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Abstract

Thermoregulatory dysfunction is a major pathophysiological consequence of aging, affect-
ing many elderly individuals. Growth hormone secretagogue receptor (GHSR) regulates
energy homeostasis and immune function. We previously showed that global GHSR dele-
tion improves thermogenic adaptation of brown adipose tissue (BAT) in aging, but the
responsible cell type remained unclear. GHSR is expressed in macrophages, and its expres-
sion in macrophages increases with aging. Here, we studied myeloid-specific Ghsr-deleted
male mice (LysM-Cre; Ghstf denoted as “KO”) to assess their metabolic and immune
responses to cold stress at young and old ages. Old mice showed impaired thermoge-
nesis, marked by reduced core body temperature under 4 °C cold exposure, a blunted
cold-induced increase in glucose levels, reduced BAT mass, and increased infiltration of
pro-inflammatory CD38" macrophages in BAT. In contrast, KO mice exhibited enhanced
cold tolerance in both young and old mice. Notably, aged KO mice showed preserved BAT
mass and a pronounced shift in resident macrophages toward an anti-inflammatory state.
Consistently, aged KO mice showed reduced pro-inflammatory markers (Ccl2, Nos2) and
increased expression of the thermogenic gene Ppargcla and UCP1 protein under cold expo-
sure. Together, these findings demonstrate that macrophage GHSR drives age-associated
pro-inflammatory remodeling of BAT, and that its deletion promotes an immune environ-
ment favorable for thermogenic activation. Thus, targeting macrophage GHSR may offer a
new therapeutic strategy to restore thermogenesis and enhance thermal resilience in aging.

Keywords: ghrelin; growth hormone secretagogue receptor (GHSR); aging; thermogenesis;
inflammation; macrophages; brown adipose tissue (BAT)

1. Introduction

Aging is associated with declines in thermogenic capacity and metabolic flexibility,
thereby increasing susceptibility to cold intolerance and illnesses in older individuals [1,2].
This decline is driven by reduced mass and activity of brown and beige adipocytes, result-
ing in impaired non-shivering thermogenesis [3,4]. Although the mechanisms by which
aging affects brown adipose tissue (BAT) remain incompletely understood [5], it has been
suggested that mitochondrial dysfunction and reduced sympathetic stimulation might
be the major contributors [6]. In contrast to the decline in thermogenic brown and beige
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fat, energy-storing white adipose tissue—particularly visceral fat depots—expands with
age [7-9]. This imbalance between thermogenic and energy-storing adipose depots further
aggravates metabolic homeostasis and exacerbates thermal instability in the elderly [10,11].

Chronic low-grade inflammation is a hallmark of aging and has been shown to modu-
late adipose tissue function [12], yet the role of immune remodeling of BAT in thermogene-
sis remains poorly defined. It has been postulated that inflammation alters the immune
landscape within adipose tissues, which in turn influences the thermogenic capacity [13].
Through the polarization functionality, macrophages regulate thermogenesis to modulate
adipose tissue homeostasis [14,15]. Pro-inflammatory M1-like macrophages create an in-
flammatory environment that suppresses beige adipocyte development. This inflammatory
state reduces the expression of uncoupling protein (UCP1), a key mitochondrial protein
that generates heat by uncoupling oxidative phosphorylation [16-19]. In contrast, anti-
inflammatory M2-like macrophages promote beige adipocyte development and increase
UCP1 expression, thereby enhancing thermogenic activity [16-19]. While macrophage
polarization has been extensively studied in thermogenic regulation under conditions such
as cold exposure and obesity [16-19], its contribution to BAT dysfunction during aging
remains largely unexplored.

The growth hormone secretagogue receptor (GHSR) is a G protein-coupled receptor
(GPCR) that mediates the effects of the nutrient-sensing hormone ghrelin [20,21]. While
traditionally studied in the context of appetite and energy balance, GHSR has recently
been implicated in immune regulation and thermogenesis, particularly under conditions of
physiological stress such as aging and high-fat diet (HFD)-induced obesity [22,23]. GHSR
is mainly expressed in the brain, where it mediates ghrelin’s orexigenic effect; it is also
expressed in macrophages, where its expression is elevated in aging and obesity and
positively correlated with pro-inflammatory macrophage polarization [22,23]. Functional
studies have shown that Ghsr deficiency reduces macrophage infiltration and inflammatory
cytokine production in epididymal white adipose tissue (eWAT) and promotes an anti-
inflammatory phenotype in peritoneal macrophages, including decreased CD38" M1-like
populations and cytokine output under diet-induced obesity [23].

Thermogenesis is a key process that governs metabolic dysregulation in aging. We
have reported that GHSR modulates thermogenic responses in aging; GHSR suppresses
thermogenesis in BAT and has a direct effect in brown adipocytes [24]. Specifically, we
showed that Ghsr-null mice exhibit increased expression of thermogenic genes and im-
proved cold tolerance [24,25]; moreover, selective Ghsr deletion in AgRP neurons enhances
(33-adrenergic receptor signaling and UCP1 expression in BAT [26]. Together, these findings
indicate an essential role for GHSR in thermogenic regulation during aging. The data
support that GHSR modulates central thermogenic control through AgRP neurons. In
contrast, the cellular mediators of GHSR action in adipose-derived thermogenesis remain
unresolved, as our previous study relied on a global GHSR knockout model.

Aging is associated with extensive immune reprogramming, particularly innate im-
mune cells such as macrophages, which underlies chronic low-grade inflammation (“inflam-
maging”) and contributes to age-related functional impairments, including thermogenic
dysregulation [27,28]. Given the link among impaired thermogenesis, immune dysregu-
lation, and age-related metabolic decline, this study investigates how myeloid GHSR in
aging affects immune and metabolic adaptations to cold stress in BAT and WAT using our
macrophage-specific GHSR knockout mice (LysM-Cre; Ghs#”).
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2. Materials and Methods
2.1. Animals

The Ghsr floxed mice were fully backcrossed onto a C57BL /6] genetic background [29].
Using the Cre-Lox system, myeloid-specific Ghsr-deficient (KO) mice were produced by
crossing fully backcrossed Ghs#f (WT) mice with the commonly used myeloid-specific
LysM-Cre mice (JAX stock 4781) as we previously described [30]. Male mice were used
in the experiments, and WT littermates served as controls. The mice were housed at
the Texas A&M University animal facility (College Station, TX, USA) under controlled
housing conditions, with a 12-h light/dark cycle (lights on at 6:00 AM and off at 6:00 PM)
and an ambient temperature of 75 £ 1 °F, with unrestricted access to food and water.
Young mice were 3-5 months of age, and old mice were 23 months of age at the time
of experimentation. Mice were anesthetized with 1.5-3.0% isoflurane in oxygen prior to
euthanasia. All experimental protocols were approved by the Institutional Animal Care
and Use Committee (IACUC) and were conducted in compliance with relevant guidelines
and regulations.

2.2. Cold Challenge

Core body temperatures were recorded using a TH-8 Thermalert monitoring ther-
mometer equipped with a rectal probe (Physitemp Instruments Inc., Clifton, NJ, USA) [29].
Mice in the control group were housed individually at room temperature (RT; 22 £ 1 °C),
whereas mice in the cold stress group were housed individually at 4 °C for 4 h, with unre-
stricted access to food and water. Body temperature was measured every hour during this
period. After the final measurement, the mice were euthanized, and the tissues were col-
lected, rapidly frozen in liquid nitrogen, and then stored at —80 °C for subsequent analysis.

2.3. Blood Glucose, Body Weight, and Adipose Tissue Measurement

Blood glucose levels were measured in young and old male mice using commercially
available OneTouch Ultra glucose meter and test strips (LifeScan, Malvern, PA, USA). To
monitor body weight changes throughout the study, a digital precision scale was used
to weigh the mice at specific time points. Measurements were taken both before and
after the 4-h exposure to 4 °C. At the end of the study, different fat depots were collected
immediately, including eWAT, iWAT, and BAT. Each tissue was weighed using a digital
precision scale after removing any excess connective tissue to ensure accuracy. The samples
were then snap-frozen in liquid nitrogen and stored at —80 °C for future analysis.

2.4. Isolation and Flow Cytometry Analysis of Svf of Adipose Tissues

The stromal vascular fraction (SVF) from adipose tissues was isolated following previ-
ously established protocols [31,32]. Briefly, eWAT, iWAT, and BAT were dissected; finely
minced; and then incubated in RPMI 1640 medium supplemented with 1 mg/mL collage-
nase type I (Worthington Biochemical, Lakewood, NJ, USA). The digestion was carried out
in a 37 °C water bath for 30-45 min with agitation. The resulting suspension was passed
through a 70 um nylon mesh filter to remove undigested tissue fragments and centrifuged at
2200 g to separate the floating adipocytes from the pelleted SVF cells. SVF pellets were col-
lected and washed for downstream flow cytometry analysis. For flow cytometry, an equal
amount of SVF cells was resuspended in 100 L PBS and washed twice with FACS buffer
(PBS with 2% fetal bovine serum, pH 7.4). Non-specific binding was blocked by incubating
cells with anti-mouse FcyR II/1II antibody (BD Biosciences, San Jose, CA, USA) for 15 min
on ice. Cells were stained for 30 min on ice with the following fluorophore-conjugated
anti-mouse antibodies: CD45-BV510 (BioLegend, San Diego, CA, USA), Ly6G-A700 (Bi-
oLegend), CD11b-APC/Cy7 (BD Biosciences), F4/80-PE/Cy7 (eBioscience), CD38-PE (BD
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Biosciences), CD206-Alexa Fluor 488 (BioLegend), and CX3CR1-BV421 (BD Biosciences).
After surface staining, cells were washed and incubated with viability dye (7-AAD, BD
Biosciences) to exclude dead cells. Flow cytometry data were acquired using a MoFlo
Astrios EQ cell sorter (Beckman Coulter, Indianapolis, IN, USA) and analyzed with Flow]o
software (version 10.10.0; Tree Star Inc., Ashland, OR, USA). Adipose tissue macrophage
subpopulations were defined using flow cytometry as CD45*Ly6G~CD11b*F4/80High infil-
trating macrophages and CD45*Ly6G~ CD11b*F4/80°" resident macrophages, following
previously established criteria [23], and as illustrated in Figure A2.

2.5. RNA Isolation and gPCR

Total RNA was extracted using Aurum™ Total RNA Mini Kit (Bio-Rad Laborato-
ries, Hercules, CA, USA), following the protocols provided by the manufacturer [33].
To eliminate any contaminating genomic DNA, RNA samples were treated with DNase
(Ambion, Austin, TX, USA). Complementary DNA (cDNA) synthesis was carried out
using the SuperScript™ III First-Strand Synthesis System (Invitrogen, Carlsbad, CA, USA)
in accordance with the manufacturer’s guidelines. Quantitative real-time PCR was con-
ducted as previously described [34]. The following primers (5'-3') were used: Nos2 for-
ward TCCTGGAGGAAGTGGGCCGAAG and reverse CCTCCACGGGCCCGGTACTC;
1116 forward TGTTCTTTGAAGTTGACGGACCC and reverse TCATCTCGGAGCCTG-
TAGTGC; Tnf forward GAGAAAGTCAACCTCCTCTCTG and reverse GAAGACTCCTC-
CCAGGTATATG; Ccl2 forward TCAGCCAGATGCAGTTAACGC and reverse TGATC-
CTCTTGTAGCTCTCCAGC; Ucp1 forward GTGAAGGTCAGAATGCAAGC and reverse
AGGGCCCCCTTCATGAGGTC; Trem2 forward CTGGAACCGTCACCATCACTC and re-
verse CGAAACTCGATGACTCCTCGG; Tgfb1 forward CGCCATCTATGAGAAAACC and
reverse GTAACGCCAGGAATTGT; Ppargcla forward TTTTTGGTGAAATTGAGGAATGC
and reverse CGGTAGGTGATGAAACCATAGCT; and Pparg forward TCTTA ACTGCCG-
GATCCACAA and reverse GCCCAAACCTGATGGCATT. Quantitative PCR data were
normalized to peptidylprolyl isomerase A (Ppia). Primer sequences were as follows: for-
ward, 5-CTAAAGCATACAGGTCCTGGCATCTTG-3'; reverse, 5'-TGCCATCCAGCCAT
TCAGTCTTG-3'.

2.6. Western Blotting

Western blotting was performed following standard protocols. Briefly, tissue sam-
ples were homogenized in RIPA lysis buffer (Millipore Sigma, #20-188, Burlington, MA,
USA) supplemented with Halt™ Protease Inhibitor Cocktail, EDTA-free (Thermo Scien-
tific, #87785, Waltham, MA, USA) and Halt™ Protease and Phosphatase Inhibitor Cocktail
(Thermo Scientific, #78444, Waltham, MA, USA). Protein concentrations were determined
using a BCA assay kit (Pierce, Rockford, IL, USA). Equal amounts of protein (10 pg per lane)
were separated using 10% SDS-PAGE and transferred to PVDF membranes (Bio-Rad). Mem-
branes were blocked in 5% BSA in TBS-T and incubated overnight at 4 °C with primary
antibodies, including rabbit anti-UCP1 (1:1000, ab10983, Abcam, Waltham, MA, USA) and
rabbit anti-p-actin (1:1000, Cell Signaling Technology, Danvers, MA, USA, #4970). HRP-
conjugated secondary antibody goat anti-rabbit IgG, HRP-linked (1:5000, Cell Signaling
Technology, 7074) was used. Glucose-6-phosphatase (G6PC) and phosphoenolpyruvate
carboxykinase 1 (PCK1, PEPCK) antibodies used in Western blotting were from Invitrogen
(PA5-42541) and Abcam (ab70358), respectively. Protein bands were visualized using the
Clarity™ Western ECL Substrate (Bio-Rad, #1705061) and imaged with a chemilumines-
cence detection system.
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2.7. Statistical Analyses

Statistical analyses were performed using GraphPad Prism 6.01. Data are presented as
mean + SEM. Comparisons between two groups were conducted using independent ¢-tests.
Experiments involving multiple groups with two independent variables were analyzed
using two-way ANOVA followed by Tukey’s post hoc test. Statistical significance was
defined as p < 0.05, and differences between groups were indicated by different letters.

3. Results
3.1. Thermogenic and Glycemic Responses to Cold Stress Are Impaired in Aging

To assess the effect of aging on thermogenesis, core body temperature was monitored
in young and old WT mice during a 4-h 4 °C cold exposure (Figure 1A). Under room
temperature, old mice had lower core body temperatures than young mice (p < 0.05). Both
groups showed an initial drop in temperature during the first hour of cold exposure, later
when young mice partially recovered, old mice showed a continued decline. At the 2- and
3-h time points, body temperatures in old mice remained significantly lower than young
mice (p < 0.01), indicating impaired thermoregulation with aging.
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Figure 1. Old mice exhibit reduced thermogenic and glycemic response to cold stress. Young and
old mice were either kept at room temperature (RT) or subjected to cold stress (CS) at 4 °C for 4 h.
(A) Core body temperature measured during the 4-h cold exposure period at 4 °C; (B) Blood glucose
(n = 6-8 mice/group); (C) Key liver enzymes: PCK1 and G6PC; (D) Body weight; (E) Percentages
of epididymal, inguinal, and brown adipose tissues were measured. n = 5-14 mice/group, data are
presented as mean + SEM. * p < 0.05, ** p < 0.01, young vs. old. Statistical differences were assessed
by independent ¢-test or two-way ANOVA followed by Tukey’s multiple comparisons test. Groups
sharing the same letter are not significantly different, groups with different letters are significantly
different (p < 0.05), and groups labeled “ab” do not differ significantly from groups labeled “a” or “b”.

Next, we assessed glycemic response to cold exposure. Old mice showed lower
blood glucose levels at baseline (p < 0.05). Four-hour cold exposure led to elevated blood
glucose levels in young mice (p < 0.001), whereas old mice showed no significant change
(Figure 1B). Glucose is produced by the liver and is tightly controlled by key hepatic
enzymes. Phosphoenolpyruvate carboxykinase 1 (PCK1, PEPCK) catalyzes the rate-limiting
step of the gluconeogenic pathway, whereas glucose-6-phosphatase (G6PC) mediates the
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final step, directly regulating hepatic glucose output. Consistent with glucose levels, our
Western blot analyses showed that hepatic PCK1 (PEPCK) and G6PC protein levels were
significantly increased in young mice in response to cold but failed to increase in old mice
under cold (Figure 1C). These results indicate that the glycemic response to cold stress is
impaired with aging, limiting the ability of old mice to mobilize glucose from the liver for
heat production.

Short-term cold exposure did not significantly affect body weight or adipose tissue
percentage in either young or old mice (Figure 1D). In contrast, aging was associated with
a significant increase in body weight and eWAT /iWAT (Figure 1E). In contrast, BAT mass,
a key site of thermogenesis, was significantly reduced in old mice (Figure 1D), which is
consistent with reduced capacity for cold adaptation in old mice.

3.2. Aging Increases CD45% Immune Cells in eWAT and Infiltrating Macrophages in BAT

Previous studies have underscored the role of inflammation in regulating adipose
tissue function and thermogenesis [13,35]. However, how aging differentially affects
immune cell composition across distinct adipose depots remains unclear. To address
this important question, we isolated the stromal vascular fraction (SVF) from eWAT,
iWAT, and BAT to assess depot-specific immune remodeling. In eWAT, SVF analysis
revealed a significant increase in CD45" immune cells with aging (Figure 2A), while the
total macrophage population was not significantly altered. Similarly, the proportions of
CD38* and CD206* macrophages—representing pro- and anti-inflammatory phenotypes,
respectively—remained unchanged with aging in eWAT (Figure 2A). Aging-induced im-
mune changes were less pronounced in iWAT than in eWAT, as CD45" immune cells and
macrophage subsets remained unchanged by aging (Figure 2B). On the other hand, in BAT,
aging led to a drastic increase in infiltrating macrophages (IM) and a significant rise in
pro-CD38* IM, indicative of enhanced inflammatory M1-like polarization (Figure 2C). In
contrast, the population and polarization state of resident macrophages (RM) remained
unchanged (Figure 2C). These findings indicate that the IM macrophage population is
integral part of aging-associated immune remodeling in BAT.

3.3. Young Myeloid GHSR KO Exhibited Higher Body Temperature After 4-h Cold Exposure

We previously reported that GHSR plays a key role in regulating thermogenesis [24,36].
In the previous studies conducted with whole-body Ghsr deletion, the role of macrophage
GHSR in the regulation of cold-induced physiological responses remain undetermined. To
understand the role of macrophage GHSR in thermogenesis, we assessed cold exposure
responses in young myeloid Ghsr knockout (KO) and wild-type (WT) mice by measuring
core temperature, glucose levels, body weight, and adipose composition (Figure 3). Both
WT and KO mice showed a reduced body temperature during 4-h cold exposure, but
KO mice maintained a higher temperature at 4 h after cold exposure (Figure 3A). Young
mice in both genotypes exhibited a significant elevation in blood glucose after 4 h of cold
exposure, but there was no difference in glucose levels between genotypes (Figure 3B). The
analysis at termination showed that there were no significant differences in body weight
(Figure 3B) or in eWAT, iWAT, or BAT percentages between WT and KO mice under either
room temperature or cold exposure (Figure 3D). Furthermore, flow cytometry analysis
showed no significant differences in the immune profiles in BAT between young KO and
WT mice (Figure Al).
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Figure 2. Aging increases CD45% cells in eWAT and selectively elevates CD38* infiltrating
macrophages in BAT. Inmune cell populations were analyzed using flow cytometry in the stromal
vascular fraction (SVF) isolated from (A) epididymal white adipose tissue (eWAT), (B) inguinal white
adipose tissue (iWAT), and (C) brown adipose tissue (BAT). Independent ¢-test, n = 4-8 mice/group,
data are presented as mean + SEM. ** p < 0.01, young vs. old. IM, infiltrating macrophages
(CD45*Ly6G~CD11b*F4/80M18h); RM, resident macrophages (CD45*Ly6G~ CD11b*F4/80M0%),
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Figure 3. Young myeloid GHSR KO mice show elevated core body temperature with no changes
in blood glucose, body weight, or adipose tissue mass. Young KO and WT mice were subjected to
RT or CS for 4 h. (A) Core body temperature during 4 °C cold exposure. (B) Blood glucose at 4 h
time points after cold exposure. (C) Body weight and (D) relative weights of epididymal, inguinal,
and brown adipose tissues were measured after cold exposure. n = 6-8/group, data are presented as
mean + SEM. * p < 0.05, WT vs. KO. Statistical differences were assessed by independent t-test or
two-way ANOVA followed by Tukey’s multiple comparisons test. Groups sharing the same letter are
not significantly different, groups with different letters are significantly different (p < 0.05).
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3.4. Old Myeloid GHSR KO Maintained Higher Body Temperature During Cold Exposure

We next examined the effects of myeloid Ghsr deletion in old mice. Previous studies
suggest that GHSR functions as a nutrient-sensing receptor that becomes more responsive
under physiological stress conditions, such as aging and diet-induced obesity, as increased
inflammation under these conditions promotes metabolic dysfunction [22,23,37]. While
both WT and KO mice experienced decreased core body temperature during cold exposure,
remarkably KO mice maintained significantly higher temperature than WT mice at 2 h,
3 h and 4 h time points (Figure 4A). In contrast to young mice, the blood glucose did
not differ between genotypes at either temperature condition (Figure 4B), indicating that
KO is not able to rescue cold-induced glycemic impairment in old mice. At termination,
the body weight did not differ between genotypes under either temperature conditions
(Figure 4B). Adipose tissue analysis showed no significant differences in eWAT, iWAT, and
BAT percentages between KO and WT mice (Figure 4D).
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Figure 4. Old myeloid GHSR KO mice exhibit elevated body temperature under cold exposure,
with no significant differences in blood glucose, body weight, and adipose tissue mass. Old KO and
WT mice were exposed to RT or CS at 4 °C for 4 h. (A) Core body temperature during 4 h of cold
exposure, (B) blood glucose at 4 h time point after cold exposure, (C) body weight, and (D) relative
weights of epididymal, inguinal, and brown adipose tissues were measured in old KO and WT
mice. n =7-15 mice per group, data are presented as mean + SEM. * p < 0.05, WT vs. KO. Data
were analyzed using either an independent t-test or two-way ANOVA followed by Tukey’s multiple
comparisons test. Groups not sharing the same letter are significantly different (p < 0.05).

3.5. Old Myeloid GHSR Knockout Mice Display Decreased Pro-Inflammatory Resident
Macrophages and Increased Anti-Inflammatory Resident Macrophages in BAT

Given the central role of immune cells in thermogenic function in adipose tissues,
we examined whether Ghsr deficiency influences immune cell composition in the adipose
depots. We profiled immune cell populations in the SVF of eWAT, iWAT, and BAT of old
WT and KO mice to assess the depot-specific immune alterations. No significant differ-
ences were observed between genotypes in eWAT and iWAT, in either total macrophage
abundance or the proportions of pro-inflammatory CD38" and anti-inflammatory CD206*
macrophages (Figure 5A,B). Interestingly, BAT of KO mice showed a marked reduction in
resident macrophages, while infiltrated macrophages were unaffected (Figure 5C). More-
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over, there was an intriguing differential programming of resident macrophages in BAT:
pro-inflammatory CD38* resident macrophages were decreased, while anti-inflammatory
CD206* resident macrophages were increased (Figure 5C). These findings strongly suggest
that Ghsr deficiency selectively impacts resident macrophages and shifts them toward an
anti-inflammatory state in aging.
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Figure 5. Old myeloid GHSR KO mice exhibit reduced total resident macrophages with decreased
CD38* but increased CD206™ resident macrophage subpopulations in BAT. Immune cell populations
were analyzed using flow cytometry in SVF isolated from (A) epididymal white adipose tissue (eWAT),
(B) inguinal white adipose tissue (iWAT), and (C) brown adipose tissue (BAT). nn = 4-8 per group.
Data are presented as mean + SEM. * p < 0.05, ** p < 0.01, WT vs. KO. IM, infiltrating macrophages
(CD45*Ly6G~CD11b*F4/80M18M); RM, resident macrophages (CD45* Ly6G~CD11b*F4/80M0%),

3.6. Old Myeloid GHSR Knockout Mice Exhibit Increased Expression of Genes Associated with
Thermogenesis and Anti-Inflammatory Programming in BAT After Cold Exposure

Inflammatory activation in BAT has been shown to control adipocyte remodeling, thus
impairing thermogenesis by suppressing Ucp1 expression [38], whereas anti-inflammatory
pathways promote tissue remodeling to preserve thermogenic maintenance [39]. To further
examine molecular signatures associated with the thermogenesis signature and inflamma-
tory state in BAT, we measured the expression of thermogenesis-related (Ucp1, Ppargcla,
Pparg), pro-inflammatory (Ccl2, Il1b, Nos2, Tnf), and anti-inflammatory (Mrc1, Argl, Trem?2,
Tgfb1) genes (Figure 6). Cold exposure markedly increased Ucpl and Ppargcla expression
in both WT and KO mice (Figure 6A). While Ucp1 gene expression did not differ between
WT and KO mice, Ppargcla was elevated in KO mice. In addition, Pparg expression was
significantly higher in KO mice. While UCP1 gene expression was not changed, we de-
tected higher UCP1 protein expression in KO mice under cold stress (Figure 6B), which
suggests the regulation occurs at the translation not transcription level. Collectively, these
results suggest that while both genotypes respond to cold exposure, myeloid-specific GHSR
deletion enhances the translational activation of thermogenic and associated metabolic
regulators, leading to cold-induced metabolic remodeling in BAT.
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Figure 6. Cold-exposed myeloid GHSR KO mice show increased thermogenic and anti-inflammatory
gene expression but decreased pro-inflammatory markers in BAT. (A) To assess cold-induced in-
duction, thermogenic markers (Ucpl, Ppargcla, Pparg) in BAT were quantified using qPCR and
expressed relative to that of WT mice at room temperature. (B) UCP1 protein levels were measured
and compared between WT and KO mice under CS. (C) Pro-inflammatory (Cci2, II1b, Nos2, Tnf) and
anti-inflammatory (Mrc1, Arg1, Trem2, Tgfb1) genes in BAT were quantified using gPCR and expressed
relative to that of WT mice after cold exposure. n = 5-9 per group. All values were normalized to
housekeeping genes and are presented as mean + SEM. * p < 0.05, ** p < 0.01, WT vs. KO. Statistical
differences were assessed by independent ¢-test or two-way ANOVA followed by Tukey’s multiple
comparisons test. Groups sharing the same letter are not significantly different, groups with different
letters are significantly different (p < 0.05), and groups labeled “ab” do not differ significantly from
groups labeled “a” or “b”.

Consistent with our flow cytometry data showing an anti-inflammatory shift in
Figure 5C, we also observed that KO mice have reduced expression of pro-inflammatory
genes (Ccl2, Nos2) and increased expression of anti-inflammatory genes (Argl, Tgfb1)
(Figure 6C), supporting an immune environment in BAT that favors thermogenic function.
Together, these findings indicate that myeloid GHSR deficiency enhances cold-induced ther-
mogenesis by suppressing inflammatory responses and promoting an anti-inflammatory
immune state that promotes thermogenesis in BAT.

4. Discussion

Aging impairs thermogenic capacity, but the contribution of immune remodeling
within BAT to this impairment is poorly defined. Here, we demonstrate that BAT undergoes
depot-specific pro-inflammatory macrophage enrichment in aging, and that myeloid GHSR
deficiency reverses this adverse remodeling and restores cold defense capacity.
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Our results showed that old mice exhibited reduced BAT mass compared with young
mice, were unable to maintain core body temperature, and lost the ability to mobilize
glucose from liver under cold stress (Figure 1). Specifically, the BAT of the old mice
exhibited a marked enrichment of infiltrating macrophages, as evident in CD38" pro-
inflammatory infiltrating macrophages (Figure 2). On the other hand, aging elevated
CD45* immune cells in eWAT but not in iWAT, while macrophage abundance and polariza-
tion remained unchanged in both depots. This depot-specific immune remodeling suggests
that macrophage-driven inflammation in BAT contributes to impaired cold responsive-
ness during aging. Similarly, previous studies have reported that aging impairs brown
adipose tissue thermogenesis [40-42]. Two recent studies identified distinct mechanisms
underlying this decline: one involving integrated stress response-mediated inhibition of
UCP1 translation and the other highlighting defective acylcarnitine metabolism regulated
by the Sirt3-HIF1a-PPAR« signaling axis [40,41]. While inflammation has been frequently
proposed as a driver of thermogenic decline [43-45], direct experimental evidence remains
limited. Our study identified that CD38" pro-inflammatory infiltrating macrophages are
key immune mediators of BAT aging, with their accumulation confined to BAT—but not
eWAT or iWAT—linking depot-specific inflammatory remodeling to reduced cold tolerance
in aging mice. One recent study using single-cell RNA-seq identified pro-inflammatory
and senescent immune cells, suggesting distinct ST00A8* macrophage subsets are accumu-
lated in aged BAT and contribute to thermogenic decline by promoting an inflammatory
microenvironment [46].

Prior works have shown that obesity-induced inflammatory signaling impairs BAT
thermogenesis and mitochondrial function [47-49]. For instance, genetically obese ob/ob
mice and HFD-fed mice both exhibit reduced UCP1 and other thermogenic markers in
BAT, accompanied by increased macrophage infiltration, elevated pro-inflammatory cy-
tokines (e.g., TNF«, IL-6, MCP-1) and higher macrophage markers such as F4/80 and
CD68 [47-49]. At the cellular level, pattern recognition receptor (PRR) activation in cul-
tured brown adipocytes has been shown to trigger inflammatory pathways that attenuate
UCP1 expression and suppress oxygen consumption, further linking inflammation to im-
paired BAT function [50]. Moreover, another study has shown that macrophage depletion
restores thermogenic gene induction in iWAT but not BAT [51], underscoring depot-specific
differences in macrophage influence on thermogenesis. Our findings extend this concept
by demonstrating that pro-inflammatory macrophage accumulation occurs selectively in
BAT rather than WAT in aging and further highlighting depot-specific immune remodeling
that differs from prior studies.

Interestingly, young mice showed a cold-induced rise in blood glucose, whereas
old mice did not, suggesting age-related changes in fuel mobilization from liver during
cold exposure (Figure 1). To our knowledge, no studies have examined this, making the
finding particularly noteworthy. Prior evidence in humans shows that adequate blood
glucose availability is critical for sustaining shivering and thermogenic capacity during cold
exposure [52]. While the role of glucose in supporting thermogenesis in aging remains unex-
plored, the well-documented decline in hepatic gluconeogenesis in aging could restrict fuel
supply and impair cold defense [53,54]. These new insights into hepatic glucose regulation
under cold exposure suggest that metabolic flexibility of glucose production in response to
cold stress is impaired in aging. Further investigation in this area will not only advance our
understanding of cold defense in the elderly but also have important implications for indi-
viduals with diabetes. However, in our study, hepatic gluconeogenic responses remained
unchanged by myeloid-specific Ghsr deletion, suggesting that liver glucose regulation is
not directly coupled to myeloid GHSR-dependent thermogenic adaptation.
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We next tested the thermogenic response of young and old mice with myeloid-specific
Ghsr deletion under 4 °C cold exposure, while KO mice in both age groups showed im-
proved cold tolerance, which was more pronounced in old KO mice (Figures 3 and 4). In
old age, KO mice maintained higher core temperatures and greater BAT mass than WT
controls, without changes in eWAT or iWAT mass or glucose levels. Notably, increased BAT
mass in aged KO mice was observed at RT but not under CS (Figure 4). This pattern may
reflect acute cold-induced sympathetic activation and lipolysis, leading to rapid depletion
of intracellular lipid stores [55,56]; however, increased interindividual variability in adipose
tissue mass in aged mice may also contribute to this complexity of the data interpretation.
Furthermore, BAT of old KO mice showed a specific shift toward fewer pro-inflammatory
CD38" and more anti-inflammatory CD206* resident macrophages (Figure 5), correlated
with a reduced inflammatory gene expression (Figure 6). In line with improved thermoge-
nesis, BAT of old KO mice showed higher thermogenic signature protein and regulatory
genes (Figure 6). Importantly, our results are consistent with prior observations from global
GHSR knockout models, where reduced BAT inflammation and macrophage polarization
toward an M2 phenotype (CD206%) were observed in aged mice, along with decreased
expression of inflammatory markers such as F4/80, MCP-1, TNF-«, and IL-13 [22].

Notably, the immune alterations observed with aging were characterized by increased
infiltration of pro-inflammatory macrophages, whereas myeloid GHSR deficiency pri-
marily shifted the polarization of resident macrophages toward an anti-inflammatory
phenotype. This divergence indicates that aging and GHSR signaling influence distinct
macrophage compartments within BAT. In adipose tissue research, infiltrating monocyte-
derived macrophages are largely associated with pro-inflammatory cytokine production,
while resident macrophages tend to support tissue homeostasis [57]. In BAT, monocyte
recruitment is essential for tissue remodeling and expansion, as monocytes continuously
replenish macrophages that shape BAT architecture and function [58]. In the context of
aging, immune infiltration—including macrophage lineage cells—has been linked to the
establishment of a pro-inflammatory microenvironment that impairs thermogenesis, and
infiltrating macrophages have been shown to play divergent roles depending on physiolog-
ical context [46]. Unlike infiltrating monocyte-derived macrophages, resident macrophages
are generally long-lived and maintain tissue homeostasis under steady conditions [59].
Indeed, our results showed that GHSR signaling regulates the activation state of resident
macrophages rather than driving the recruitment of infiltrating macrophage, highlighting
a distinct role for GHSR in resident macrophage function. Collectively, our findings sup-
port that aging-driven BAT inflammation is largely driven by infiltrating macrophages,
whereas targeting resident macrophage polarization—such as through myeloid GHSR
deletion—may offer a unique approach to restore thermogenic capacity in aging (Figure 7).

This study provides mechanistic insight into the role of myeloid GHSR signaling in
coordinating immune remodeling and thermogenic adaptation in aging brown adipose
tissue. However, all experiments were conducted in male mice, and given established sex
differences in BAT thermogenesis and immune regulation, future studies including females
would be beneficial to determine whether these mechanisms are sex specific [60,61]. In
addition, thermogenic responses were inferred from core body temperature without direct
measurements of shivering, activity, or energy expenditure; thus, future studies incorpo-
rating telemetry and indirect calorimetry will be needed to more precisely distinguish
shivering from non-shivering thermogenesis. Lastly, although UCP1 protein abundance
was increased in KO mice despite unchanged Ucpl mRNA levels, this dissociation alone
does not establish translational regulation. Alternative mechanisms, including altered pro-
tein stability, changes in BAT cellular composition, or other post-transcriptional processes,
may contribute to the observed increase in UCP1 protein. Direct assessment of translational
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control and protein turnover, such as polysome profiling or analysis of ISR signaling, will
be required to define the underlying mechanism.
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Figure 7. Schematic model of aging- and GHSR-mediated macrophage remodeling in BAT thermoge-
nesis. The top panel illustrates the effect of aging, which promotes the accumulation of infiltrating
CD38* pro-inflammatory macrophages in BAT, leading to impaired thermogenic activity. The bottom
panel depicts the effect of myeloid Ghsr knockout, which suppresses resident CD38* macrophages
while enriching CD206™ anti-inflammatory macrophages to promote anti-inflammatory immune pro-
gramming that subsequently leads to increased thermogenic remodeling to restore BAT thermogenic
capacity in aging. Arrows indicate the direction of change.

In summary, our studies uncovered macrophage GHSR as a critical regulator of
thermogenic and immune adaptation to cold stress. We demonstrated that aging impairs
thermogenic capacity by exacerbating pro-inflammatory remodeling of BAT, showing
selective accumulation of CD38* infiltrating macrophages. Importantly, myeloid Ghsr
deletion preserved thermogenic capacity in both young and aged mice, with a much
more pronounced effect in old mice. Aged knockout mice exhibited a remarkable shift in
resident macrophage polarization toward an anti-inflammatory state. Gene and protein
expression analyses further support that myeloid GHSR deletion remodels macrophages in
BAT, thus enhancing thermogenic activation in BAT during cold stress and highlighting
the role of macrophage GHSR in coordinating immunometabolic adaptations that sustain
thermogenic function during aging. Collectively, these findings highlight macrophage
GHSR as a potential therapeutic target to counteract immunometabolic decline and preserve
adaptive thermogenesis in aging.

5. Conclusions

In summary, our investigation of the myeloid-specific Ghsr knockout model (LysM-Cre;
Ghsf mice) demonstrates that GHSR in macrophages drives pro-inflammatory immune
remodeling in BAT during aging. Loss of myeloid GHSR promotes an anti-inflammatory
immune reprogramming, enhancing thermogenic gene expression and improving BAT
functional responsiveness. These findings suggest that targeting myeloid GHSR may
represent a therapeutic strategy to restore thermogenic capacity and bolster metabolic
resilience in the elderly. More broadly, our work highlights the critical role of immune-
metabolic crosstalk in BAT aging and identifies macrophage signaling as a promising
avenue for combating age-related metabolic decline.
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KO Ghsr Knockout
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Figure A1l. Macrophage flow gating strategy to distinguish between infiltrating macrophages and
resident macrophages in SVF of adipose tissues. (A) Sequential gating strategy used for macrophage
identification. (B) Representative flow cytometry plots showing infiltrating and resident adipose
tissue macrophage populations and its FMO controls.
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Figure A2. Young KO mice exhibit an immune profile comparable to WT controls. Immune cell
populations were analyzed using flow cytometry in SVF isolated from BAT (1 = 3 per group). Data
are presented as mean = SEM.
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