: Nipsnap1 KO Mice trigger a hyperphagic response to pharmacological 33 activation with CL 316, 243 in TN conditions. (A-B) Energy expenditure at day 1 and
day 7 of male N1-Flox and N1—KO mice injected daily with CL 316, 243 at thermo-neutral (TN, 30 °C, n = 7). Dotted line indicates the time point of CL injection. (C)
Representative Western blot of BAT from male N1—KO and N1-Flox mice that were injected with daily CL or PBS injection at thermoneutrality for 10 days (TN, 30 °C, n = 7). (D—E)
Body weight and tissue weight of male N1-Flox and N1—KO mice daily injected with CL 316, 243 under the thermoneutral conditions for 10 days (n = 7). (F) Accumulated food
consumption of male N1-Flox and N1—KO mice injected daily with CL 316, 243 under the thermoneutral condition for 10 days (n = 7). (G) Top, equation to calculate Energy
Balance by the CalR analysis program; Bottom, Accumulated Energy Balance of male N1-Flox and N1—KO mice injected daily with CL 316, 243 under thermo-neutral conditions
(TN, 30 °C) for 10 days (n = 7) in the Promethion metabolic cages. (H) Quantification of Energy Balance change during NST activation (Day 1—3) and NST maintenance (Day 7—
10). Accumulated Food Consumption (F) was analyzed by ANCOVA; All other figures unless otherwise indicated are data represented as mean + SEM. *p < 0.05 by Student’s
t test.

cold-exposed HFD feeding, we profiled selected thermogenic and lipid
metabolism genes. Thermogenic genes and proteins were unaltered as
observed previously, but unlike the impaired lipid metabolism signa-
tures that were seen under chronic cold chow-fed diet conditions, we
no longer noted any significant defects in target lipid metabolism
proteins such as Acly and Scd1 (Figures 3G and 5H, and Figures.
S5D—S5F). Taken together, we conclude that ablation of Nipsnap1
in the brown fat of chow fed animals results in significant defects in the

10

cold-induced maintenance of non-shivering thermogenesis due to a
defect in lipid metabolism. It appears however that when mice are
switched to a HFD under cold conditions they do not experience
excessive weight gain compared to N1-Flox controls. We hypothesize
that the increased nutrient density and lipid availability from the high
fat diet feeding may normalize the lipid metabolism in beta-oxidation
defects seen previously and provide sufficient substrates for the
mitochondria to protect against excessive weight gain.
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Statistics were performed using Student’s T test. N.S- Not significant.
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4. DISCUSSION

Targeting brown adipose tissue in order to activate non-shivering
thermogenesis and increase energy expenditure has been studied
for decades [47,48]. To date, the field has made some outstanding
advances to identify novel pathways such as succinate metabolism,
and futile creatine cycling, in addition to many others that can be
targeted to safely activate this protective metabolic process [49—52].
Despite these advances, however, the BAT-mediated increase in en-
ergy expenditure in both human and rodent models only persists when
BAT is in its activated state [53,54]. BAT activation is known to be
temporal, so once the activation stimulus, such as cold exposure, is
removed, BAT is rapidly deactivated within hours and all protection is
lost. The mechanisms surrounding how BAT maintains thermogenic
function once initially activated, or the regulatory factors involved with
the BAT maintenance process are relatively unexplored and represent
a critical knowledge gap in the field.

Here we have identified Nipsnap1 that displays potent late-stage
thermogenic properties in response to both cold environmental
exposure and pharmacological f3-adrenergic activation. Nipsnap1
exhibits a late-stage thermogenic response that makes it suitable for
consideration as a potential thermogenic maintenance factor instead
of a novel candidate involved in NST activation. Indeed, the Nipsnap1
KO mice were fully capable of activating the thermogenic program in
response to environmental or pharmacological challenges, but then
later fail to sustain this activation in the maintenance stage of ther-
mogenesis. Furthermore, the timing of the decline in VO, and VCO,
respiratory capacities in the N1—KO mice compared to N1-Flox
controls aligned perfectly with the Nipsnap1 expression dynamics.
This mechanistically supports the findings that N1-Flox control mice
with ample amounts of Nipsnap1 are able to switch seamlessly from
thermogenic activation to the thermogenic maintenance phase,
whereas the Nipsnap1 KO mice failed to effectively transition to the
maintenance stage and were not able to retain the benefit of the
initial NST activation. The result was a significant late-stage decline
in both energy expenditure and an inability to protect their body
temperature when under chronic cold challenge conditions in the
N1—KO mice compared to controls. Nipsnap1 did not appear to affect
classical thermogenic effector proteins, but rather interfaced with
lipid metabolism which is essential for functional NST [55,56]. De
novo lipogenesis, as measured by '3C carbon incorporation from '3C
labeled glucose into free fatty acids such as palmitic acid was
significantly impaired in N1—KO brown adipocytes compared to N1-
Flox controls. DNL is critical to provide endogenously generated free
fatty acid substrates to fuel beta-oxidation and given that DNL can
initiate in the mitochondria though the citrate-malate shuttle, it is
possible that Nipsnap1 directly interfaces with this process [57—59].
Impaired DNL likely contributes to the overall defects in the long-term
maintenance of NST capacity in the N1—KO mice. Fatty acid beta-
oxidation was also significantly impaired in N1—KO primary brown
fat cultures as well as in ex vivo isolated mitochondria from chron-
ically cold-exposed mice. While this could be a consequence of
impaired DNL, the decrease in beta-oxidation enzymes such as
Enoyl-CoA hydratase (Echs1) and hydroxyacyl-Coenzyme A (Hadh)
would suggest that impairments in beta-oxidation are occurring in
parallel with the defects in DNL. This is further supported with our
mitochondrial respirometry studies where equal levels of palmitoyl
carnitine was provided to isolated mitochondria from the N1—KO
mice compared to N1-Flox controls and the defect with beta-

oxidation was observed (Figures. S3H and S3l). Curiously, up-
stream lipid metabolism and regulation was unaltered as both lipid
storage and signaling capacities were preserved between the KO and
the controls.

The manner in which Nipsnap1 regulates late-stage NST and how it
integrates with lipid metabolism however is currently unknown and
warrants further investigation. Nipsnap1 is evolutionarily conserved
which argues a critical role for the protein, although its specific
function, as well as its protein structural domains, have not been
completely classified [27]. Reports have indicated that Nipsnap1 can
be localized to either the mitochondrial surface [37] or the mito-
chondrial matrix [29], or both in response to mitochondrial damage
[32]. Previous studies have shown that Nipsnap1 can interact with
protein co-factors such as p62 and ALFY which are involved in
mitophagy and amyloid precursor protein (APP) which is known to
regulate mitochondria function [30,36,60]. In this present study, we
demonstrate that Nipsnap1 is localized to the mitochondrial matrix in
BAT. It is therefore mechanistically plausible that Nipsnap1 could both
directly bind and/or directly regulate the function of proteins involved in
both DNL and lipid beta-oxidation.

The emerging role of Nipsnap1 however appears to be different
when NST is stimulated by the B3 agonist CL 316, 243 in ther-
moneutrality. Unlike the defects in energy expenditure observed in
cold-exposed conditions, Nipsnap1 ablation in the brown fat of N1—
KO mice did not alter VO, or VCO, levels. Instead, the ablation of
Nipsnap1 triggered a hyperphagic response in the N1—KO mice
compared to N1-Flox controls resulting in an increase in food con-
sumption only in the thermogenic maintenance period when Nips-
nap1 is maximally expressed. We hypothesize that this is a
compensatory mechanism to couple the increased food intake with
increased energy expenditure in order to normalize VO, and VCO,
levels. This mechanism of compensatory has been noted in many
other studies and is extremely plausible given that there was no
increase in body weight or locomotive movement in the N1—KO
mice compared to N1-Flox controls [55,61]. It is also plausible that
the defect in energy expenditure and lipid metabolism in N1—KO
mice observed under cold-exposed conditions may not be regulated
solely through the B3 adrenergic signaling pathway. Indeed cold-
induced thermogenesis includes both shivering and non-shivering
thermogenesis as well as the activation of multiple pathways
apart from just the B3 adrenergic signaling cascade [62,63]. Further
experiments are warranted to tease apart the detailed mechanistic
interface of the Nipsnap1-lipid metabolism axis under cold-exposed
conditions as cold-exposure remains the standard procedure to
safely activate NST in humans [64—66].

Ablation of Nipsnap1 did not render the HFD mice more susceptible to
diet-induced obesity under TN or cold-exposed environmental condi-
tions. One possibility is that the high fat diet feeding regimen provided
more lipid nutrient density and substrates to overcome the lipid
metabolism defects in the N1—KO mice that was seen in chow fed
conditions compared to N1-Flox controls. Indeed, a study by Nutabi
Camargo et al. showed similar findings when high fat diet adminis-
tration rich in cholesterol and monounsaturated fatty acids was suf-
ficient to overcome lipid metabolism defects [67]. In summary, the
findings of this study reveal Nipsnap1 as a critical regulator for the
long-term maintenance of non-shivering thermogenesis in BAT.
Further studies will be needed in order to discern if targeting Nipsnap1
through overexpression harbors protective benefits in combating
obesity and associated metabolic disease.
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5. CONCLUSION

In the current study, we identify 4-Nitrophenylphosphatase Domain
and Non-Neuronal SNAP25-Like 1 (Nipsnap1) as a critical regulator of
long-term thermogenic maintenance in BAT. We demonstrate that the
energy expenditure of BAT-specific Nipsnap1 KO mice is significantly
reduced during the thermogenic maintenance period and knockout
mice are less efficient in maintaining body temperature in a cold
environment. Mechanistically, we show that Nipsnap1 regulates lipid
metabolism to promote the long-term activation of thermogenesis.
Taken together, these studies identify Nipsnap1 as a critical regulator
of BAT thermogenic maintenance.
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