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eLife Assessment

This valuable study identifies a brown adipose tissue-specific heat shock factor 1 (HSF1)-
alcohol dehydrogenase 5 (ADH5) axis that regulates oxidative stress and cellular
senescence during aging. The authors show that ADH5 deficiency drives BAT dysfunction
and contributes to organismal health decline in aged mice. The evidence is convincing,
and the work will be of broad interest to the adipose tissue and aging research
communities.

https://doi.org/10.7554/eLife.108145.2.sa3

Abstract

Aging-associated decline in brown adipose tissue (BAT) function and mass contributes to energy
and metabolic homeostasis disruption. Alcohol dehydrogenase 5 (ADH5) is a major denitrosylase
that prevents cellular nitro-thiol redox imbalance, an essential feature of aging. However, the
functional significance of BAT ADH5 in the context of aging is largely unknown. Here, we aimed to
investigate the role of BAT ADHS5 in protecting against age-related metabolic dysfunction. We show
that aging elevates BAT protein S-nitrosylation modification and downregulates ADHS5 in mice.
Furthermore, BAT ADH5-deletion accelerates BAT senescence and aging-associated declines in
metabolic homeostasis and cognition. Mechanistically, we found that aging inactivates BAT Adh5
by suppressing heat shock factor 1 (HSF1), a well-recognized proteostasis regulator. Moreover,
pharmacologically enhancing HSF1 improved age-related BAT senescence, metabolic decline, and
cognitive dysfunction. Together, these findings suggest that the BAT HSF1-ADHS5 signaling cascade
plays a key role in protecting against age-related systemic functional decline. Ultimately,
unraveling the role of thermogenic adipose nitrosative signaling will provide novel insights into
the interplay between BAT nitric oxide bioactivity and metabolism in the context of aging.

Highlights

e Aging elevates general protein S-nitrosylation while downregulating ADH5 expression in
BAT.

¢ Loss of thermogenic adipose tissue ADH5 accelerates BAT senescence and exacerbates
aging-associated metabolic and cognitive dysfunctions.

¢ Disruption of HSF1-activated Adh5 in BAT contributes to aging-associated metabolic and
cognitive impairments.
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e Pharmacological targeting of BAT HSF1 alleviates aging-related BAT senescent and systemic
declines.

1. Introduction

Brown adipose tissue (BAT) is essential for classical nonshivering thermogenesis by utilizing
intracellular and systemic lipid and glucose fuels[1-3]. Accumulated evidence shows longer-lived
mice have highly active BAT presenting increased mass and thermogenic-metabolic function[4; 5].
In humans, the beneficial effects of BAT depots have been demonstrated against deleterious
outcomes of aging and age-related diseases such as cardiovascular disease (CVD)[6]. Notably, in
rodents and humans, improvement of BAT activity ameliorates aging-mediated hyperglycemia and
hyperlipidemia[7-12]. However, BAT mass and function decline with age leading to impaired BAT
metabolic capacity, the onset of age-related diseases and, ultimately, shortened lifespan[13-16].

Therefore, it is urgent to understand the multifaceted cellular and systemic factors that promote
age-associated pathologies to design new therapeutics for healthy aging.

The mechanisms underlying aging are diverse and complex involving cell autonomous as well as
systemic and environmental factors. These include increased production of reactive oxygen and
nitrogen species (ROS and RNS, respectively) paired with reduced antioxidant capacity,

Although mitochondrial dysfunction, aberrant redox network remodeling, and proteostasis are
key features in aging as well as deleterious factors implicated in BAT dysfunction[25-31], the
molecular mechanisms and modulators linking these signaling cascades in BAT aging are largely
unknown.

Intracellularly, ROS and RNS are redox mediators that regulate diverse aspects of cellular
processes including modulating protein function[32]. For example, redox modification of protein

has been demonstrated that acute thermogenic induction generates physiologic levels of
mitochondrial ROS which activates uncoupling protein 1 (UCP1) by sulfenylation[28; 33].
Furthermore, cysteine oxidation networks in BAT are selectively modified in young mice and lost
in aged animals[34]. In contrast, Kazak et al. reported that UCP1 deficiency elevated BAT ROS[35],
implicating a bidirectional interaction between ROS and UCP1. Excessive nitric oxide (NO)
production and the resultant aberrant NO-mediated protein cysteine nitrosylation (S-nitrosylation,
SNO) induce nitrosative stress which disrupts essential aspects of cellular function including
organelle homeostasis, inflammatory responses, and metabolism, all of which decline during
aging[36; 37]. However, the functional significance of RNS in aging-related BAT dysfunction

remains uncharacterized.

Alcohol dehydrogenase 5 (ADHS5; also named S-nitrosoglutathione reductase, GSNOR) is the major
cellular denitrosylase that regulates NO availability in the cell by catalyzing the breakdown of
SNOs and balancing the intracellular thiol redox status[36; 38; 39]. Recently we demonstrated that
functional impact of the proteostasis master regulator, heat shock factor 1 (HSF1), on BAT ADHS in
the context of aging. Our study provides a novel insight into the BAT NO bioactivity-linked
interplay between proteostasis and metabolic dysfunction in aging.

2. Materials and methods

2.1 Nanoclay-mediated drug delivery

Nanoclay (NC, Laponite XLG) was obtained from BYK Additives Inc. TX, USA. Rat tail Type I
collagen (RatCol) and Neutralization solution were procured from Advanced Biomatrix, Carlsbad,
CA (5153). HSF1A was bought from Millipore, Burlington, MA (1196723-93-9). For the Collagen-NC
gel, 850 uL of cold collagen stock solution (4.1 mg/ml) was added to 50 uL of Nanoclay stock
solution (10 mg/ml). For collagen-NC-HSF1A, 50 uL of Nanoclay stock solution (10 mg/ml) was
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mixed with 3.33 uL HSF1A and then mixed with 850 uL of cold collagen stock solution (4.1 mg/ml).
All gels were supplemented with 90 yL neutralization buffer and kept on ice prior to sub-BAT
injection.

Based on the structure of HSF1A, the concentration was determined by UV-Vis spectroscopy.
Firstly, a standard curve of HSF1A was obtained by measuring the UV-Vis spectrum of different
concentrations of HSF1A in PBS (1.25, 2.5, 5, 10, 20 uM). Thereby, two standard curves at 207 nm
and 284 nm were generated. Next, two types of collagen gels with or without Nanoclay were
fabricated to study the release profile. Briefly, 50 puL of DI water (for Col-HSF1A) or Nanoclay stock
solution (for Col-NC-HSF1A) was mixed with 3.33 yL of HSF1A and the mixture was added to 850uL.
of cold collagen solution and mixed well with a pipette. Then 90 yL of neutralization buffer was
added and mixed with a pipette. Finally, the mixed solution was divided into 3 parts and placed at
37°C for 30 min. After gelation, 1mL of fresh PBS buffer was added to each tube for HSF1A release.
At each time point (1, 5, 9, 14, 21 days), the PBS buffer in each tube was collected for UV-Vis
spectroscopy.

2.2 Mouse models

Animal care and experimental procedures were performed with approval from the University of
Iowa’s Institutional Animal Care and Use Committee. Animals received humane care in
compliance with the Guide for the Care and Use of Laboratory Animals (National Academies Press,
2011) and with the Principles of Laboratory Animal Care formulated by the National Society for
Medical Research. C57BL/6] mice (The Jackson Laboratory, 000664), UCP1-cre (The Jackson
Laboratory, B6.FVB-Tg(UCP1-cre)1Evdr/], 024670), and Adhs1 [41] mice were kept on a 12-hr
light/dark cycle. At 9-11 months, NC-Collagen or NC-HSF1A was interscapularly administrated at a
dosage of 1 mM/mouse or 0.2 mg/kg. For indirect calorimetry analysis, 12-month-old mice were
singly housed in an environmental chamber during a 12-hour light cycle (Metabowl; Jencons
Scientific). Mice were given access to standard 2920X Teklad Global Diet and water ad libitum
while in cages. All tissues were harvested, frozen in liquid nitrogen, and kept at -80°C until
processed.

2.3 BAT explants treatment

For HSF1 inhibition, BAT explants from WT mice were exposed to 2 uM KRIBB11 (Sigma, 385770)
for 24 hr. For HSF1 activation, explants were treated for 24 hr with HSF1A (20 uM). All tissues
were harvested, frozen in liquid nitrogen, and kept at -80°C until processed.

2.4 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 synthesis kit (Bio-Rad, 1708890). Quantitative real-time RT-PCR
analysis was performed using SYBR Green (Invitrogen, KCQS00). Primer sequences are found in
Table S13.

2.5 Chromatin immunoprecipitation (ChIP) assay

The chromatin immunoprecipitation assay was performed using the SimpleChIP Enzymatic
Chromatin IP Kit (Cell Signaling Technology, 9003) with some modifications. Briefly, BAT was
crosslinked with 1% formaldehyde (Sigma-Aldrich, F8775), after which the reaction was stopped
by washing with ice-cold PBS (Gibco, 14,190,144) containing 0.125 M glycine (americanBio,
AB00730-10,000) and protease inhibitor (Sigma-Aldrich, P8849). Nuclei were then isolated, and the
chromatin was immunoprecipitated with protein A/G magnetic beads (Thermo Fisher Scientific,
88,802) conjugated with anti-IgG (Cell Signaling Technology, 2729) and anti-HSF1 (Cell Signaling,
D3L8I, 12972) overnight at 4°C. The DNA was eluted from the beads and subjected to PCR analysis.
The primers used for ChIP assays were mouse Adh5 Forward: -1735 to -1716; TGCTCCTACTCTCTCT
CCCC; mouse Adh5 Reverse: 1645 to -1624; AGCCCTTTTGTTCCTTTTCACA.
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2.6 Western blot analysis

Proteins were extracted from BAT and subjected to SDS—polyacrylamide gel electrophoresis, as
previously described[42]. Membranes were incubated with anti-CoxI (Santa Cruz, H-1, sc-166573),
anti-CoxII (Santa Cruz, H-3, sc-376861), anti-CoxIII (Santa Cruz, N-20, sc-23986), anti-CoxIV (Santa
Cruz, C-20, sc-23982) or anti-Cox5a (Santa Cruz,(A-5), sc-376907) antibodies at 1:1000 dilution 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). The signal was detected
using the ChemiDoc Touch Imaging System (Bio-Rad), and densitometry analyses of western blot

images were performed by using the Image Lab software (Bio-Rad).

2.7 S-nitrosylation detection

In situ detection of S-nitrosylated protein: The assay was performed as described with minor
modifications[43]. Briefly, frozen BAT sections were fixed with 3.5% paraformaldehyde, and then
permeabilized with 0.1% Triton X-100 in PBS containing 1 mM EDTA and 0.1mM neocuproine.
Biotin-switch assay was performed by first blocking free thiols using HENS buffer containing 20
mM MMTS at room temperature for 30 min. Then the S-nitrosylated proteins were labeled in
HENS buffer with 0.4 mM biotin-HPDP and 10 mM ascorbic acid for 1-hr. Biotinylated proteins
were labeled using streptavidin conjugated with Alexa 488 (ThermoFisher Scientific, A32731). The
images were observed using a Zeiss 700 confocal or Leica fluorescence microscope and quantified

using ImarisColoc (Bitplane).

Detection of S-nitrosylation proteins: Total S-nitrosylated proteins in BAT were 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 min
at 50°C. Following precipitation, using 4x volume of cold acetone for 60 min at -20°C, S-
nitrosylated cysteines were selectively labeled with iodoTMT reagent in the presence of 20 mM
sodium ascorbate at RT for 2 hr. Samples were then separated by SDS-PAGE and blotted to the
membrane for detection of SNO proteins by the anti-TMT antibody.

2.8 Immunohistochemistry, Inmunofluorescence and ELISA

For immunohistochemistry, iBAT or iWAT depots were fixed with 4% PFA and sectioned at 5 pm
thick, followed by deparaffinization and rehydration processes. Tissue sections were stained using
H&E. The images were observed under a Nikon microscope (10x). For immunofluorescence (IF),
sections were blocked and incubated overnight at 4°C with appropriate antibody including F4/80
(Cell Signaling, D4C8YV, 30325), p16 INK4A (Cell Signaling, E6EN8P, 18769) and HSF1 (Cell Signaling,
D3L38I, 12972) at 1:100 followed by anti-rabbit (Cell Signaling, 7074) for one hour at RT (1:2000).
Nuclei were stained with 4',6-diamidino-2-phenylindole (1:2500, DAPI). Images were taken using
an LSM 880 confocal microscope (Carl Zeiss) and analyzed with NIH Image].

For IL 1B measurement, multiplex cytokine analysis was performed via Bio-Rad Laboratories Bio-
plex Pro Mouse Cytokine 23-Plex according to the manufacturer’s instructions for plasma cytokine
analysis. Samples were analyzed on a Bio-Rad Laboratories Bio-Plex (Luminex 200) analyzer in the
University of Iowa Flow Cytometry Core Facility.

2.9 Transmission Electron Microscopy (TEM)

Brown adipose tissues were removed and cut into ~1 mm?3 cubes. All electron microscopy (EM)-
related reagents were from Electron Microscopy Sciences. Samples were fixed in 2.5%
glutaraldehyde and 4% formaldehyde cacodylate buffer overnight (16 hours) at 4°C. Tissue was
postfixed in fresh 1% OsO, for 1 hr, dehydrated using a graded alcohol series followed by
propylene oxide, and embedded in Epon resin as previously described[44]. Resin blocks were
trimmed with a glass knife, cut to ultrathin (50-70 nm) sections with a diamond knife, and
mounted on Formvar-coated copper grids. Grids were double contrasted with 2% uranyl acetate
and then with lead citrate. Images were captured by a Hitachi HT7800 transmission electron

microscope. Cell area was determined using Image].
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2.10 Barnes maze and rotarod studies

diameter equally spaced around the edge (Noldus). The escape chamber was placed randomly
under one of the holes and remained in place throughout training. The maze was surrounded with
white cloth baring four visual markers for orientation, and a light was placed above the maze.
Each mouse was trained for four days, with four trials in each day. For mice that did not locate the
escape chamber within 3 minutes, they were guided to the hole with the escape chamber. Short
and long term memory based on spatial cues was measured using the Ethovision XT 11.5 video
tracking software (Noldus) and confirmed by manual tracking. Rotarod testing took place after
training on the Rotamex-5 rotarod (Columbus Instruments). The rotarod spun at 5 rpm, time on
the rod until completely falling off was measured at regular intervals with a maximum of 60
seconds.

2.11 Metabolic Phenotyping

Whole-body energy expenditure and body composition and glucose tolerance: 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. Body composition was measured by using Bruker
Minispecs (LF50). For the Glucose tolerance test, animals were fasted for 16 hr 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)[45].

2.12 Echocardiography

Transthoracic echocardiograms were performed on conscious mice in the University of Iowa
Cardiology Animal Phenotyping Core Laboratory using a VisualSonics Imaging system using a 30
Mhz transducer. The echocardiographer was blinded to the treatments and genetic backgrounds of
the animals. Short-axis images were acquired parallel to the mitral valve plane to obtain the
largest cross-sectional image of the left ventricle which included papillary muscles. Long-axis
views were obtained perpendicular to the mitral valve plane and were deemed optimal when the
diastolic apex-to-base length was the longest including the aortic valve with ascending aorta.

2.13 Metabolomic Analysis

Tissue samples: Whole BAT tissue was homogenized in ice-cold extraction buffer containing 2 parts
methanol, 2 parts acetonitrile, 1 part water with internal standards (Cambridge Isotope
Laboratories). Samples were then rotated for an hour at -20°C prior to centrifugation (10 minutes,
21,000 x g). 150 pl of the cleared extracts were moved to autosampler vials and vacuum dried
(SpeedVac vacuum concentrator, Thermo). Samples were then reconstituted in 30 pl of
methoxyamine (MOX, 11.4 mg/ml) in anhydrous pyridine, vortexed for 5 minutes, and heated for
an hour at 60°C. 20 ul of N, O-Bis(trimethylsilyDtrifluoroacetamide (TMS) was added to each
sample, which were then vortexed for another minute and heated for 30 minutes at 60°C.

GC-MS method: Derivatized samples were analyzed by GC-MS. 1 pl of derivatized sample was
injected into a Trace 1300 GC (Thermo) fitted with a TraceGold TG-5SiIMS column (Thermo)
operating under the following conditions: split ratio = 20:1, split flow = 24 pl/min, purge flow =5
ml/min, carrier mode = Constant Flow, and carrier flow rate = 1.2 ml/min. The GC oven
temperature gradient was as follows: 80°C for 3 min, increasing at a rate of 20°C/min to 280°C, and
holding at a temperature of 280°C for 8-min. Ion detection was performed by an ISQ 7000 mass
spectrometer (Thermo) operated from 3.90 to 21.00 min in EI mode (-70eV) using select ion
monitoring (SIM).

Data analysis: Raw data were analyzed using TraceFinder 5.1 (Thermo). Metabolite identification
and annotation required at least two ions (target + confirming) and a unique retention time that
corresponded to the ions and retention time of a reference standard previously determined in-
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house. A pooled sample generated prior to derivatization was analyzed at the beginning, at a set
interval during, and at the end of the analytical run to correct peak intensities using the NOREVA
tool[46]. NOREVA corrected data were then normalized to the total signal per sample to control for

extraction, derivatization, and/or loading effects.

2.14 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 multiple comparisons. For both One-Way ANOVA and Two-Way
ANOVA, Tukey’s post-hoc multiple comparisons were applied as recommended by Prism. In all
cases, GraphPad Prism (GraphPad Software Prism 8) was used for the calculations.

3. Results

3.1 Aging elevates thermogenic adipose protein S-nitrosylation

To investigate the pathophysiological relevance of nitrosative signaling in BAT in the context of
aging, we examined the general protein SNO status in BAT from young (3 and 6--month) and old
mice (12 and 22-month) male C57BL/6] mice. Using both immunofluorescence (IF) and an
iodoTMT-based S-nitrosylation (SNO) analysis, we found increased BAT-SNO of general proteins in
(3). Protein S-nitrosylation is regulated by both

To determine the functional role of BAT-ADHS in the context of aging, we next generated BAT
ADHS5 knockout (Adh5%%0) mice by crossing Adhs™M mice (in a C57BL/6] background)[41] with a

induction of cellular senescence which is characterized by the induction of cell cycle inhibitors
such as p16/VK4@ and cdkn1a(p21) as well as senescence-associated secretory phenotype (SASP)
senescence markers compared with Adh5™ mice at 3 months of age. Notably, there were
comparable levels of senescent markers in BAT of young Adh55X0 mice with aged wild-type mice
(Fig. 1EC2). Consistently, IF analysis and senescence-associated B-galactosidase (B gal) staining
revealed increased p16Ink4a in Adh55X0 mice compared with its age-matched littermate controls
(Fig. TF@). Collectively, these data indicate aging is associated with aberrant BAT ADH5-mediated

nitric oxide activity, and loss of AHD5 accelerates BAT senescence.

3.2 BAT ADH5 deletion worsens age-associated functional decline

Redistribution of fat depots is a key feature of aging[49; 50]. Consistently, we found an age-
associated increase in body weight and that loss of BAT ADH5 accelerated age-associated adiposity

systemic energy and metabolic homeostasis in young (3 months) and aged mice (12 months).
Metabolic profiling using indirect calorimetry assessment revealed that 12-month-old Adh55X0
mice had reduced heat and oxygen consumption compared with age-matched controls (Fig.

intolerance in 3-month-old Adh5%X0 mice was comparable to 12-month wildtype mice, indicating a

potential for accelerated age-reduced metabolic function in mice with BAT Adh5 deletion.
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Figure 1. Age-induced BAT ADHS5 reduction contributes to BAT senescence.

A. Representative images (63X) of protein S-nitrosylation staining (SNO) in BAT from young (3-month) or old mice (12- and 22-
month). -AS: no ascorbate; negative control for SNO staining. Scale bar: 10 um. B. Representative Western and densitometric
analysis (normalized to ACTB input) of SNO proteins in BAT from 3- or 22-month-old wild-type mice. 6-month-old Adh5 BKO
and Adh5 fl/fl mice were used as positive and negative control respectively. C&D. Adh5 and Nos2 (encodes iNOS) expression
(normalized to Gapdh) in BAT and iWAT respectively of Adh5" and Adh5BXO mice. N=3-7 mice/group. E. Levels of mRNAs in
BAT of young (3-month) Adh5”, Adh5BX0: or WT mice compared to 22-month-old WT by RT-qPCR. N= 3-5 mice/group. F.
Representative images of H&E, IF of p16|NK4a, and B gal staining in BAT from age-matched Adh57and Adh5BXO mice. Scale bar:
10 ym in H&E and p16'NK4a, 50 pm in B gal staining. Right panel: quantified fluorescence intensities of p16'NK4a. 5
fields/mouse, n= 3 mice/group. Data are presented as means + SEM. *indicates statistical significance relative to the 3-month
groups, and *indicates genetic effects in mice at the same age; as determined by Student’s t-test in (B), one-way ANOVA in
(C&D) and two-way ANOVA in (E&F) followed by posthoc test, p<0.05.
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Figure 2. BAT Adh5 deletion accelerates age-related functional declines.
A. Body weight (n= 5-22 mice/group), and B. Body composition of Adh5f and Adh5BKC mice (n= 4-6 mice/group) at indicated
age. Inset: representative picture of Adh5™ and Adh58KC mice at 12 months. C&D. Whole-body energy balance measured in
Adh5" and Adh5BKO mice housed within a metabolic cage (n= 5-7 mice/group). E-F. GTT and AUC from Adh5T and Adh5BKO
mice (n= 14-30 mice/group). G. Grip strength, H. Rotarod assessment, I. Barnes maze assessment of velocity, J. percent of
time in target/nontarget zone and K. primary errors to escape hole in 19-month-old Adh5™ and Adh5BKC mice. N = 7-9
mice/group. L&M. Heart mass and left ventricle thickness (LV) from age-matched Adh5' and Adh5BKC mice measured by
echocardiography; n = 5-7 mice/group. Data are presented as means + SEM. *indicates genetic effects in same-age mice, and
#indicates age effects in the same type of mice; as determined by Student’s t-test (A, C, D, and G-M), and ANOVA in (B) or
ANOVA of AUC in (F), p<0.05.
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19-month-old mice compared to controls. Aging is a complex process associated with progressive
cognitive impairment[56]. To answer whether and to what extent BAT ADHS5 deletion alters
murine neurological function, we next performed the Barnes maze test[57] in aged Adh55X0

mice
and its littermate controls. Compared with controls, Adh5®%0 mjce exhibited reduced velocity (Fig.

BAT protects against age-related diseases such as CVD[6]. Echocardiography revealed increased
heart mass and LV thickness in 22-month-old Adh55X0 mice compared to age-matched controls

motor, cognitive, and cardiac functions in aging.

3.3 BAT ADH5 deletion augments aging-related inflammation and
mitochondrial defects

Aging is characterized by chronic low-grade systemic inflammation as well as disruption of innate
and adaptive immunity[58-62]. We found that BAT-specific Adh5 deletion increased

proinflammatory markers in the SVF of BAT as well as serum IL-1B from young Adh55KO

mice

young and aged mice. Beige adipocytes residing in iWAT are activated by f3-adrenergic receptor
stimulation leading to browning[63]. We also found an increase in F4/80-positive cell infiltration in

Together, these data imply that ADH5-deficient thermogenic adipocytes accelerate
“inflammaging.”

Previously, we demonstrated that BAT-ADHS5 deletion impairs BAT mitochondrial respiration in
mice in response to cold and high-fat diet challenges[40]. Here, we found that BAT-ADH5-deletion
decreased expression of the oxidative phosphorylation complexes I, III, and IV- key components of
the mitochondrial electron transport chain (ETC) (Fig. 3E&F (). Further assessment using
transmission electron microscopy (TEM) analysis revealed smaller and aberrant cristae
morphologies in BAT of Adh5P¥0 mice compared to controls (Fig. 3G&H @). To determine the
impact of the loss of ADHS5 on BAT metabolic homeostasis, we next carried out a steady-state
metabolomic analysis in BAT from age-matched Adh55XC and Adhs? mice using gas
chromatography-mass spectrometry (GC-MS). As shown in Fig. 313, deletion of BAT ADH5
significantly decreased glycolytic metabolites and TCA cycle intermediates, and elevated levels of
branched-chain amino acids (BCAAs) in BAT of young mice. Together, these data implicate that

BAT ADHS5 is required to maintain mitochondrial morphology and metabolic function.

3.4 Activation of BAT-HSF1 improves aging-associated outcomes

HSF1 is the master regulator of the heat shock response (HSR), a highly conserved physiological
stress response to diverse stimuli[64]. We previously showed obesity suppresses BAT HSF1 and the

transcript and protein levels starting from 6 months of age in male mice but not in female mice
A&B ). In addition, we do not find significant effect of age on HsfI expression in iWAT (Fig.

Consistently, pharmacological activation (HSF1A) or inhibition (KRIBB11) of HSF1 in BAT explants
from wild-type mice significantly increased or decreased the BAT Adh5, respectively (Fig. 4E ).

To establish the functional impact of the BAT HSF1-ADHS5 axis in the context of aging, we utilized a
nano clay (Nanosilicates, NS/NC)-mediated drug carrier system to ensure optimal drug-releasing
efficiency, biocompatibility, and biodegradability[65-69]. Nanoclay mineral materials have
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Figure 3. BAT ADH5-deficiency augments age-associated BAT immuno-metabolic imbalances.

A. Gene expression of measured markers in SVF from BAT of Adh5™ or Adh58KC mice. N=3-5 mice/group. B. Plasma levels of

IL-1B in 3-month-old Adh5™ or Adh5BXO mice measured by ELISA. N = 5-6 mice/group. C. Representative images (63X) and
quantification of IF of F4/80 staining in BAT from Adh5% or Adh5BXO mice at indicated age. N=3 mice/group, 4-8 fields/mouse.
Scale bar: 1 pm. D. F4/80 (scale bar: 1 ym) staining and quantification in iWAT from Adh5™ or Adh5BXO mice at the indicated
age. N=3 mice/group, 4-6 fields/mouse. E&F. Representative Western blot and quantification of ETC proteins in BAT of 3-
month-old Adh5™ or Adh5BXC mice (n=3 mice/group). G. Representative TEM images of BAT from 3-month-old Adhs™ or
Adh5BKO mice. Red arrow, the mitochondrion. Scale bar: 5 pm (1), 2 pm (II), and 1 pm (III). H. Quantification of mitochondrial
area in TEM images of BAT in mice in (C). Quantification was performed using Image] software. I. BAT metabolomic analysis
in Adh5" or Adh58%0 mice (3-month-old) analyzed by using Metaboanalyst online software; n = 4 age-matched mice per
group. Left panel is the principal component analysis (PCA) and the right table is the list of the top eight metabolites
downregulated (depicted in red) and upregulated (depicted in green) by ADH5 deletion. Data are presented as means + SEM.
* indicates genetic effects in the same age mice, and # indicates age effects in the same type of mice as determined by
Student'’s t-test (A, B, F and H), and two-way ANOVA (C&D), p<0.05.

Sebag, Neff et al., 2025 eLife 14:RP108145. https://doi.org/10.7554/eLife.108145.2 10 of 26


https://doi.org/10.7554/eLife.108145.2
https://elifesciences.org/?utm_source=pdf&utm_medium=article-pdf&utm_campaign=PDF_tracking
https://elifesciences.org/subjects/cell-biology

v eLife

3-month .
§ 25- 5 1.6+ £ 2157
? @ 19-month S <
[}
s 204, * g D) S 1.0+
3 3 5 1.2 @
by - < o
g £ £ £ 0.5 *
= S 0.8+ 2 o ¢
< 1.0- 1 = Y
. % o % s ‘
g o 0.4 T 0.0 fRm— .
s 0.5 o < =
S 2 £ =
& 0.0 E g -0.5
U736 1219 22 @ 007 & S &
Age (months) Hsf1 Adh5 i &0 &0 &0
—HSF1 —=DAPI o 4
Male Female N %
C D o Adh5 1l E o Control F e Control
[ 3-month o Adh5 fl HSF1A KRIBB11 e HSF1A
Adh5 BK
[ 12-month ‘ o 5 HSF1A S 1.8+
c 47 _. 600 f s ‘ ﬁ
o &= 500 Rl A
? y g2 4001 % 244 L - 0 F g 154 =« *
a c (] X
0 3 g J 300 H S . o o®
g ° 35 = %3 3 . 2 1.2+ .
> o o1 o T S °
s 83 5 [ ] 3 :
5’:’ ] "é ?’ 2= |->|- 0.9 .
< g E oo * I P I ®
5 : 54 . 31 i, 2o,
g g &8¢ il fr ﬁ 03
] S 3l 0 % 11 x 03
h 50 © & &
[ = & W e\;‘ o )
L & oS S

Figure 4. HSF1 induces Adh5 and ameliorates senescence in BAT.

A. Hsf1 levels in BAT of male (n= 6-12 mice/group) and Hsf1 and Adh5 levels in BAT of female mice (n=3 mice/group) at
indicated age measured by qRT-PCR. Data were normalized to Gapdh. B. Left panel: representative HSF1 staining (63X, scale
bar: 1 ym; zoomed images are on the right) from BAT of young and old wild-type mice. Right panel: quantification, n = 3-4
mice/age. 4-8 fields/mouse. C. Hsf1 levels in iWAT of male mice (n=3 mice/group) at indicated age measured by qRT-PCR.
Data were normalized to Gapdh. D. Occupancy of Adh5 promoter regions by HSF1 from BAT treated with a pharmacological
activator of HSF1 (HSF1A; Millipore, 20 uM, 24-hr) in controls or Adh5BKO mice (n=3 mice/group). E. Levels of mRNAs
encoding the indicated genes of BAT explants treated ex vivo with HSF1A (20 uM, 24-hr) or HSF1 inhibitor (KRIBB11; 2 pm, 24-
hr). Data were normalized to Gapdh. N=4 mice/group. F. Levels of mRNAs of the indicated genes in SVF from 3- or 5-month-
old BAT pad isolated from wild-type mice followed by treatment of HSF1A (20 uM, 24-hr). N=3-4 mice/age group. Data were
normalized to Gapdh. Data are presented as means + SEM. *indicates statistical significance compared to the 3-month groups
(A&B&C), to the Adhsfl groups in (D), and to the control groups in (E-F) as determined by ANOVA in (A-male, B, and E), and
Student'’s t-test in (A-female, C, and F), p<0.05.
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collagen-HSF1A group, collagen-NC-HSF1A was effective in sustainably releasing compounds.
Therefore, the collagen-NC-vehicle or collagen-NC-HSF1A formulation was injected interscapularly
into the BAT of aged mice [40]. We found that one month after injection, activation of HSF1

relevance of BAT-HSF1 signaling in ameliorating aging-associated functional decline.

4. Discussion

Aging is associated with a decline in thermogenic adipose tissue function and mass, contributing
to disruption of energy and metabolic homeostasis as well as the prevalence of metabolic disease.
Currently, several mechanisms have been implicated in age-dependent BAT decline including
mitochondrial dysfunction, aberrant proteostasis, inflammation, and defective beiging[34; 71].

Here we provide the first evidence and mechanism by which nitrosative signaling links
proteostasis to metabolic function in thermogenic adipose tissues in the context of aging.

In humans, aberrant nitric oxide bioactivity has been implicated in a diverse set of physiologies
including aging[36; 37; 72]. It has been demonstrated that aging significantly changes BAT
intracellular glutathione balance and systemic plasma nitrogen/arginine signatures[73], all of
which are key components of the nitrosative signaling cascade. Notably, in humans, around 60% of
plasma proteins significantly associated with aging are S-nitrosylated[74]. Specifically, in the BAT,
more than 15% of protein cysteines are subject to oxidation modulating BAT physiology[28; 75].
However, the functional significance of BAT nitrosative signaling in aging remains undefined.
Here we demonstrate an inverse correlation between ADH5 and aging-induced general BAT
protein S-nitrosylation which is in line with previous studies demonstrating the relevance of ADH5
in aging. For example, recent studies demonstrated that AHD5 plays a critical role in DNA damage
repair and chromatin architecture, and loss of this regulation leads to multisystem disorders and
cancer progression[76-79]. Additionally, a genome-wide analysis has linked an ADH5-
encompassing gene cluster to human longevity[80]. Finally, alterations in lifespan negatively
correlate with Adh5 in senescent mouse embryonic fibroblasts, neurons, and peripheral blood
mononuclear cells from aged humans[21]. We found that defective ADH5-regulated S-nitrosylation

signaling accelerates BAT senescence. Future studies are needed to delineate the direct actions of
ADHS on the cellular senescence network in the BAT.

Previously, it was demonstrated that mice with germline ADHS5 deletion display accelerated aging
phenotypes including reduced immune responses, increased morbidity upon endotoxic shock,
insulin resistance, skeletal muscle wasting, and accumulation of protein aggregates in the brain
cortex which are associated with locomotor deficits[21; 72]. Systemically, we showed that mice
with BAT ADHS5 deletion displayed increased body weight gain, fat mass, and inflammation in aged
mice compared with age-matched controls. These augmented aging-developed metabolic defects
were concomitant with worsened sensorimotor and cognitive function. These results are in line
with previous studies showing that dysregulation of ADH5-mediated protein S-nitrosylation
compromises mitochondrial function in the heart[81] and brain[21] as well as mitochondrial

deficiency reduced ETC complex expression and disrupted mitochondrial morphology, which was
associated with elevated BAT-branched chain amino acid (BCAA) levels implicating a potential
defect in BAT fuel utilization in Adh5PXC mice. It is demonstrated that lactate and BCAA-derived
metabolites control BAT mitochondrial redox homeostasis[82; 83] which in turn plays a key role in
maintaining BAT metabolic function[84; 85]. Interestingly, recent studies in humans implicate an
inverse correlation between BCAAs and longevity[86]. Furthermore, in rodents, impaired BCAA

catabolism in adipose tissues promotes age-associated metabolic defects[87; 88]. Finally, in both
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Figure 5. BAT HSF1 mitigates age-associated functional decline.
A. Comparison of release curves between Collogen-NC-HSF1A vs Collagen-HSF1A. The amount of released HSF1A was
quantified by UV-Vis spectroscopy using a standard curve for HSF1A. B. Body weight measurement over time in 12-month-old
wild-type mice after interscapular injection with Collagen-NC-Vehicle (NC-Vehicle) or Collagen-NC-HSF1A (NC-HSF1A; 0.1 mg).
C. Heat, VO, and energy expenditure (EE) in 12-month-old wild-type mice after one BAT injection of control (NC-Vehicle) or
NC-HSF1A (0.1 mg; n=5-6 mice/group). D. GTT and AUC of mice from (B). N= 19-37 mice/group. E. Latency (Barnes maze test)
and F. AUC of escape measured from mice in (C) after one-month injection. N= 7-13 mice/group. G. Representative H&E
(Scale bar: 20 or 10 ym) and IF of p16'NK4a (scale bar: 10 pm) in BAT from mice in (C). H. Quantitation of IF staining of
p16/NK4a N= 5 mice/group. 4-6 fields/images. I. Representative F4/80 staining of BAT from (C); quantitation is left of the
image. Scale bar: 1 ym, n = 5 mice/group. 4-6 fields/images. J. Levels of mRNAs encoding genes of interest (normalized to
Gapdh) in BAT from mice in (C). N = 3-9 mice/group. Data are presented as means + SEM. *indicates statistical significance
compared to the vehicle groups as determined by Student’s t-test, p<0.05.
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human and animal studies, aberrant plasma levels of BCAAs serve as biomarkers for
neurodegenerative diseases such as Parkinson’s and Alzheimer’s[88-91]. It is of great interest to
explore to what extent BAT ADHS5 regulates BCAA utilization in the future.

Excessive NO production by parenchymal cells drives immune cell infiltration and polarization in
aging-associated diseases[92-94] and obesity[95]. Moreover, aberrant NO bioactivity and
nitrosative stress modulate transcription factor activities that directly regulate inflammatory and
adipogenic signatures[94; 96-99]. We found that loss of Adh5 in BAT elevates NO production from
BAs[40] and increases proinflammatory genes in BAs and SVF (Fig. 3(Z) suggesting that the excess

NO released from Adh5 deficient BAs might serve as the signal-inducing proinflammatory
mediator expression and immune cell activation leading to impaired BA mitochondrial function.

It is well recognized that heat shock factor 1 (HSF1) expression and activity decline in senescent
human cells, thereby potentiating proteostasis collapse and the aging process[100; 101]. Indeed,
HSF1-deficient organisms develop aging-related neurodegenerative disorders mainly caused by
the accumulation of aggregates from misfolded proteins[26; 102; 103]. However, the mechanisms
underlying multiple abnormalities, including developmental defects and increased expression of
inflammatory cytokines, are unclear. In whole-body HSF1 KO mice, HSF1 deletion leads to cold

intolerance and disrupted brown and beige function[104]. Notably, HSF1 levels are more abundant

signaling cascades leads to disruption of BAT metabolic homeostasis. In contrast, activation of
HSF1 using a novel nanoclay-mediated drug delivery system ameliorated age-associated cellular
and systemic declines. Although the cause factors driving the age-suppressed HSF1 remain
unknown and are of great interest for future studies, our study demonstrates a novel strategy to
combat the thermogenic adipose decline in the context of aging. We recognize that nitrosative
signals broadly influence cellular signaling cascades, and the functions of BAT are governed by
diverse transcriptional and signaling programs, neuronal tone, as well as endocrine factors[1; 107-

and fuel utilization in the BAT is secondary to the disruption of other cellular functions. In future
studies, we will examine the effect of Adh5 deletion on other organelle functions such as the
endoplasmic reticulum and lysosomes.

Taken together, we provide the first evidence of NO bioactivity-modulated BAT immune-metabolic
homeostasis as well as new mechanisms by which nitrosative signaling links proteostasis to
metabolic function in thermogenic adipose tissue. Moreover, we highlight a new geroprotective
strategy to counteract aging-associated cellular redox imbalance. Ultimately, this study will
provide new avenues for developing novel therapeutic strategies to mitigate age-dependent loss of
thermogenic adipocyte function and promote healthy aging.
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We have uploaded the metabolomics data set to figshare.

Acknowledgements

We are grateful to all Yang laboratory members for supporting this project.

Additional information

Author Contributions

S.C.S, T.N, VAL, HS, M.]J.P, and L.Y. designed the research; S.C.S., T.N,, Q.Q., A.A., ZW., M.L. and
A.B. performed experiments; S.C.S., T.N., and L.Y. analyzed the data; and S.C.S., T.N., and L.Y. wrote
the paper. S.C.S. and T.N. equal contribution. S.C.S., M.].P,, and L.Y. are supported by R0O1DK126817,
and T.N. was supported by NIH 5T90DE023520.

Sebag, Neff et al., 2025 eLife 14:RP108145. https://doi.org/10.7554/eLife.108145.2 14 of 26


https://doi.org/10.7554/eLife.108145.2
https://elifesciences.org/?utm_source=pdf&utm_medium=article-pdf&utm_campaign=PDF_tracking
https://elifesciences.org/subjects/cell-biology

s eLife

[1]

[2]

[7]

Cell Biology

Funding
Funder Grant reference number Author
Ling Yang
HHS | National Institutes of Health (NIH) RO1DK126817 Sara C Sebag
Matthew J Potthoff
HHS | National Institutes of Health (NIH) NIH 5T90DE023520 Tate Neff

Author ORCID iDs

Tate Neff: © https://orcid.org/0000-0002-7289-4870
Zeyuan Zhang: © https://orcid.org/0000-0002-6372-0086
Vitor A Lira: © https://orcid.org/0000-0002-3162-3804
Ling Yang: © https://orcid.org/0000-0002-3105-3063

Author notes

Zeyuan Zhang: Present address: Department of Pathology, Stanford University School of Medicine,
Stanford, United States

Mark Li: Present address: Division of Endocrinology, Diabetes and Metabolism, Beth Israel
Deaconess Medical Center, Harvard Medical School, Boston, United States

Matthew ] Potthoff: Present address: Harold Hamm Diabetes Center, The University of Oklahoma
Health Sciences, Oklahoma City, United States

Sara C Sebag, Tate Neff: Equal contribution

Competing interests: No competing interests declared

Additional files

Table S1. 3 Primers for RT-qPCR.

Note

This reviewed preprint has been updated to correct the image used for Figure 3.

References

Cannon B., Nedergaard J. (2004) Brown adipose tissue: function and physiological significance.
Physiol Rev 84:277-359 https://doi.org/10.1152/physrev.00015.2003 | PubMed

Townsend K.L., Tseng Y.H. (2014) Brown fat fuel utilization and thermogenesis. Trends Endocrinol
Metab 25:168-177 https://doi.org/10.1016/j.tem.2013.12.004 | PubMed

De Meis L., Ketzer L.A., Camacho-Pereira ., Galina A. (2012) Brown adipose tissue mitochondria:
modulation by GDP and fatty acids depends on the respiratory substrates. Biosci Rep 32:53-59
https://doi.org/10.1042/bsr20100144 | PubMed

Bartke A., Westbrook R. (2012) Metabolic characteristics of long-lived mice. Front Genet 3:288
https://doi.org/10.3389/fgene.2012.00288 | PubMed

Darcy J., McFadden S., Fang Y., Huber J.A., Zhang C., Sun L.Y., et al. (2016) Brown Adipose Tissue
Function Is Enhanced in Long-Lived, Male Ames Dwarf Mice. Endocrinology 157:4744-4753
https://doi.org/10.1210/en.2016-1593 | PubMed

Becher T., Palanisamy S., Kramer D.J., Eljalby M., Marx S.J., Wibmer A.G., et al. (2021) Brown adipose
tissue is associated with cardiometabolic health. Nat Med 27:58-65 https://doi.org/10.1038/s41591-
020-1126-7 | PubMed

Yoneshiro T., Aita S., Matsushita M., Kayahara T., Kameya T., Kawai Y., et al. (2013) Recruited brown
adipose tissue as an antiobesity agent in humans. J Clin Invest 123:3404-3408
https://doi.org/10.1172/jci67803 | PubMed

Sebag, Neff et al., 2025 eLife 14:RP108145. https://doi.org/10.7554/eLife.108145.2 15 of 26


https://doi.org/10.7554/eLife.108145.2
https://elifesciences.org/?utm_source=pdf&utm_medium=article-pdf&utm_campaign=PDF_tracking
https://orcid.org/0000-0002-7289-4870
https://orcid.org/0000-0002-7289-4870
https://orcid.org/0000-0002-7289-4870
https://orcid.org/0000-0002-6372-0086
https://orcid.org/0000-0002-6372-0086
https://orcid.org/0000-0002-6372-0086
https://orcid.org/0000-0002-3162-3804
https://orcid.org/0000-0002-3162-3804
https://orcid.org/0000-0002-3162-3804
https://orcid.org/0000-0002-3105-3063
https://orcid.org/0000-0002-3105-3063
https://orcid.org/0000-0002-3105-3063
https://prod--epp.elifesciences.org/api/files/108145/v2/content/662628v3_file01.docx
https://doi.org/10.1152/physrev.00015.2003
https://pubmed.ncbi.nlm.nih.gov/14715917
https://pubmed.ncbi.nlm.nih.gov/14715917
https://doi.org/10.1016/j.tem.2013.12.004
https://pubmed.ncbi.nlm.nih.gov/24389130
https://pubmed.ncbi.nlm.nih.gov/24389130
https://doi.org/10.1042/bsr20100144
https://pubmed.ncbi.nlm.nih.gov/21561434
https://pubmed.ncbi.nlm.nih.gov/21561434
https://doi.org/10.3389/fgene.2012.00288
https://pubmed.ncbi.nlm.nih.gov/23248643
https://pubmed.ncbi.nlm.nih.gov/23248643
https://doi.org/10.1210/en.2016-1593
https://pubmed.ncbi.nlm.nih.gov/27740871
https://pubmed.ncbi.nlm.nih.gov/27740871
https://doi.org/10.1038/s41591-020-1126-7
https://doi.org/10.1038/s41591-020-1126-7
https://pubmed.ncbi.nlm.nih.gov/33398160
https://pubmed.ncbi.nlm.nih.gov/33398160
https://doi.org/10.1172/jci67803
https://pubmed.ncbi.nlm.nih.gov/23867622
https://pubmed.ncbi.nlm.nih.gov/23867622
https://elifesciences.org/subjects/cell-biology

s eLife

[10]
[11]

[12]

Cell Biology

Ouellet V., Labbe S.M., Blondin D.P., Phoenix S., Guerin B., Haman F., et al. (2012) Brown adipose tissue
oxidative metabolism contributes to energy expenditure during acute cold exposure in humans. J
Clin Invest 122:545-552 https://doi.org/10.1172/jci60433 | PubMed

Stanford K.I., Middelbeek R.J., Townsend K.L., An D., Nygaard E.B., Hitchcox K.M., et al. (2013) Brown
adipose tissue regulates glucose homeostasis and insulin sensitivity. / Clin Invest 123:215-223
https://doi.org/10.1172/jci62308 | PubMed

Klepac K., Georgiadi A., Tschop M., Herzig S. (2019) The role of brown and beige adipose tissue in
glycaemic control. Mol Aspects Med 68:90-100 https://doi.org/10.1016/j.mam.2019.07.001 | PubMed

Porter C., Chondronikola M., Sidossis L.S. (2015) The Therapeutic Potential of Brown Adipocytes in
Humans. Front Endocrinol 6:156 https://doi.org/10.3389/fendo.2015.00156 | PubMed

Franceschi C., Garagnani P., Parini P., Giuliani C., Santoro A. (2018) Inflammaging: a new immune-
metabolic viewpoint for age-related diseases. Nat Rev Endocrinol 14:576-590
https://doi.org/10.1038/s41574-018-0059-4 | PubMed

Shimizu I., Walsh K. (2015) The Whitening of Brown Fat and Its Implications for Weight Management
in Obesity. Curr Obes Rep 4:224-229 https://doi.org/10.1007/s13679-015-0157-8 | PubMed

Himms-Hagen J. (1985) Defective brown adipose tissue thermogenesis in obese mice. Int J Obes
9:17-24 PubMed

Leitner B.P., Huang S., Brychta RJ., Duckworth C.J., Baskin A.S., McGehee S., et al. (2017) Mapping of
human brown adipose tissue in lean and obese young men. Proc Natl Acad Sci U S A 114:8649-8654
https://doi.org/10.1073/pnas.1705287114 | PubMed

Blondin D.P., Labbe S.M., Noll C., Kunach M., Phoenix S., Guerin B., et al. (2015) Selective Impairment of
Glucose but Not Fatty Acid or Oxidative Metabolism in Brown Adipose Tissue of Subjects With Type 2
Diabetes. Diabetes 64:2388-2397 https://doi.org/10.2337/db14-1651 | PubMed

Cui H., Kong Y., Zhang H. (2012) Oxidative stress, mitochondrial dysfunction, and aging. J Signal
Transduct 2012:646354 https://doi.org/10.1155/2012/646354 | PubMed

Perez V., Sierra F. (2009) [Biology of aging]. Rev Med Chil 137:296-302 https://doi.org/10.4067/S0034-
98872009000200017 | PubMed

Santos A.L., Sinha S., Lindner A.B. (2018) The Good, the Bad, and the Ugly of ROS: New Insights on
Aging and Aging-Related Diseases from Eukaryotic and Prokaryotic Model Organisms. Oxid Med Cell
Longev 2018:1941285 https://doi.org/10.1155/2018/1941285 | PubMed

Harman D. (2006) Free radical theory of aging: an update: increasing the functional life span. Ann N
Y Acad Sci 1067:10-21 https://doi.org/10.1196/annals.1354.003 | PubMed

Rizza S., Cardaci S., Montagna C., Di Giacomo G., De Zio D., Bordi M., et al. (2018) S-nitrosylation drives
cell senescence and aging in mammals by controlling mitochondrial dynamics and mitophagy. Proc
Natl Acad Sci U S A 115:E3388-E3397 https://doi.org/10.1073/pnas.1722452115 | PubMed

Rizza S., Filomeni G. (2018) Denitrosylate and live longer: how ADH5/GSNOR links mitophagy to
aging. Autophagy 14:1285-1287 https://doi.org/10.1080/15548627.2018.1475818 | PubMed

Lopez-Otin C., Blasco M.A., Partridge L., Serrano M., Kroemer G. (2013) The hallmarks of aging. Cel/
153:1194-1217 https://doi.org/10.1016/j.cell.2013.05.039 | PubMed

Kaushik S., Cuervo A.M. (2015) Proteostasis and aging. Nat Med 21:1406-1415
https://doi.org/10.1038/nm.4001 | PubMed

Alcala M., Calderon-Dominguez M., Bustos E., Ramos P., Casals N., Serra D., et al. (2017) Increased
inflammation, oxidative stress and mitochondrial respiration in brown adipose tissue from obese
mice. Sci Rep 7:16082 https://doi.org/10.1038/s41598-017-16463-6 | PubMed

Anckar ., Sistonen L. (2011) Regulation of HSF1 function in the heat stress response: implications in
aging and disease. Annu Rev Biochem 80:1089-1115 https://doi.org/10.1146/annurev-biochem-
060809-095203 | PubMed

Sebag, Neff et al., 2025 eLife 14:RP108145. https://doi.org/10.7554/eLife.108145.2 16 of 26


https://doi.org/10.7554/eLife.108145.2
https://elifesciences.org/?utm_source=pdf&utm_medium=article-pdf&utm_campaign=PDF_tracking
https://doi.org/10.1172/jci60433
https://pubmed.ncbi.nlm.nih.gov/22269323
https://pubmed.ncbi.nlm.nih.gov/22269323
https://doi.org/10.1172/jci62308
https://pubmed.ncbi.nlm.nih.gov/23221344
https://pubmed.ncbi.nlm.nih.gov/23221344
https://doi.org/10.1016/j.mam.2019.07.001
https://pubmed.ncbi.nlm.nih.gov/31283940
https://pubmed.ncbi.nlm.nih.gov/31283940
https://doi.org/10.3389/fendo.2015.00156
https://pubmed.ncbi.nlm.nih.gov/26528238
https://pubmed.ncbi.nlm.nih.gov/26528238
https://doi.org/10.1038/s41574-018-0059-4
https://pubmed.ncbi.nlm.nih.gov/30046148
https://pubmed.ncbi.nlm.nih.gov/30046148
https://doi.org/10.1007/s13679-015-0157-8
https://pubmed.ncbi.nlm.nih.gov/26627217
https://pubmed.ncbi.nlm.nih.gov/26627217
https://pubmed.ncbi.nlm.nih.gov/4066136
https://doi.org/10.1073/pnas.1705287114
https://pubmed.ncbi.nlm.nih.gov/28739898
https://pubmed.ncbi.nlm.nih.gov/28739898
https://doi.org/10.2337/db14-1651
https://pubmed.ncbi.nlm.nih.gov/25677914
https://pubmed.ncbi.nlm.nih.gov/25677914
https://doi.org/10.1155/2012/646354
https://pubmed.ncbi.nlm.nih.gov/21977319
https://pubmed.ncbi.nlm.nih.gov/21977319
https://doi.org/10.4067/S0034-98872009000200017
https://doi.org/10.4067/S0034-98872009000200017
https://pubmed.ncbi.nlm.nih.gov/19543655
https://pubmed.ncbi.nlm.nih.gov/19543655
https://doi.org/10.1155/2018/1941285
https://pubmed.ncbi.nlm.nih.gov/29743972
https://pubmed.ncbi.nlm.nih.gov/29743972
https://doi.org/10.1196/annals.1354.003
https://pubmed.ncbi.nlm.nih.gov/16803965
https://pubmed.ncbi.nlm.nih.gov/16803965
https://doi.org/10.1073/pnas.1722452115
https://pubmed.ncbi.nlm.nih.gov/29581312
https://pubmed.ncbi.nlm.nih.gov/29581312
https://doi.org/10.1080/15548627.2018.1475818
https://pubmed.ncbi.nlm.nih.gov/30029585
https://pubmed.ncbi.nlm.nih.gov/30029585
https://doi.org/10.1016/j.cell.2013.05.039
https://pubmed.ncbi.nlm.nih.gov/23746838
https://pubmed.ncbi.nlm.nih.gov/23746838
https://doi.org/10.1038/nm.4001
https://pubmed.ncbi.nlm.nih.gov/26646497
https://pubmed.ncbi.nlm.nih.gov/26646497
https://doi.org/10.1038/s41598-017-16463-6
https://pubmed.ncbi.nlm.nih.gov/29167565
https://pubmed.ncbi.nlm.nih.gov/29167565
https://doi.org/10.1146/annurev-biochem-060809-095203
https://doi.org/10.1146/annurev-biochem-060809-095203
https://pubmed.ncbi.nlm.nih.gov/21417720
https://pubmed.ncbi.nlm.nih.gov/21417720
https://elifesciences.org/subjects/cell-biology

9 eLife

[27]
[28]
[29]

[30]

[39]
[40]

[41]

[42]

Cell Biology

Bartelt A., Widenmaier S.B., Schlein C., Johann K., Goncalves R.L.S., Eguchi K., et al. (2018) Brown
adipose tissue thermogenic adaptation requires Nrf1-mediated proteasomal activity. Nat Med
24:292-303 https://doi.org/10.1038/nm.4481 | PubMed

Chouchani E.T., Kazak L., Jedrychowski M.P., Lu G.Z., Erickson B.K., Szpyt J., et al. (2016) Mitochondrial
ROS regulate thermogenic energy expenditure and sulfenylation of UCP1. Nature 532:112-116
https://doi.org/10.1038/nature17399 | PubMed

De Pauw A., Tejerina S., Raes M., Keijer J., Arnould T. (2009) Mitochondrial (dys)function in adipocyte
(de)differentiation and systemic metabolic alterations. Am J Pathol 175:927-939
https://doi.org/10.2353/ajpath.2009.081155 | PubMed

Jankovic A., Korac A., Buzadzic B., Stancic A., Otasevic V., Ferdinandy P., et al. (2017) Targeting the
NO/superoxide ratio in adipose tissue: relevance to obesity and diabetes management. Br J
Pharmacol 174:1570-1590 https://doi.org/10.1111/bph.13498 | PubMed

Kumari R., Jat P. (2021) Mechanisms of Cellular Senescence: Cell Cycle Arrest and Senescence
Associated Secretory Phenotype. Front Cell Dev Biol 9:645593
https://doi.org/10.3389/fcell.2021.645593 | PubMed

Di Meo S., Reed T.T., Venditti P., Victor V.M. (2016) Role of ROS and RNS Sources in Physiological and
Pathological Conditions. Oxid Med Cell Longev 2016:1245049 https://doi.org/10.1155/2016/1245049 |
PubMed

Mailloux R.J., Adjeitey C.N., Xuan J.Y., Harper M.E. (2012) Crucial yet divergent roles of mitochondrial
redox state in skeletal muscle vs. brown adipose tissue energetics. FASEB | 26:363-375
https://doi.org/10.1096/fj.11-189639 | PubMed

Xiao H., Jedrychowski M.P., Schweppe D.K., Huttlin E.L., Yu Q., Heppner D.E., et al. (2020) A Quantitative
Tissue-Specific Landscape of Protein Redox Regulation during Aging. Cell 180:968-983.
https://doi.org/10.1016/j.cell.2020.02.012 | PubMed

Kazak L., Chouchani E.T., Stavrovskaya L.G., Lu G.Z., Jedrychowski M.P., Egan D.F., et al. (2017) UCP1
deficiency causes brown fat respiratory chain depletion and sensitizes mitochondria to calcium
overload-induced dysfunction. Proc Natl Acad Sci U S A 114:7981-7986
https://doi.org/10.1073/pnas.1705406114 | PubMed

Benhar M., Forrester M.T., Stamler J.S. (2009) Protein denitrosylation: enzymatic mechanisms and
cellular functions. Nat Rev Mol Cell Biol 10:721-732 https://doi.org/10.1038/nrm2764 | PubMed

Foster M.W., Hess D.T., Stamler J.S. (2009) Protein S-nitrosylation in health and disease: a current
perspective. Trends Mol Med 15:391-404 https://doi.org/10.1016/j.molmed.2009.06.007 | PubMed

Barnett S.D., Buxton L.L.O. (2017) The role of S-nitrosoglutathione reductase (GSNOR) in human
disease and therapy. Crit Rev Biochem Mol Biol 52:340-354
https://doi.org/10.1080/10409238.2017.1304353 | PubMed

Liu L., Hausladen A., Zeng M., Que L., Heitman J., Stamler J.S. (2001) A metabolic enzyme for S-
nitrosothiol conserved from bacteria to humans. Nature 410:490-494
https://doi.org/10.1038/35068596 | PubMed

Sebag S.C., Zhang Z., Qian Q., Li M., Zhu Z., Harata M., et al. (2021) ADH5-mediated NO bioactivity
maintains metabolic homeostasis in brown adipose tissue. Cell Rep 37:110003
https://doi.org/10.1016/j.celrep.2021.110003 | PubMed

Wei W., Yang Z., Tang C.H., Liu L. (2011) Targeted deletion of GSNOR in hepatocytes of mice causes
nitrosative inactivation of O6-alkylguanine-DNA alkyltransferase and increased sensitivity to
genotoxic diethylnitrosamine. Carcinogenesis 32:973-977 https://doi.org/10.1093/carcin/bgr041 |
PubMed

Yang L., Calay E.S., Fan ., Arduini A., Kunz R.C., Gygi S.P., et al. (2015) METABOLISM. S-Nitrosylation
links obesity-associated inflammation to endoplasmic reticulum dysfunction. Science 349:500-506
https://doi.org/10.1126/science.aaa0079 | PubMed

Sebag, Neff et al., 2025 eLife 14:RP108145. https://doi.org/10.7554/eLife.108145.2 17 of 26


https://doi.org/10.7554/eLife.108145.2
https://elifesciences.org/?utm_source=pdf&utm_medium=article-pdf&utm_campaign=PDF_tracking
https://doi.org/10.1038/nm.4481
https://pubmed.ncbi.nlm.nih.gov/29400713
https://pubmed.ncbi.nlm.nih.gov/29400713
https://doi.org/10.1038/nature17399
https://pubmed.ncbi.nlm.nih.gov/27027295
https://pubmed.ncbi.nlm.nih.gov/27027295
https://doi.org/10.2353/ajpath.2009.081155
https://pubmed.ncbi.nlm.nih.gov/19700756
https://pubmed.ncbi.nlm.nih.gov/19700756
https://doi.org/10.1111/bph.13498
https://pubmed.ncbi.nlm.nih.gov/27079449
https://pubmed.ncbi.nlm.nih.gov/27079449
https://doi.org/10.3389/fcell.2021.645593
https://pubmed.ncbi.nlm.nih.gov/33855023
https://pubmed.ncbi.nlm.nih.gov/33855023
https://doi.org/10.1155/2016/1245049
https://pubmed.ncbi.nlm.nih.gov/27478531
https://pubmed.ncbi.nlm.nih.gov/27478531
https://doi.org/10.1096/fj.11-189639
https://pubmed.ncbi.nlm.nih.gov/21940996
https://pubmed.ncbi.nlm.nih.gov/21940996
https://doi.org/10.1016/j.cell.2020.02.012
https://pubmed.ncbi.nlm.nih.gov/32109415
https://pubmed.ncbi.nlm.nih.gov/32109415
https://doi.org/10.1073/pnas.1705406114
https://pubmed.ncbi.nlm.nih.gov/28630339
https://pubmed.ncbi.nlm.nih.gov/28630339
https://doi.org/10.1038/nrm2764
https://pubmed.ncbi.nlm.nih.gov/19738628
https://pubmed.ncbi.nlm.nih.gov/19738628
https://doi.org/10.1016/j.molmed.2009.06.007
https://pubmed.ncbi.nlm.nih.gov/19726230
https://pubmed.ncbi.nlm.nih.gov/19726230
https://doi.org/10.1080/10409238.2017.1304353
https://pubmed.ncbi.nlm.nih.gov/28393572
https://pubmed.ncbi.nlm.nih.gov/28393572
https://doi.org/10.1038/35068596
https://pubmed.ncbi.nlm.nih.gov/11260719
https://pubmed.ncbi.nlm.nih.gov/11260719
https://doi.org/10.1016/j.celrep.2021.110003
https://pubmed.ncbi.nlm.nih.gov/34788615
https://pubmed.ncbi.nlm.nih.gov/34788615
https://doi.org/10.1093/carcin/bgr041
https://pubmed.ncbi.nlm.nih.gov/21385828
https://pubmed.ncbi.nlm.nih.gov/21385828
https://doi.org/10.1126/science.aaa0079
https://pubmed.ncbi.nlm.nih.gov/26228140
https://pubmed.ncbi.nlm.nih.gov/26228140
https://elifesciences.org/subjects/cell-biology

s eLife

[44]

[45]

[49]
[50]
[51]

[52]

(53]

[56]
[57]

[58]

Cell Biology

Thibeault S., Rautureau Y., Oubaha M., Faubert D., Wilkes B.C., Delisle C., et al. (2010) S-nitrosylation of
beta-catenin by eNOS-derived NO promotes VEGF-induced endothelial cell permeability. Mol Cell
39:468-476 https://doi.org/10.1016/j.molcel.2010.07.013 | PubMed

Joshi G., Chi Y., Huang Z., Wang Y. (2014) Abeta-induced Golgi fragmentation in Alzheimer's disease
enhances Abeta production. Proc Natl Acad Sci U S A 111:E1230-1239
https://doi.org/10.1073/pnas.1320192111 | PubMed

Qian Q., Zhang Z., Orwig A., Chen S., Ding W.X., Xu Y., et al. (2018) S-Nitrosoglutathione Reductase
Dysfunction Contributes to Obesity-Associated Hepatic Insulin Resistance via Regulating Autophagy.
Diabetes 67:193-207 https://doi.org/10.2337/db17-0223 | PubMed

Li B., Tang ., Yang Q., Li S., Cui X,, Li Y., et al. (2017) NOREVA: normalization and evaluation of MS-
based metabolomics data. Nucleic Acids Res 45:W162-W170 https://doi.org/10.1093/nar/gkx449 |
PubMed

Stout M.B., Tchkonia T., Kirkland J.L. (2015) Growth hormone in adipose dysfunction and senescence.
Oncotarget 6:10667-10668 https://doi.org/10.18632/oncotarget.3997 | PubMed

Xu M., Palmer A K., Ding H., Weivoda M.M., Pirtskhalava T., White T.A,, et al. (2015) Targeting senescent
cells enhances adipogenesis and metabolic function in old age. eLife 4:e12997
https://doi.org/10.7554/eLife.12997 | PubMed

Hughes V.A., Roubenoff R., Wood M., Frontera W.R., Evans W.J., Fiatarone Singh M.A. (2004)
Anthropometric assessment of 10-y changes in body composition in the elderly. Am J Clin Nutr
80:475-482 https://doi.org/10.1093/ajcn/80.2.475 | PubMed

Zamboni M., Armellini F., Harris T., Turcato E., Micciolo R., Bergamo-Andreis LA,, et al. (1997) Effects of
age on body fat distribution and cardiovascular risk factors in women. Am J Clin Nutr 66:111-115
https://doi.org/10.1093/ajcn/66.1.111 | PubMed

Chondronikola M., Volpi E., Borsheim E., Porter C., Annamalai P., Enerback S., et al. (2014) Brown
adipose tissue improves whole-body glucose homeostasis and insulin sensitivity in humans.
Diabetes 63:4089-4099 https://doi.org/10.2337/db14-0746 | PubMed

Vandervoort A.A. (2002) Aging of the human neuromuscular system. Muscle Nerve 25:17-25
https://doi.org/10.1002/mus.1215 | PubMed

Raguso C.A., Kyle U., Kossovsky M.P., Roynette C., Paoloni-Giacobino A., Hans D., et al. (2006) A 3-year
longitudinal study on body composition changes in the elderly: role of physical exercise. Clin Nutr
25:573-580 https://doi.org/10.1016/j.cInu.2005.10.013 | PubMed

Goodpaster B.H., Carlson C.L., Visser M., Kelley D.E., Scherzinger A., Harris T.B., et al. (2001) Attenuation
of skeletal muscle and strength in the elderly: The Health ABC Study. J Appl Physiol 90:2157-2165
https://doi.org/10.1152/jappl.2001.90.6.2157 | PubMed

Kyle U.G., Genton L., Hans D., Karsegard V.L., Michel J.P., Slosman D.O., et al. (2001) Total body mass, fat
mass, fat-free mass, and skeletal muscle in older people: cross-sectional differences in 60-year-old
persons.  Am Geriatr Soc 49:1633-1640 https://doi.org/10.1046/}.1532-5415.2001.t01-1-49272.x |
PubMed

Shoji H., Takao K., Hattori S., Miyakawa T. (2016) Age-related changes in behavior in C57BL/6) mice
from young adulthood to middle age. Mol Brain 9:11 https://doi.org/10.1186/s13041-016-0191-9 |
PubMed

Patil S.S., Sunyer B., Hoger H., Lubec G. (2009) Evaluation of spatial memory of C57BL/6J and CD1 mice
in the Barnes maze, the Multiple T-maze and in the Morris water maze. Behav Brain Res 198:58-68
https://doi.org/10.1016/j.bbr.2008.10.029 | PubMed

Cao )., Zhu Q,, Liu L., Glazier B.J., Hinkel B.C., Liang C., et al. (2018) Global Transcriptome Analysis of
Brown Adipose Tissue of Diet-Induced Obese Mice. Int / Mol 5¢i 19
https://doi.org/10.3390/ijms19041095 | PubMed

Sebag, Neff et al., 2025 eLife 14:RP108145. https://doi.org/10.7554/eLife.108145.2 18 of 26


https://doi.org/10.7554/eLife.108145.2
https://elifesciences.org/?utm_source=pdf&utm_medium=article-pdf&utm_campaign=PDF_tracking
https://doi.org/10.1016/j.molcel.2010.07.013
https://pubmed.ncbi.nlm.nih.gov/20705246
https://pubmed.ncbi.nlm.nih.gov/20705246
https://doi.org/10.1073/pnas.1320192111
https://pubmed.ncbi.nlm.nih.gov/24639524
https://pubmed.ncbi.nlm.nih.gov/24639524
https://doi.org/10.2337/db17-0223
https://pubmed.ncbi.nlm.nih.gov/29074597
https://pubmed.ncbi.nlm.nih.gov/29074597
https://doi.org/10.1093/nar/gkx449
https://pubmed.ncbi.nlm.nih.gov/28525573
https://pubmed.ncbi.nlm.nih.gov/28525573
https://doi.org/10.18632/oncotarget.3997
https://pubmed.ncbi.nlm.nih.gov/25951493
https://pubmed.ncbi.nlm.nih.gov/25951493
https://doi.org/10.7554/eLife.12997
https://pubmed.ncbi.nlm.nih.gov/26687007
https://pubmed.ncbi.nlm.nih.gov/26687007
https://doi.org/10.1093/ajcn/80.2.475
https://pubmed.ncbi.nlm.nih.gov/15277173
https://pubmed.ncbi.nlm.nih.gov/15277173
https://doi.org/10.1093/ajcn/66.1.111
https://pubmed.ncbi.nlm.nih.gov/9209177
https://pubmed.ncbi.nlm.nih.gov/9209177
https://doi.org/10.2337/db14-0746
https://pubmed.ncbi.nlm.nih.gov/25056438
https://pubmed.ncbi.nlm.nih.gov/25056438
https://doi.org/10.1002/mus.1215
https://pubmed.ncbi.nlm.nih.gov/11754180
https://pubmed.ncbi.nlm.nih.gov/11754180
https://doi.org/10.1016/j.clnu.2005.10.013
https://pubmed.ncbi.nlm.nih.gov/16330136
https://pubmed.ncbi.nlm.nih.gov/16330136
https://doi.org/10.1152/jappl.2001.90.6.2157
https://pubmed.ncbi.nlm.nih.gov/11356778
https://pubmed.ncbi.nlm.nih.gov/11356778
https://doi.org/10.1046/j.1532-5415.2001.t01-1-49272.x
https://pubmed.ncbi.nlm.nih.gov/11843996
https://pubmed.ncbi.nlm.nih.gov/11843996
https://doi.org/10.1186/s13041-016-0191-9
https://pubmed.ncbi.nlm.nih.gov/26822304
https://pubmed.ncbi.nlm.nih.gov/26822304
https://doi.org/10.1016/j.bbr.2008.10.029
https://pubmed.ncbi.nlm.nih.gov/19022298
https://pubmed.ncbi.nlm.nih.gov/19022298
https://doi.org/10.3390/ijms19041095
https://pubmed.ncbi.nlm.nih.gov/29642370
https://pubmed.ncbi.nlm.nih.gov/29642370
https://elifesciences.org/subjects/cell-biology

s eLife

[70]

[71]

[72]

(73]

Cell Biology

Villarroya F., Cereijo R,, Villarroya J., Gavalda-Navarro A., Giralt M. (2018) Toward an Understanding of
How Immune Cells Control Brown and Beige Adipobiology. Cell Metab 27:954-961
https://doi.org/10.1016/j.cmet.2018.04.006 | PubMed

Lettieri-Barbato D., Aquilano K. (2020) Aging and Immunometabolic Adaptations to Thermogenesis.
Ageing Res Rev 63:101143 https://doi.org/10.1016/j.arr.2020.101143 | PubMed

Kalathookunnel Antony A., Lian Z., Wu H. (2018) T Cells in Adipose Tissue in Aging. Front Immunol
9:2945 https://doi.org/10.3389/fimmu.2018.02945 | PubMed

Corrales P., Vivas Y., Izquierdo-Lahuerta A., Horrillo D., Seoane-Collazo P., Velasco L, et al. (2019) Long-
term caloric restriction ameliorates deleterious effects of aging on white and brown adipose tissue
plasticity. Aging Cell 18:12948 https://doi.org/10.1111/acel.12948 | PubMed

Jiang Y., Berry D.C., Graff J.M. (2017) Distinct cellular and molecular mechanisms for beta3 adrenergic
receptor-induced beige adipocyte formation. eLife 6 https://doi.org/10.7554/elife.30329 | PubMed

Hsu A.L., Murphy C.T., Kenyon C. (2003) Regulation of aging and age-related disease by DAF-16 and
heat-shock factor. Science 300:1142-1145 https://doi.org/10.1126/science.1083701 | PubMed

Hu J., Miszuk J.M., Stein K.M., Sun H. (2020) Nanoclay Promotes Mouse Cranial Bone Regeneration
Mainly through Modulating Drug Binding and Sustained Release. App! Mater Today 21
https://doi.org/10.1016/j.apmt.2020.100860 | PubMed

Yao Q., Fuglsby K.E., Zheng X., Sun H. (2020) Nanoclay-functionalized 3D nanofibrous scaffolds
promote bone regeneration. / Mater Chem B 8:3842-3851 https://doi.org/10.1039/c9tb02814e |
PubMed

Mihaila S.M., Gaharwar A.K., Reis R.L., Khademhosseini A., Marques A.P., Gomes M.E. (2014) The
osteogenic differentiation of SSEA-4 sub-population of human adipose derived stem cells using
silicate nanoplatelets. Biomaterials 35:9087-9099 https://doi.org/10.1016/j.biomaterials.2014.07.052
| PubMed

Gaharwar A.K., Mihaila S.M., Swami A., Patel A,, Sant S., Reis R.L., et al. (2013) Bioactive silicate
nanoplatelets for osteogenic differentiation of human mesenchymal stem cells. Adv Mater
25:3329-3336 https://doi.org/10.1002/adma.201300584 | PubMed

Xavier J.R., Thakur T., Desai P., Jaiswal M.K., Sears N., Cosgriff-Hernandez E., et al. (2015) Bioactive
nanoengineered hydrogels for bone tissue engineering: a growth-factor-free approach. ACS Nano
9:3109-3118 https://doi.org/10.1021/nn507488s | PubMed

Dong ., Cheng Z., Tan S., Zhu Q. (2021) Clay nanoparticles as pharmaceutical carriers in drug delivery
systems. Expert Opin Drug Deliv 18:695-714 https://doi.org/10.1080/17425247.2021.1862792 |
PubMed

Darcy J., Tseng Y.H. (2019) ComBATing aging-does increased brown adipose tissue activity confer
longevity?. Geroscience 41:285-296 https://doi.org/10.1007/s11357-019-00076-0 | PubMed

Montagna C., Cirotti C., Rizza S., Filomeni G. (2020) When S-Nitrosylation Gets to Mitochondria: From
Signaling to Age-Related Diseases. Antioxid Redox Signal 32:884-905
https://doi.org/10.1089/ars.2019.7872 | PubMed

Mancini C., Gohlke S., Garcia-Carrizo F., Zagoriy V., Stephanowitz H., Schulz T.J. (2021) Identification of
biomarkers of brown adipose tissue aging highlights the role of dysfunctional energy and
nucleotide metabolism pathways. Sci Rep 11:19928 https://doi.org/10.1038/s41598-021-99362-1 |
PubMed

Tanaka T., Basisty N., Fantoni G., Candia J., Moore A.Z., Biancotto A., et al. (2020) Plasma proteomic
biomarker signature of age predicts health and life span. eLife 9 https://doi.org/10.7554/elife.61073
| PubMed

Chouchani E.T., Kazak L., Spiegelman B.M. (2017) Mitochondrial reactive oxygen species and adipose
tissue thermogenesis: Bridging physiology and mechanisms. J Biol Chem 292:16810-16816
https://doi.org/10.1074/jbc.r117.789628 | PubMed

Sebag, Neff et al., 2025 eLife 14:RP108145. https://doi.org/10.7554/eLife.108145.2 19 of 26


https://doi.org/10.7554/eLife.108145.2
https://elifesciences.org/?utm_source=pdf&utm_medium=article-pdf&utm_campaign=PDF_tracking
https://doi.org/10.1016/j.cmet.2018.04.006
https://pubmed.ncbi.nlm.nih.gov/29719233
https://pubmed.ncbi.nlm.nih.gov/29719233
https://doi.org/10.1016/j.arr.2020.101143
https://pubmed.ncbi.nlm.nih.gov/32810648
https://pubmed.ncbi.nlm.nih.gov/32810648
https://doi.org/10.3389/fimmu.2018.02945
https://pubmed.ncbi.nlm.nih.gov/30619305
https://pubmed.ncbi.nlm.nih.gov/30619305
https://doi.org/10.1111/acel.12948
https://pubmed.ncbi.nlm.nih.gov/30920127
https://pubmed.ncbi.nlm.nih.gov/30920127
https://doi.org/10.7554/elife.30329
https://pubmed.ncbi.nlm.nih.gov/29019320
https://pubmed.ncbi.nlm.nih.gov/29019320
https://doi.org/10.1126/science.1083701
https://pubmed.ncbi.nlm.nih.gov/12750521
https://pubmed.ncbi.nlm.nih.gov/12750521
https://doi.org/10.1016/j.apmt.2020.100860
https://pubmed.ncbi.nlm.nih.gov/33225042
https://pubmed.ncbi.nlm.nih.gov/33225042
https://doi.org/10.1039/c9tb02814e
https://pubmed.ncbi.nlm.nih.gov/32219244
https://pubmed.ncbi.nlm.nih.gov/32219244
https://doi.org/10.1016/j.biomaterials.2014.07.052
https://pubmed.ncbi.nlm.nih.gov/25123923
https://pubmed.ncbi.nlm.nih.gov/25123923
https://doi.org/10.1002/adma.201300584
https://pubmed.ncbi.nlm.nih.gov/23670944
https://pubmed.ncbi.nlm.nih.gov/23670944
https://doi.org/10.1021/nn507488s
https://pubmed.ncbi.nlm.nih.gov/25674809
https://pubmed.ncbi.nlm.nih.gov/25674809
https://doi.org/10.1080/17425247.2021.1862792
https://pubmed.ncbi.nlm.nih.gov/33301349
https://pubmed.ncbi.nlm.nih.gov/33301349
https://doi.org/10.1007/s11357-019-00076-0
https://pubmed.ncbi.nlm.nih.gov/31230192
https://pubmed.ncbi.nlm.nih.gov/31230192
https://doi.org/10.1089/ars.2019.7872
https://pubmed.ncbi.nlm.nih.gov/31931592
https://pubmed.ncbi.nlm.nih.gov/31931592
https://doi.org/10.1038/s41598-021-99362-1
https://pubmed.ncbi.nlm.nih.gov/34620947
https://pubmed.ncbi.nlm.nih.gov/34620947
https://doi.org/10.7554/elife.61073
https://pubmed.ncbi.nlm.nih.gov/33210602
https://pubmed.ncbi.nlm.nih.gov/33210602
https://doi.org/10.1074/jbc.r117.789628
https://pubmed.ncbi.nlm.nih.gov/28842500
https://pubmed.ncbi.nlm.nih.gov/28842500
https://elifesciences.org/subjects/cell-biology

s eLife

[84]

(85]

[86]

Cell Biology

Oka Y., Nakazawa Y., Shimada M., Ogi T. (2024) Endogenous aldehyde-induced DNA-protein crosslinks
are resolved by transcription-coupled repair. Nat Cell Biol 26:784-796
https://doi.org/10.1038/s41556-024-01401-2 | PubMed

Mu A., Hira A., Niwa A., Osawa M., Yoshida K., Mori M., et al. (2021) Analysis of disease model iPSCs
derived from patients with a novel Fanconi anemia-like IBMFS ADH5/ALDH2 deficiency. Blood
137:2021-2032 https://doi.org/10.1182/blood.2020009111 | PubMed

Wu D.Y., Li X., Sun Q.R,, Dou C.L.,, Xu T, He H., et al. (2021) Defective chromatin architectures in
embryonic stem cells derived from somatic cell nuclear transfer impair their differentiation
potentials. Cell Death Dis 12:1085 https://doi.org/10.1038/s41419-021-04384-2 | PubMed

Wei W., Li B., Hanes M.A,, Kakar S., Chen X., Liu L. (2010) S-nitrosylation from GSNOR deficiency impairs
DNA repair and promotes hepatocarcinogenesis. Sci Trans! Med 2:19ra13
https://doi.org/10.1126/scitranslmed.3000328 | PubMed

Puca A.A., Daly M., Brewster S.J., Matise T.C., Barrett J., Shea-Drinkwater M., et al. (2001) A genome-
wide scan for linkage to human exceptional longevity identifies a locus on chromosome 4. Proc Nat/
Acad Sci U S A 98:10505-10508 https://doi.org/10.1073/pnas.181337598 | PubMed

Schiattarella G.G., Altamirano F., Tong D., French K.M., Villalobos E., Kim S.Y., et al. (2019) Nitrosative
stress drives heart failure with preserved ejection fraction. Nature 568:351-356
https://doi.org/10.1038/s41586-019-1100-z | PubMed

Shinde A.B., Song A., Wang Q.A. (2021) Brown Adipose Tissue Heterogeneity, Energy Metabolism, and
Beyond. Front Endocrinol 12:651763 https://doi.org/10.3389/fendo.2021.651763 | PubMed

Yoneshiro T., Wang Q., Tajima K., Matsushita M., Maki H., Igarashi K., et al. (2019) BCAA catabolism in
brown fat controls energy homeostasis through SLC25A44. Nature 572:614-619
https://doi.org/10.1038/s41586-019-1503-x | PubMed

Bornstein R., Gonzalez B., Johnson S.C. (2020) Mitochondrial pathways in human health and aging.
Mitochondrion 54:72-84 https://doi.org/10.1016/j.mit0.2020.07.007 | PubMed

Macedo A.P.A., da Silva A.S.R., Munoz V.R., Ropelle E.R., Pauli J.R. (2021) Mitochondrial dysfunction
plays an essential role in remodeling aging adipose tissue. Mech Ageing Dev 200:111598
https://doi.org/10.1016/j.mad.2021.111598 | PubMed

Le Couteur D.G., Solon-Biet S.M., Cogger V.C., Ribeiro R., de Cabo R., Raubenheimer D., et al. (2020)
Branched chain amino acids, aging and age-related health. Ageing Res Rev 64:101198
https://doi.org/10.1016/j.arr.2020.101198 | PubMed

Han H.S., Ahn E., Park E.S., Huh T., Choi S., Kwon Y., et al. (2023) Impaired BCAA catabolism in adipose
tissues promotes age-associated metabolic derangement. Nat Aging 3:982-1000
https://doi.org/10.1038/s43587-023-00460-8 | PubMed

Verkerke A.R.P., Wang D., Yoshida N., Taxin Z.H., Shi X., Zheng S., et al. (2024) BCAA-nitrogen flux in
brown fat controls metabolic health independent of thermogenesis. Cell
https://doi.org/10.1016/j.cell.2024.03.030 | PubMed

Siddik M.A.B., Mullins C.A., Kramer A., Shah H., Gannaban R.B., Zabet-Moghaddam M., et al. (2022)
Branched-Chain Amino Acids Are Linked with Alzheimer’s Disease-Related Pathology and Cognitive
Deficits. Cells 11 https://doi.org/10.3390/cells11213523 | PubMed

Fu Y., Wang Y., Ren H., Guo X, Han L. (2024) Branched-chain amino acids and the risks of dementia,
Alzheimer’s disease, and Parkinson’s disease. Front Aging Neurosci 16:1369493
https://doi.org/10.3389/fnagi.2024.1369493 | PubMed

Zhang Y., He X,, Qian Y., Xu S., Mo C., Yan Z., et al. (2022) Plasma branched-chain and aromatic amino
acids correlate with the gut microbiota and severity of Parkinson’s disease. NP/ Parkinsons Dis 8:48
https://doi.org/10.1038/s41531-022-00312-z | PubMed

El Assar M., Angulo J., Rodriguez-Manas L. (2013) Oxidative stress and vascular inflammation in aging.
Free Radic Biol Med 65:380-401 https://doi.org/10.1016/].freeradbiomed.2013.07.003 | PubMed

Sebag, Neff et al., 2025 eLife 14:RP108145. https://doi.org/10.7554/eLife.108145.2 20 of 26


https://doi.org/10.7554/eLife.108145.2
https://elifesciences.org/?utm_source=pdf&utm_medium=article-pdf&utm_campaign=PDF_tracking
https://doi.org/10.1038/s41556-024-01401-2
https://pubmed.ncbi.nlm.nih.gov/38600234
https://pubmed.ncbi.nlm.nih.gov/38600234
https://doi.org/10.1182/blood.2020009111
https://pubmed.ncbi.nlm.nih.gov/33512438
https://pubmed.ncbi.nlm.nih.gov/33512438
https://doi.org/10.1038/s41419-021-04384-2
https://pubmed.ncbi.nlm.nih.gov/34785659
https://pubmed.ncbi.nlm.nih.gov/34785659
https://doi.org/10.1126/scitranslmed.3000328
https://pubmed.ncbi.nlm.nih.gov/20371487
https://pubmed.ncbi.nlm.nih.gov/20371487
https://doi.org/10.1073/pnas.181337598
https://pubmed.ncbi.nlm.nih.gov/11526246
https://pubmed.ncbi.nlm.nih.gov/11526246
https://doi.org/10.1038/s41586-019-1100-z
https://pubmed.ncbi.nlm.nih.gov/30971818
https://pubmed.ncbi.nlm.nih.gov/30971818
https://doi.org/10.3389/fendo.2021.651763
https://pubmed.ncbi.nlm.nih.gov/33953697
https://pubmed.ncbi.nlm.nih.gov/33953697
https://doi.org/10.1038/s41586-019-1503-x
https://pubmed.ncbi.nlm.nih.gov/31435015
https://pubmed.ncbi.nlm.nih.gov/31435015
https://doi.org/10.1016/j.mito.2020.07.007
https://pubmed.ncbi.nlm.nih.gov/32738358
https://pubmed.ncbi.nlm.nih.gov/32738358
https://doi.org/10.1016/j.mad.2021.111598
https://pubmed.ncbi.nlm.nih.gov/34762939
https://pubmed.ncbi.nlm.nih.gov/34762939
https://doi.org/10.1016/j.arr.2020.101198
https://pubmed.ncbi.nlm.nih.gov/33132154
https://pubmed.ncbi.nlm.nih.gov/33132154
https://doi.org/10.1038/s43587-023-00460-8
https://pubmed.ncbi.nlm.nih.gov/37488415
https://pubmed.ncbi.nlm.nih.gov/37488415
https://doi.org/10.1016/j.cell.2024.03.030
https://pubmed.ncbi.nlm.nih.gov/38653240
https://pubmed.ncbi.nlm.nih.gov/38653240
https://doi.org/10.3390/cells11213523
https://pubmed.ncbi.nlm.nih.gov/36359919
https://pubmed.ncbi.nlm.nih.gov/36359919
https://doi.org/10.3389/fnagi.2024.1369493
https://pubmed.ncbi.nlm.nih.gov/38659706
https://pubmed.ncbi.nlm.nih.gov/38659706
https://doi.org/10.1038/s41531-022-00312-z
https://pubmed.ncbi.nlm.nih.gov/35449203
https://pubmed.ncbi.nlm.nih.gov/35449203
https://doi.org/10.1016/j.freeradbiomed.2013.07.003
https://pubmed.ncbi.nlm.nih.gov/23851032
https://pubmed.ncbi.nlm.nih.gov/23851032
https://elifesciences.org/subjects/cell-biology

s eLife

Cell Biology

[93] TewariD., Sah A.N., Bawari S., Nabavi S.F., Dehpour A.R., Shirooie S., et al. (2021) Role of Nitric Oxide in
Neurodegeneration: Function, Regulation, and Inhibition. Curr Neuropharmacol 19:114-126
https://doi.org/10.2174/1570159x18666200429001549 | PubMed

[94] Hunt N.J., Kang S.W.S., Lockwood G.P., Le Couteur D.G., Cogger V.C. (2019) Hallmarks of Aging in the
Liver. Comput Struct Biotechnol / 17:1151-1161 https://doi.org/10.1016/j.csbj.2019.07.021 | PubMed

[95] Sansbury B.E., Hill B.G. (2014) Regulation of obesity and insulin resistance by nitric oxide. Free Radlic
Biol Med 73:383-399 https://doi.org/10.1016/j.freeradbiomed.2014.05.016 | PubMed

[96] Choi M.S., Jung].Y., Kim H.J., Ham M.R., Lee T.R., Shin D.W. (2016) S-nitrosylation of fatty acid synthase
regulates its activity through dimerization. J Lipid Res 57:607-615
https://doi.org/10.1194/jlr.m065805 | PubMed

[97] Marshall H.E., Hess D.T., Stamler J.S. (2004) S-nitrosylation: physiological regulation of NF-kappaB.
Proc Natl Acad Sci U S A 101:8841-8842 https://doi.org/10.1073/pnas.0403034101 | PubMed

[98] Shinozaki S., Chang K., Sakai M., Shimizu N., Yamada M., Tanaka T., et al. (2014) Inflammatory stimuli
induce inhibitory S-nitrosylation of the deacetylase SIRT1 to increase acetylation and activation of
p53 and p65. Sci Signal 7:ra106 https://doi.org/10.1126/scisignal.2005375 | PubMed

[99] oOvadia H., Haim Y., Nov O., AlImog O., Kovsan J., Bashan N., et al. (2011) Increased adipocyte S-
nitrosylation targets anti-lipolytic action of insulin: relevance to adipose tissue dysfunction in
obesity. / Biol Chem 286:30433-30443 https://doi.org/10.1074/jbc.m111.235945 | PubMed

[100] sabath N., Levy-Adam F., Younis A., Rozales K., Meller A,, Hadar S., et al. (2020) Cellular proteostasis
decline in human senescence. Proc Natl Acad Sci U S A 117:31902-31913
https://doi.org/10.1073/pnas.2018138117 | PubMed

[101] Westerheide S.D., Anckar J., Stevens S.M., Sistonen L., Morimoto R.I. (2009) Stress-inducible regulation
of heat shock factor 1 by the deacetylase SIRT1. Science 323:1063-1066
https://doi.org/10.1126/science.1165946 | PubMed

[102] Gomez-Pastor R., Burchfiel E.T., Thiele D.J. (2018) Regulation of heat shock transcription factors and
their roles in physiology and disease. Nat Rev Mol Cell Biol 19:4-19
https://doi.org/10.1038/nrm.2017.73 | PubMed

[103] Labbadia J., Morimoto R.I. (2015) Repression of the Heat Shock Response Is a Programmed Event at
the Onset of Reproduction. Mo/ Cell 59:639-650 https://doi.org/10.1016/j.molcel.2015.06.027 |
PubMed

[104] Ma X., Xu L., Alberobello A.T., Gavrilova O., Bagattin A., Skarulis M., et al. (2015) Celastrol Protects
against Obesity and Metabolic Dysfunction through Activation of a HSF1-PGC1alpha Transcriptional
Axis. Cell Metab 22:695-708 https://doi.org/10.1016/j.cmet.2015.08.005 | PubMed

[105] Verma N., Perie L., Mueller E. (2020) The mRNA levels of heat shock factor 1 are regulated by
thermogenic signals via the cAMP-dependent transcription factor ATF3. J Biol Chem 295:5984-5994
https://doi.org/10.1074/jbc.ra119.012072 | PubMed

[106] LiY., Wang D., Ping X., Zhang Y., Zhang T., Wang L., et al. (2022) Local hyperthermia therapy induces
browning of white fat and treats obesity. Cell 185:949-966. https://doi.org/10.1016/j.cell.2022.02.004
| PubMed

[107] Jun H., Yu H., GongJ., Jiang J., Qiao X., Perkey E., et al. (2018) An immune-beige adipocyte
communication via nicotinic acetylcholine receptor signaling. Nat Med 24:814-822
https://doi.org/10.1038/s41591-018-0032-8 | PubMed

[108] Scheele C., Wolfrum C. (2020) Brown Adipose Crosstalk in Tissue Plasticity and Human Metabolism.
Endocr Rev 41 https://doi.org/10.1210/endrev/bnz007 | PubMed

[109] Villarroya F., Cereijo R., Gavalda-Navarro A., Villarroya J., Giralt M. (2018) Inflammation of brown/beige
adipose tissues in obesity and metabolic disease. J Intern Med 284:492-504
https://doi.org/10.1111/joim.12803 | PubMed

Sebag, Neff et al., 2025 eLife 14:RP108145. https://doi.org/10.7554/eLife.108145.2 21 of 26


https://doi.org/10.7554/eLife.108145.2
https://elifesciences.org/?utm_source=pdf&utm_medium=article-pdf&utm_campaign=PDF_tracking
https://doi.org/10.2174/1570159x18666200429001549
https://pubmed.ncbi.nlm.nih.gov/32348225
https://pubmed.ncbi.nlm.nih.gov/32348225
https://doi.org/10.1016/j.csbj.2019.07.021
https://pubmed.ncbi.nlm.nih.gov/31462971
https://pubmed.ncbi.nlm.nih.gov/31462971
https://doi.org/10.1016/j.freeradbiomed.2014.05.016
https://pubmed.ncbi.nlm.nih.gov/24878261
https://pubmed.ncbi.nlm.nih.gov/24878261
https://doi.org/10.1194/jlr.m065805
https://pubmed.ncbi.nlm.nih.gov/26851298
https://pubmed.ncbi.nlm.nih.gov/26851298
https://doi.org/10.1073/pnas.0403034101
https://pubmed.ncbi.nlm.nih.gov/15187230
https://pubmed.ncbi.nlm.nih.gov/15187230
https://doi.org/10.1126/scisignal.2005375
https://pubmed.ncbi.nlm.nih.gov/25389371
https://pubmed.ncbi.nlm.nih.gov/25389371
https://doi.org/10.1074/jbc.m111.235945
https://pubmed.ncbi.nlm.nih.gov/21724851
https://pubmed.ncbi.nlm.nih.gov/21724851
https://doi.org/10.1073/pnas.2018138117
https://pubmed.ncbi.nlm.nih.gov/33257563
https://pubmed.ncbi.nlm.nih.gov/33257563
https://doi.org/10.1126/science.1165946
https://pubmed.ncbi.nlm.nih.gov/19229036
https://pubmed.ncbi.nlm.nih.gov/19229036
https://doi.org/10.1038/nrm.2017.73
https://pubmed.ncbi.nlm.nih.gov/28852220
https://pubmed.ncbi.nlm.nih.gov/28852220
https://doi.org/10.1016/j.molcel.2015.06.027
https://pubmed.ncbi.nlm.nih.gov/26212459
https://pubmed.ncbi.nlm.nih.gov/26212459
https://doi.org/10.1016/j.cmet.2015.08.005
https://pubmed.ncbi.nlm.nih.gov/26344102
https://pubmed.ncbi.nlm.nih.gov/26344102
https://doi.org/10.1074/jbc.ra119.012072
https://pubmed.ncbi.nlm.nih.gov/32184357
https://pubmed.ncbi.nlm.nih.gov/32184357
https://doi.org/10.1016/j.cell.2022.02.004
https://pubmed.ncbi.nlm.nih.gov/35247329
https://pubmed.ncbi.nlm.nih.gov/35247329
https://doi.org/10.1038/s41591-018-0032-8
https://pubmed.ncbi.nlm.nih.gov/29785025
https://pubmed.ncbi.nlm.nih.gov/29785025
https://doi.org/10.1210/endrev/bnz007
https://pubmed.ncbi.nlm.nih.gov/31638161
https://pubmed.ncbi.nlm.nih.gov/31638161
https://doi.org/10.1111/joim.12803
https://pubmed.ncbi.nlm.nih.gov/29923291
https://pubmed.ncbi.nlm.nih.gov/29923291
https://elifesciences.org/subjects/cell-biology

7 eLife

Cell Biology

Peer reviews
Reviewer #1 (Public review):

Sebag et al. addressed the role of ADH5 in BAT in the development of aging and metabolic
disarrangements associated with it. This is a follow-up study after the authors' demonstration
of the role of BAT ADHS5 in glucose homeostasis, obesity, and cold tolerance. By ablating ADH5
specifically in brown adipocytes or pharmacologically modulating ADH5 through activation
of its transcription factor, the authors conclude that preservation of BAT function is crucial
for healthy aging and ADHS is causally involved in this process. The topic is appealing given
the rise in the aging population and the unclear role of BAT function in this process. Overall,
the study uses several techniques and addresses several physiological and molecular
manifestations of aging. Therefore, the findings contribute to the growing body of literature
pointing to the biological role of BAT activity in aging.

Comments on revised version:

I have no further comments other than to congratulate the authors on the nice piece of work.
https://doi.org/10.7554/eLife.108145.2.sa2

Reviewer #2 (Public review):

Summary:

This study investigates the role of the enzyme Alcohol Dehydrogenase 5 (ADH5) in brown
adipose tissue (BAT) during aging. BAT is crucial for thermogenesis and energy balance, but
its function and mass diminish with age, contributing to metabolic dysfunction and age-
related diseases. ADH5, also known as S-nitrosoglutathione reductase, regulates nitric oxide
(NO) signaling by removing damaging S-nitrosylation modifications from proteins. The
authors show that aging in mice leads to increased protein S-nitrosylation associated with a
combination of increased Nos2 expression and reduced ADH5 expression in BAT, resulting in
impaired metabolic and cognitive functions. Deletion of ADH5 in BAT accelerates tissue
senescence and systemic metabolic decline. Mechanistically, aging suppresses ADHS5 via
downregulation of heat shock factor 1 (HSF1), a master regulator of protein homeostasis.
Importantly, pharmacologically boosting HSF1 improves BAT function and mitigates both
metabolic and cognitive declines in aged mice. The findings highlight a critical HSF1-ADH5
pathway in BAT that protects against aging-related dysfunction, suggesting that targeting this
pathway may offer new therapeutic strategies for improving metabolic health and cognition
during aging.

Strengths:

This research provides insight into the interplay between redox biology, proteostasis, and
metabolic decline in aging. By showing that age regulates genes that control SNO status in
BAT and further developing a therapy to target ADH5 in BAT to prevent age related decline,
the authors have identified a putative mechanism to combat age related decline in BAT
function.

Weaknesses:
None identified.
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Sebag, Neff et al., 2025 eLife 14:RP108145. https://doi.org/10.7554/eLife.108145.2 22 of 26


https://doi.org/10.7554/eLife.108145.2
https://elifesciences.org/?utm_source=pdf&utm_medium=article-pdf&utm_campaign=PDF_tracking
https://doi.org/10.7554/eLife.108145.2.sa2
https://elifesciences.org/subjects/cell-biology

::"'..', eLife Cell Biology

Congratulations to the authors for this interesting manuscript. I don't want to pat myself on
the back, but I found the increased Nos2 expression in Figure 1C of the revised manuscript

very satisfying, as it reinforces the shift in the regulation of SNO status that happens in BAT
with aging. I appreciate the authors addressing this suggestion.

https://doi.org/10.7554/eLife.108145.2.sa1

Author response:

The following is the authors’ response to the original reviews.

We sincerely thank the reviewers for their thoughtful and constructive comments. We fully
agree that when two independent variables (genotype and age) are being evaluated, the
statistical analysis must appropriately account for both factors and their potential
interaction. We appreciate the reviewers’ guidance in strengthening the statistical rigor of
our study.

In response to this concern, we have carefully reanalyzed the relevant datasets using two-
way ANOVA to properly assess the effects of genotype, age, and their interaction. The
manuscript, figures, and figure legends have been revised accordingly. Specifically:

Figure 1:

The quantification of p16 expression in Fig. 1F has been reanalyzed using two-way ANOVA.
The figure has been replotted, and the corresponding legend has been updated to reflect the
revised statistical approach.

Figure 2:

The quantification of AUC in Fig. 2F has been reanalyzed using two-way ANOVA. The figure
and legend have been updated accordingly.

Figure 3:

The quantification of F4/80 in Fig. 3C and 3D has been reanalyzed using two-way ANOVA. The
figures and corresponding legends have been revised to reflect this updated analysis.

Public Reviews:
Reviewer #1 (Public review):

Sebag et al. addressed the role of ADH5 in BAT in the development of aging and
metabolic disarrangements associated with it. This is a follow-up study after the authors’
demonstration of the role of BAT ADH5 in glucose homeostasis, obesity, and cold
tolerance. By ablating ADH5 specifically in brown adipocytes or pharmacologically
modulating ADH5 through activation of its transcription factor, the authors conclude
that preservation of BAT function is crucial for healthy aging and ADH5 is causally
involved in this process. The topic is appealing given the rise in the aging population and
the unclear role of BAT function in this process. Overall, the study uses several
techniques, is easy to follow, and addresses several physiological and molecular
manifestations of aging. However, the study lacks an appropriate statistical analysis,
which severely affects the conclusions of the work. Therefore, interpretation of the
findings is limited and must be done with caution.

We sincerely thank the reviewer for their thoughtful and constructive comments. We fully
agree that when two independent variables (genotype and age) are being evaluated, the
statistical analysis must appropriately account for both factors and their potential
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interaction. We appreciate the reviewers’ guidance in strengthening the statistical rigor of
our study.

Reviewer #2 (Public review):
Weaknesses:

(1) Sex needs to be considered as a biological variable, at a minimum in the reporting of
the phenotypes observed in this manuscript, but also potentially by further
experimentation. The only mention of sex I could find is that the authors reported the
general protein SNO status in BAT is increased with age in male C57Bl/6J mice. Is this
also true in female mice?

We thank the reviewer for this insightful comment. In response, we examined whether aging
affects Hsf1 and Adh5 transcript levels in wild-type female mice (3 months vs. 19 months).
Our analysis did not reveal significant age-associated changes in the expression of either
gene. These results have now been incorporated into the revised manuscript and are
presented in Figure 4A.

(2) It would be helpful to know the extent of ADH5 loss in the adipose tissue of knockout
mice, either by mRNA or by immunoblotting for ADH5. It could also be helpful to know if
ADH5 is deleted from the inguinal adipose tissue of these mice, especially since they seem
to accumulate fat mass as they age (Figure 2B).

We thank the reviewer for this suggestion. Indeed, we have previously measured ADH5
expression in both brown adipose tissue (BAT) and inguinal white adipose tissue GWAT).
These data were published in Cell Reports (PMID: 3478865).

(3) For Figure 4D, it's not clear how these BAT samples were treated with HSF1A - was this
done in vivo or ex vivo?

We thank the reviewer for their thoughtful comment. We have now provided additional
methodological details in the revised manuscript. In Figure 4D (current Figure 4E), BAT was
collected from wild-type mice and cultured ex vivo as explants. The BAT explants were
treated for 24 hours with HSF1A (an HSF1 activator; 20 pM). Following treatment, mRNA
levels of the indicated genes were measured by RT-qPCR.

| (4) I didn't understand what was on the y-axis in Figure 5A, nor how it was measured.

We apologize for not making these critical points clearer in the initial submission. Figure 5A
shows the release profiles of HSF1A from collagen gels with nanoclay (Collagen-NC-HSF1A)
and without nanoclay (Collagen-HSF1A), determined using an established standard curve
method (Hu et al., PMID: 33225042).

The concentration of HSF1A was quantified by UV-Vis spectroscopy. Briefly, a standard curve
for HSF1A was generated by measuring the UV-Vis spectra of HSF1A at known
concentrations (1.25, 2.5, 5, 10, and 20 uM) prepared in phosphate-buffered saline (PBS).
Collagen gels with or without nanoclay were then fabricated to evaluate the release profile.
At predetermined time points (1, 5, 9, 14, and 21 days), the PBS supernatant from each sample
was collected and analyzed by UV-Vis spectroscopy. The amount of released HSF1A was
calculated using the previously established standard curves. A brief description has now
been included in the figure legend.

| (6) Figure 1B: What is the age of the positive (ADH5BKO) and negative (Adh5 fl) mice?

We regret that we did not describe our results clearly in the first submission and have
included detailed information in the revised manuscript.
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(7) Figure 1F: Can you clarify what I'm looking at in the P16ink4a panels? The red
staining? Is the blue staining DAPI? This is also a problem in Figures 3C, 3D and 5G, and
5I. Figure 4B looks great - maybe this could be used as an example?

We regret that we did not present results clearly in the first submission and have provided
detailed information in these figures in the revised manuscript.

(8) Figure 3B looks a bit odd. Can the approach to measuring IL-18 be clarified, and
could the authors explain why they can't show units of mass for IL-18 levels?

We have provided information in the revised manuscript.

(9) What are the levels of nitric oxide synthase in the BAT of the aging model? Since
protein S-nitrosylation is regulated by a balance of both, the attribution of greater
protein S-nitrosylation to ADH5 is incomplete without determining nitric oxide synthase.

We thank the reviewer for this thoughtful comment. In response, we have now included the
analysis of iINOS transcript expression levels in the revised manuscript. These data are
presented in Figure 1C.

Recommendations for the authors:
Reviewer #2 (Recommendations for the authors):

(2) Presentation of metabolomics is not appropriate. The authors described, using color
coding, the metabolites up- or downregqulated in the experimental design. However, the
current approach does not allow the reader to detect sample size, magnitude of
changes, variability of the data, p-values, etc. This approach does not follow the standard
practices of scientific rigor and should be modified. Metabolomic data could be uploaded
as supplementary data, or a table with all necessary information to allow a full
interpretation of the data should be provided.

We have now provided the the metabolimic data in a table format as Figure 31.

(6) What are the levels of nitric oxide synthase in the BAT of the aging model? Since
protein S-nitrosylation is requlated by a balance of both, the attribution of greater
protein S-nitrosylation to ADH5 is incomplete without determining nitric oxide synthase.

We thank the reviewer for their thoughtful comment. We have now included iNOS transcript
levels expression level in the revised manuscript (Figure 1C).

Minor Comments:

(1) The conclusion of the abstract is somewhat vague. I suggest the authors rewrite it to
better recapitulate what was found in the study.

We thank the reviewers for this helpful suggestion. In response, we have revised the Abstract
to improve the specificity and clarity of our conclusions.

(2) In the introduction, the authors mention that an increased level of mitochondrial ROS
activates UCP1. Given that the evidence for this statement is circumstantial and not
supported by the current state-of-the-art (PMID: 28710335), where it is accepted that
UCP1 activation diminishes ROS production, I suggest that the authors tone down this
statement or at least acknowledge conflicting findings and interpretations.

We thank the reviewer’s insight, we have included this important notion in the introduction.
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(3) Figure 2H - 1t is unclear what this figure (and statistical analysis) represents. Please,
improve the description of the experiment and how the data were plotted to reach such a
conclusion.

We regret that we did not present results clearly in the first submission. The trend lines show
the relationship between body weight and time on rotarod. The P value is the comparison of
the slope of the line between Adh5 BKO mice and Adh5 fl/fl mice. The data implicate that the
heavier the BKO mouse, the less time spent on the rotarod.

(4) Figure 2M - The unit of LV thickness is missing. Please, provide it. In addition, I am
missing the other cardiac parameters obtained from the echocardiogram.

We have included this information in Figure 2M in the revised manuscript.

(5) Figure 2G - I believe force is not the right unit for the grip strength test. Please, revise
accordingly.

We regret that we did not describe our results clearly in the first submission. We have
corrected this unit in the revised figure.

| (6) Figure 3H - What is the unit when reporting mitochondrial area?

We regret that we did not describe our results clearly in the first submission. We have added
this information in the revised figure.

| (7) Is HFS1 also downregulated in iWAT?

We thank the reviewer for this thoughtful comment. In response, we measured Hsf1
expression in iWAT from young and aged wild-type male mice. Our analysis did not reveal
any significant age-associated changes in Hsf1 expression in iWAT. These results have now
been included in the revised manuscript (Figure 4C).

(8) Can the authors explain how HFS1 expression increases upon HSF1 activation? I
understand ADHS5 is controlled by HSF1, but what would control HSF1 itself? Off targets?

We thank the reviewer for this insightful comment. At present, we do not have direct
mechanistic evidence to definitively support this notion, and we cannot exclude the
possibility of off-target effects of HSF1A. However, previous studies have reported that the
HSF1 promoter contains heat shock elements (HSEs) in humans and HSE-like domains in
mice. Based on this, we speculate that activated HSF1 may enhance its own transcription
through an autoregulatory or positive feedback mechanism.

https://doi.org/10.7554/eLife.108145.2.sa0
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