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ARTICLE INFO ABSTRACT

Keywords: Tirzepatide is an anti-obesity drug based on dual agonism of the incretin receptors GLP-1R and GIPR. Its anti-
Tirzepatid'e ) obesity effect is largely based on its action of reducing food intake. However, there are indications that tirze-
br_')WILad:jp?se tissue patide exerts effects on adipose tissues beyond those resulting from fat loss due to reduced food intake. To
mitochondria investigate this, we treated mice, previously been made obese through high-fat diet, with tirzepatide. We also
adipose tissue . . . . . . . . - .

Thermogenesis established an experimental group of mice pair-fed with those treated with tirzepatide, key to distinguish the
Obesity specific effect of tirzepatide from food intake reduction-mediated effects. Both groups experienced similar

reduction in body weight, with a trend toward greater loss in visceral and subcutaneous white fat in mice under
tirzepatide treatment. Glucose tolerance improved in tirzepatide-treated obese mice, independently of reduced
food intake. Tirzepatide treatment also lowered the inflammatory status of obese mice, which in this case, was
attributable to decreased food consumption. Tirzepatide exerted distinct effects on brown adipose tissue relative
to white adipose tissues, significantly boosting thermogenic activity and modifying its gene expression pattern,
including the upregulation of genes linked to thermogenesis and substrate oxidation. White adipose tissues
responded differently, being primarily affected in their lipid metabolism. These effects were specific to tirze-
patide treatment and not attributable to reduced food intake. Our results indicate that tirzepatide affects the
function and metabolism of adipose tissues and especially induces activation of brown adipose tissue in mice,
which may be relevant for future human studies to ascertain the mechanisms of tirzepatide metabolic benefits.

1. Introduction

In recent years, the obesity treatment landscape has advanced
significantly with the development of novel drugs targeting incretin
receptor pathways. Notably, major progress has been made through the
creation of compounds that combine co-agonism of the glucagon-like
peptide-1 (GLP-1) and glucose-dependent insulinotropic polypeptide
(GIP) receptors within a single molecule [1]. These dual agonists were
originally designed to enhance glucose regulation in type 2 diabetes
(T2D) by leveraging the additive insulinotropic effects of both pathways,
while also amplifying weight loss [1,2]. Currently, tirzepatide (TZP) is
the only FDA-approved medication that includes GIP receptor

activation, functioning as a dual GLP-1R/GIPR agonist.

Clinical and preclinical studies show that TZP induces greater weight
loss than GLP-1R agonists alone, likely due to its combined GLP-1R/
GIPR activity [3]. GIPR is more widely expressed than GLP-1R in
distinct cells and tissues, including in adipocytes within adipose tissues,
which suggests multi-organ sites of action of TZP contributing to its
systemic effects on body weight [4,5]. Thus, in animal models, blocking
central GIPR abolished appetite suppression but only partly reduced
weight loss, implying GIPR acts through both central and peripheral
pathways [6]. Only 20 % of TZP’s insulin sensitivity benefit is linked to
weight loss, unlike GLP-1R agonists, where it’s nearly all weight-related
[7,8]. Moreover, experimental treatment with TZP reduces
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inflammation independently of brain GLP-1R [9]. These findings high-
light the need to better understand the mechanisms and sites of action of
TZP, beyond its effects reducing food intake.

A particularly important aspect in this context is the potential of TZP
to affect adipose tissues. White adipose tissue (WAT) stores excess en-
ergy and contributes to fat accumulation under conditions of positive
energy balance, leading to obesity. In contrast, the body also contains
brown adipose tissue (BAT), which is specialized in adaptive thermo-
genesis and plays a protective role against obesity [10,11]. Adipose
tissue is highly plastic, and the so-called beige adipocytes, i.e. thermo-
genic adipocytes resembling brown adipocytes, can emerge within WAT
in conditions of thermogenic stimulus [12].

The direct and indirect actions of incretin-based anti-obesity drugs,
which modify the properties of adipose tissue, are emerging as key
contributors to the systemic health benefits of these treatments. Multiple
studies have reported that GLP-1 receptor agonism may affect WAT
metabolism and it has been proposed to enhance brown and beige fat
activity indirectly, primarily through central nervous system mecha-
nisms that activate the sympathetic nervous system, as well as through
effects on immune cells within adipose depots [13]. GIP receptor ago-
nism, in turn, appears to have a more direct capacity to affect WAT lipid
and glucose metabolism and to promote its thermogenic remodeling by
acting on adipocytes and other cell types within adipose tissue [13].
Given the dual GLP-1R and GIPR agonism present in TZP, its effects on
adipose tissues could help explain the superior weight loss effects of TZP
compared to single GLP-1 receptor agonists. A few experimental studies
have addressed directly the effects of TZP on adipose tissues and found
that TZP increases glucose disposal in WAT, enhances catabolism in BAT
and modulates the regulation of nutrient metabolism of white adipo-
cytes [4,14]. In the current study, we conducted a comprehensive
analysis of the effects of TZP on distinct adipose depots using an
experimental mouse model. While this experimental model has inherent
limitations in relation to human health, it allowed us to use invasive
tissue analysis that helped us elucidate the specific effects of TZP on
different adipose tissue depots and identify BAT as a key target of TZP
action.

2. Materials and methods
2.1. Mouse experimentation

C57BL/6 J male mice were obtained from Harlan Laboratories
(Indianapolis, IN, USA). At 5 weeks of age, the mice were placed on a
high-fat diet (HFD; #D12451, 45 % kcal from fat, Envigo, VA, USA) for
15 weeks, by which time they had developed obesity, defined as a 150 %
increase in body weight compared to standard diet-fed controls.
Following the 15-weeks HFD period, obese mice received treatment with
a hydrosoluble TZP (AdipoGen life sciences, Fuellinsdorf, Switzerland).
TZP was administered daily during 12 days via intraperitoneal (i.p.)
injections at a dose of 10 nmol/kg for 5 days (corresponding to 48 pg/
kg), followed by 20 nmol/kg (corresponding to 96 ug/kg) for an addi-
tional 7 days. TZP powder was diluted in saline to a concentration of
17 pg/ml. Volume of injection was in a range between 80 ul to 130 pl
adapting to every mice weight prior to treatment. Control mice received
saline injections with a volume in a range between 80 ul to 130 pl,
adapting to every mice weight prior to treatment. A pair-fed (PF) control
group, receiving the same amount of HFD consumed daily by the TZP-
treated group and saline injections, was also included. To that end,
each mouse of the TZP group was paired with a mouse displaying similar
body weight prior to treatment. Food consumption was monitored
individually for each animals of the TZP group and supplied for PF group
once a day in the morning. For glucose tolerance tests, mice were fasted
for 6 h and injected by i.p. with glucose (2.5 g/kg in aqueous solution).
Surface temperature at the interscapular BAT site was assessed by
infrared thermography, in the morning, at an ambient temperature of
22°C, 24 h after manual shaving of approximately 6 cm? of the dorsal
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area in mice under light anesthesia with isoflurane. The region of in-
terest (ROI) was defined as a circular area of approximately 1 cm in
diameter, centered on the interscapular depression. The maximum
temperature within this area was measured using a T335 digital infrared
camera (FLIR Systems, Wilsonville, OR, USA) positioned 30 cm away at
an angle of less than 10° from the perpendicular as described before
[15]. 1 picture per animal (7 animals per group) were analyzed with
FLIR Quick Report 1.2 software.

At the end of the experiment, mice were anesthetized and sacrificed
by decapitation. Tissues were rapidly dissected and snap-frozen in liquid
nitrogen for further analysis. Blood was collected for plasma separation
and subsequent analyses. All experiments were performed in accordance
with European Community Council directive 86/609/EEC, and experi-
mental protocols as well as the number of animals, determined based on
the expected effects size, were approved by the Institutional Animal Care
and Use Committee at the University of Barcelona.

2.2. Analysis of circulating parameters

Blood glucose and triglyceride levels were measured using an
Accutrend System (Roche Diagnostics GmbH, Mannheim, Germany).
Non-esterified fatty acid (NEFA) levels were quantified using NEFA-HR
kit (Fujifilm, Barcelona, Spain) and glycerol levels were determined
using free glycerol reagent kit (Sigma-Aldrich, Madrid, Spain). Affinity-
based proteomics analysis of plasma was performed using the Olink
Mouse Exploratory Target 96 panel (Thermo Fisher Scientific) and
employing the COBIOMIC Biosciences laboratory (COBIOMIC, Cérdoba,
Spain). Quantified proteins were selected for extracellular annotation
according to The Human Protein Atlas (https://www.proteinatlas.org),
and the Olink functional categorization of proteins based on UniProt,
KEGG, Gene Ontology, and STRING databases was used, with minor
modifications. Mouse adipokine-endocrine “Multiplex Assay” (Merck
Millipore, MADKMAG-71K-05) was performed using a Luminex 100 IS
version 2 equipment (Luminex, Austin, TX, USA). Mouse adiponectin
ELISA kit (Invitrogen, Madrid, Spain) was used to determine adiponectin
levels in blood.

2.3. Histology

Tissues were fixed overnight in 4 % paraformaldehyde, sectioned at
5 pm thickness, and stained with hematoxylin and eosin (H&E) for
morphological examination. Tissue processing was carried out by the
HCB-IDIBAPS Biobank (B.0000575), part of the ISCIII Biobanks plat-
form, in collaboration with Biomodels. The lipid surface area was
quantified with Image J 2.0 (NIH) using the panel Image > Adjust
> Threshold, as described in [16].

2.4. RNA analyses

RNA was extracted from adipose tissues using a NucleoSpin RNA
column kit (Macherey-Nagel). Reverse transcription of 0.5 pg of total
RNA in a total reaction volume of 20 pL was performed using a high-
capacity complementary DNA (cDNA) kit. Samples were systemati-
cally checked for null amplification in the absence of reverse tran-
scriptase. qRT-PCR was performed using TaqMan probes
(Supplementary material); each 20 pL reaction mixture contained 1 pL
cDNA, 10 pL TagMan Universal PCR Master Mix (Thermo Fisher Sci-
entific) and 250 nM probes. The cDNA level of each gene of interest was
normalized to that of a housekeeping reference gene (Ppia mRNA). The
comparative CT (2 —ACt) method was applied for normalization.
RNAseq data was obtained with the support of Novogene (Cambridge,
United Kingdom). Sample RNA concentration, purity, and integrity
(RIN) were assessed and mRNA was purified from 400 ng total RNA
input material using poly-T oligo-attached magnetic beads. After frag-
mentation, the first strand cDNA was synthesized using random hexamer
primers, followed by the second strand cDNA synthesis. The library was
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ready after end repair, A-tailing, adapter ligation, size selection,
amplification, and purification. The library was checked with Qubit
(Thermo Fisher Scientific), quantified by RT-PCR, and bioanalyzed for
size distribution detection. Quantified libraries were pooled and
sequenced on Illumina platforms (Illumina, Foster City, CA, USA) ac-
cording to effective library concentration and data amount. Bulk data
were retrieved, and clean reads were mapped to the Mus musculus
reference genome GRCm39/mm39 using HISAT2 software version 2.2.1
[17]. Then, gene expression was quantified and normalized using the R
package DESeq2 version 1.24.0, considering library size and composi-
tion. DESeq2 normalized data were used to calculate principal compo-
nents affecting sample distribution. The visualization of the two main
principal components was performed using the R package BiocGenerics
version 0.54.0. Likewise, pairwise correlation values for each sample
were computed taking the log-transformed numerical matrix and
correlated with the R package stats:cor version 3.6.2. Differential
expression analyses between experimental conditions were conducted
with DESeq2. For each gene, the log2 fold change and a Fisher’s exact
test P -value corrected by a 5 % false discovery rate were calculated.
Differential expression was estimated upon an adjusted P -value cutoff of
P < 0.05. Next, differentially expressed genes were employed to perform
functional enrichment annotation analyses and assess pathways affected
between experimental conditions. The R package enrich R version 3.4.0
with annotated Gene Ontology terms for Mus musculus was applied to the
list of differentially expressed genes and biological pathways enrich-
ment analysis performed using Kyoto Encyclopedia of Genes Genomes
(KEGG), Gene Ontology (GO) and Reactome database tools. Raw-count
datasets for the expression of each gene and individual transcript are
available at the EMBL's European Bioinformatics Institute EMBL-EBI
ArrayExpress (EMBL-EBI accession: E-MTAB-15994). RIN, mapping
rates, read counts, list of top up-regulated BAT genes, gene sets and
principal component analysis are available in Supplementary Fig. 4. For
comparison of the transcriptome changes elicited by TZP treatment in
BAT and those caused by cold-induced thermogenic activation of BAT,
the publicly available dataset GSE198046 was used [18].

2.5. Protein analyses

Homogenized tissues were lysed in ice-cold RIPA buffer. Equal
amounts of protein were separated by sodium dodecyl sulfate-
polyacrylamide gel electrophoresis (SDS-PAGE) on 12 % or 15 %
gradient gels and blotted onto PVDF (polyvinylidenedifluoride) mem-
branes. Proteins were probed with specific primary antibodies (dilution
1/1000 for UCP1 and TOM20 antibodies and 1/5000 for OXPHOS an-
tibodies) and HRP-conjugated secondary antibodies (dilution 1/3000
for UCP1 and TOM20 antibodies and 1,/20000 for OXPHOS antibodies)
in combination with chemiluminescence detection. Loading controls
were established using Ponceau staining for each membrane. Each
protein was normalized with its correspondent Ponceau staining.
Quantification was performed using Multi Gauge V3.0 Software (Fuji-
film, Tokyo, Japan).

2.6. Statistical analysis

Data are presented as mean + SEM from a minimum of four animals
per group. Statistical significance was assessed using two-way analysis
of variance (ANOVA), followed by Tukey’s multiple comparisons test
when more than two groups or multiple time points were involved.
Analyses were performed using GraphPad software (GraphPad v9.0
Software Inc., San Diego, CA, USA). Differences were considered sta-
tistically significant at P < 0.05, with individual P-values indicated in
the figure legends.

Biomedicine & Pharmacotherapy 195 (2026) 119057

3. Results

3.1. Effects of TZP treatment on body weight, food intake and glucose
homeostasis in obese mice

Daily treatment of HFD-induced obese mice with 10 nmol/kg/day of
TZP (Fig. 1A) resulted in a progressive reduction in body weight, which
plateaued at approximately 90 % of the initial weight by day 5 following
treatment initiation (Fig. 1B). This weight loss was accompanied by a
marked reduction in food intake, which dropped to about one-third of
that observed in untreated mice shortly after treatment began (Fig. 1C).
After five days, food intake began to recover, coinciding with the sta-
bilization of body weight. To mimic the therapeutic dosing escalation
commonly used in clinical settings, the TZP dose was increased to 20
nmol/kg/day after day 5. This led to a further reduction in body weight,
reaching approximately 80 % of the initial weight one week after
treatment began. A renewed decrease in food intake was observed
following the second dose escalation (Fig. 1B and C). In parallel, a third
group of pair-fed, non-treated mice was included. Their food intake was
matched daily to that of the TZP-treated group throughout the treatment
period. These pair-fed mice exhibited a nearly identical body weight loss
profile to that of the TZP-treated mice, indicating that most of the weight
loss induced by TZP is attributable to reduced food intake (Fig. 1B and
Q).

At the end of the treatment period, TZP-treated mice showed
significantly lower blood glucose levels compared to both untreated
HFD-induced obese mice and pair-fed obese controls (Fig. 1E). Addi-
tionally, only the TZP-treated group exhibited a significant reduction in
triglyceride levels (Fig. 1F). The levels of NEFAs and glycerol were
reduced in the plasma of TZP treated mice, confirming reduced adipose
tissue lipolysis (Figs. 1G and 1H). Notably, TZP-treated mice showed a
marked improvement in glucose tolerance as shown by reduced incre-
mental area under the curve (iAUC) in glucose tolerance tests, whereas
only a mild effect was observed in the pair-fed group (Fig. 1D). These
findings confirm that TZP exerts specific metabolic benefits in obese
mice that go beyond the effects of reduced food intake and weight loss.

3.2. TZP treatment reduces lipid accumulation in white adipocytes and
enhances thermogenic activity in BAT

Adipose tissues analysis at the end of the treatment revealed a sig-
nificant reduction in the size of the inguinal WAT depot (representing
subcutaneous WAT), epididymal WAT (representing visceral WAT), and
BAT in TZP-treated mice compared to control obese mice. In contrast,
the pair-fed group did not show significant reductions in adipose tissue
depot sizes; however, their values were intermediate between those of
the TZP-treated and ad libitum-fed control mice (Fig. 2A).

Histological analysis revealed a significant reduction in the average
adipocyte size in both iWAT and eWAT depots of TZP-treated mice
compared to controls (Fig. 2B). Pair-fed mice did not show a significant
decrease in adipocyte size. In BAT, TZP treatment led to a marked
reduction in the size of lipid droplets (Fig. 2B) within brown adipocytes,
relative to untreated, ad libitum-fed obese mice. Pair-fed mice exhibited
a modest trend toward decreased lipid droplet content, though the effect
was notably less pronounced than in the TZP-treated group. These
findings underscore that TZP exerts significant effects on adipose and
lipid storage, which cannot be explained solely by reduced food intake.

Infrared-based analysis of skin temperature over the interscapular
BAT depot, a surrogate measure of BAT activity, was performed. The
data showed that pair-feeding (i.e., food restriction alone) led to a
reduction in BAT thermogenesis. In contrast, TZP treatment in the
context of the same level of food restriction resulted in a significant
increase in BAT thermogenic activity compared to pair-fed mice,
reaching levels comparable to those of ad libitum-fed controls. (Fig. 2C).
These findings suggest that TZP treatment counteracts the known
decline in BAT activity induced by caloric restriction.
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Experimental design
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Fig. 1. TZP treatment reduces body weight and improves glucose tolerance in obese mice. A) Schematic representation of experimental design. B) Body weight
curve during TZP/saline treatment (day 0-5 10 nmol/kg/day, day 6-12 20 nmol/kg/day). C) Food intake curve during the first week of TZP/saline injection. D)
Glucose tolerance test performed at day 8 of TZP/saline treatment and increment area under the curve (1IAUC). E) Fasted basal glycemia and triglyceridemia (F). G)
Plasmatic levels of non-esterified fatty acids (NEFAs) and glycerol (H). Data are presented as means =+ s.e.m. *P < 0.05, **P < 0.01 and ***P < 0.001 for TZP vs CTL

and PF vs CTL. *P < 0.05, **P < 0.01 and *##P < 0.001 for TZP vs PF. (N ~ 7 animals per group). P-values were determined by two ways ANOVA with Tukey’s post
hoc test for B-C and E- H and repeated measures for D.
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Fig. 2. TZP treatment in obese mice reduces lipid droplets size in fat depots and increases BAT temperature. A) Weight of BAT, iWAT and eWAT tissues
normalized with tibia length. B) Representative H&E-stained histological sections of BAT, iWAT and eWAT of mice injected daily with TZP or saline for 12 days, and
percentage of lipid droplet area quantification. C) Representative thermography images (left) and quantification of BAT temperature (right). Data are presented as
means =+ s.e.m. *P < 0.05, **P < 0.01 and ***P < 0.001 for TZP vs CTL and PF vs CTL. #p < 0.05 and **P < 0.01 for TZP vs PF. (N = 7 animals per group). P-values

were determined by two ways ANOVA with Tukey’s post hoc test.
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3.3. TZP treatment reduces systemic inflammation in obese mice

To further investigate the systemic effects of TZP that may contribute
to improvements in obesity-related metabolic dysfunction, an unbiased,
affinity-based proteomics analysis of plasma was performed. This
approach allows for the quantification of low-abundance circulating
factors. Of the 58 extracellular proteins quantified, six showed signifi-
cant changes in TZP-treated mice (see Supplementary Fig 1 and Sup-
plementary table 1). When protein concentration changes were
categorized into functional groups using the Olink classification, the
“inflammatory/immune” and “enzyme” categories were the most
affected by TZP treatment (Fig. 3A, Supplementary Fig 1). The changes
observed in the “enzyme” category reflected a trend toward down-
regulation of enzymes such as lipoprotein lipase and perilipin-1, which
play key roles in lipid metabolism within adipose tissue. The effects on
“inflammatory/immune”-related proteins were particularly associated
with reduced circulating levels of pro-inflammatory cytokines and
chemokines, including interleukin-1a, interleukin-1p, and chemokine
(CC motif) ligand 5 (Supplementary Fig 1). Further analysis of plasma
using a targeted multiplex cytokine analysis indicated that TZP

A

Cell and tissues
signaling
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treatment caused a significant reduction in tumor necrosis factor-a,
interleukin-6 and monocyte chemoattracting protein-1 (Ccl2) circu-
lating levels (Fig. 3B). This decrease was similarly found in pair-fed
mice. Overall, these results underscore an anti-inflammatory effect of
TZP treatment, largely mediated by the reduction in food intake, which
may play a role in ameliorating the pro-inflammatory state associated
with obesity. Interestingly, leptin levels were down-regulated in the
TZP-treated mice but not in pair-fed mice, consistent with the significant
reduction in eWAT size and the similar trend observed in iWAT size only
in the TZP-treated group. Finally, the levels of adiponectin remained
unchanged (Fig. 3B).

3.4. Differential transcriptomic changes in response to TZP treatment in
adipose tissues

To gain a comprehensive understanding of the effects of TZP treat-
ment on adipose tissues, whole-transcriptome RNA sequencing was
performed. The analysis revealed 1053 differentially expressed genes
(DEGs) in BAT (426 upregulated and 627 downregulated), 525 DEGs in
eWAT (123 up- and 402 downregulated), and 890 DEGs in iWAT (336

Growth factors
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Fig. 3. TZP treatment reduces systemic inflammation in obese mice. A) Representation of the functional categories associated with changes in plasma protein
levels of TZP-treated mice compared with saline-injected controls, as determined by affinity-based proteomics (Olink). B) Blood levels of pro-inflammatory cytokines,
leptin and adiponectin, as determined by Multiplex and ELISA. Data are presented as means = s.e.m. *P < 0.05 for TZP vs CTL. *P < 0.05 and #*#P < 0.01 for TZP vs
PF. (N =5 animals for A and between 4 and 12 animals per group in B). P-values were determined by two ways ANOVA with Tukey’s post hoc test.
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up- and 554 downregulated) (Supplementary Fig 2, Volcano plots).
These DEGs were subjected to KEGG and GO pathway enrichment
analysis to identify the biological pathways affected by TZP treatment.
In BAT, the top pathway affected by TZP was “thermogenesis”, with
“oxidative phosphorylation” also ranking among the most significantly
enriched in KEGG analysis, and this was confirmed by GO analysis of
biological processes and molecular functions which revealed a uniquely
distinct profile (Fig. 4A, B). 24 out of the top 30 enriched GO terms were
related to mitochondrial respiration and biogenesis (Fig. 4B). To confirm
these findings, we compared that profile of changes in the BAT tran-
scriptome caused by TZP treatment with those elicited by activation of
BAT through the classical thermogenic stimulus of cold exposure, as
previously described [18]. Among the genes induced by TZP close to
20 % overlapped with those induced by the thermogenic stimulus of ten
days cold exposure. KEGG analysis revealed that these genes were an-
notated for “Thermogenesis” and “Oxidative phosphorylation” (the
latter corresponding to genes related to mitochondrial function, for
which KEGG also generates identification of pathways related to several
neurodegenerative diseases) (Fig. 4C). Regarding genes which expres-
sion was repressed in BAT by TZP treatment, about 15 % overlapped
with those repressed by cold in BAT (Fig. 4D). In this case, the most
affected pathway was “Complement and coagulation cascade”, a
pathway known to be involved in BAT thermogenic regulation accord-
ing to several previous studies [19]. Overall, these findings support a
robust thermogenic activation of BAT in response to TZP.

On the other hand, the results revealed a striking similarity in the
pathways altered in the two WAT depots (iWAT and eWAT), while BAT
exhibited a distinctly different pattern. Among the top 20 KEGG path-
ways impacted by TZP in WAT, eight were commonly enriched,
including those related to lipid metabolism (e.g., “arachidonic acid
metabolism”, “linolenic acid metabolism” “PPAR signaling”), “retinoid
metabolism”, and pathways associated with insulin sensitivity (e.
g.,”PI3K-Akt signaling™), as well as those involving the extracellular
matrix (Fig. 5A, B). GO analysis confirmed these observations as TZP
treatment was shown again to lead to overlapping changes in iWAT and
eWAT, particularly in lipid and lipoprotein metabolism and extracellular
matrix/collagen homeostasis. A specific enrichment in iWAT (but not
eWAT) was noted for terms related to lymphocyte differentiation and
epigenetic regulation, indicating depot-specific responses (Fig. 5B).
Notably, only two KEGG pathways, “fat digestion and absorption” and
“complement and coagulation cascades”, were commonly affected
across WAT and BAT. Interestingly, thermogenesis did not emerge as an
enriched pathway in iWAT, despite its known browning capacity, unlike
eWAT. To complement the KEGG and GO findings, an independent
Reactome pathway analysis was performed (Supplementary Fig 3). This
analysis reinforced the overlap between iWAT and eWAT responses,
with 9 out of the top 20 pathways commonly enriched. Many of these
involved extracellular matrix regulation, particularly collagen remod-
eling and matrix degradation. In contrast, BAT again showed a distinct
response, with 10 of the top 20 Reactome pathways linked to mito-
chondrial bioenergetic processes, such as the “electron transport chain”,
“TCA cycle”, and several processes related to mitochondrial DNA func-
tion, further supporting enhanced BAT thermogenic activity
(Supplementary Fig 3).

3.5. TZP treatment activates thermogenic oxidative pathways in BAT and
alters lipid metabolism in WAT depots independently of its food intake-

suppressing effects

To validate these findings and determine the extent to which the
effects of TZP on adipose tissue gene expression are independent of
reduced food intake, we conducted a targeted analysis of transcript
levels for key thermogenic marker genes in BAT and WAT depots. This
analysis was performed in obese mice treated with TZP, untreated obese
control mice, and pair-fed mice.

The results revealed a significant upregulation of Ucpl, Dio2, and
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Ppargcla, well-established regulators of thermogenesis [10], as well as
Bmp8b and Cxcl14, two known batokines [20], in BAT from TZP-treated
mice (Fig. 6A, left). Interestingly, AdipoQ expression gene was increased
by TZP even though this was not reflected at systemic level (Fig. 3B).
Furthermore, the expression of genes encoding components of the
mitochondrial respiratory chain and oxidative phosphorylation path-
ways, both nuclear- and mitochondrial genome-encoded, was consis-
tently elevated (Fig. 6A, right). These changes were observed exclusively
in the BAT of TZP-treated mice and were absent in pair-fed controls. In
contrast, no significant alterations in the expression of thermogenic or
mitochondrial genes were detected in iWAT or eWAT under either TZP
or pair-fed conditions (Fig. 6B, C). These findings confirm that TZP en-
hances thermogenic activity specifically in BAT through mechanisms
independent of its effects on food intake. We also examined gene
expression in WAT depots for pathways previously identified by RNAseq
to be modulated by TZP treatment. In iWAT, TZP treatment induced
upregulation of genes involved in lipid metabolism, including Scd1,
Fabp1, Acox1, Cpt2, Lpl, Plinl and Plin2, an effect not seen in pair-fed
mice (Fig. 6B). No such gene expression changes were observed in
eWAT (Fig. 6C). Analysis of transcripts associated with ECM remodeling,
including various collagen subtypes and Tgfb1, showed no meaningful
differences in iWAT (Fig. 6B). Expression of some collagen subtypes was
up-regulated (Col3al, Collal) or down-regulated (Col12al) in eWAT
from TZP-treated mice suggesting some affectation of the ECM (Fig. 6C).

3.6. TZP treatment increases UCP1 and mitochondrial respiratory chain/
oxidative phosphorylation-related protein levels in BAT

To confirm the key findings related to the pronounced effects of TZP
on the thermogenesis-associated transcriptome in BAT, we analyzed
protein components involved in the thermogenic and mitochondrial
oxidative metabolism in BAT (Fig. 7). Data indicated that TZP treatment
increased UCP1 levels as well as respiratory complex subunits SDHB
(Complex II) and COXI (Complex IV) protein levels. This effect was
observed exclusively in TZP-treated group for UCP1 and SDHB, but also
in the pair-fed group for COXI, indicating that reduced food intake
partially contributed to the effects observed in the TZP-treated mice.
Moreover, TZP treatment increased the TOM20 protein levels, indi-
cating that TZP may enhance mitochondrial mass in BAT.

4. Discussion

TZP treatment is a potent anti-obesity intervention that leads to
significant body weight loss, primarily through reduced food intake [2].
However, emerging evidence suggests that TZP may exert specific ef-
fects on adipose tissues beyond the weight loss attributable to decreased
caloric intake [13]. In the present study, we aimed to investigate the
direct effects of TZP on adipose tissues using an experimental rodent
model.

TZP treatment significantly reduced food intake and body weight in
mice previously made obese by a HFD. In addition, TZP improved gly-
cemia and glucose tolerance independently of food intake reduction,
consistent with the incretin effects of GLP-1 and GIP receptor agonism in
TZP [1,2]. Moreover, TZP reduced systemic inflammation and, in this
case, the reduction in food intake appears to account for most of this
effect. However, our results strongly indicate that TZP affects adipose
tissues independently of its weight-reducing effects associated with
decreased food intake. Specifically, we found that TZP increases BAT
activity, as demonstrated by the induction of thermogenic activity, a
marked upregulation of thermogenic gene expression, and enhanced
mitochondrial oxidation parameters following treatment. Previous
studies have suggested that TZP targets BAT; some of the reported effects
were mainly related to changes in catabolic pathways and
branched-chain amino acid metabolism within BAT [14,21]. Our find-
ings point to a broader and more direct activation of BAT thermogenesis
and oxidative activity. Our current findings pointing to BAT activation
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in response to TZP are consistent with previous observations indicating
enhanced energy expenditure in mice treated with TZP [22,23],
considering the important role of BAT activity in adaptive energy
expenditure in rodents. However, we did not find evidence of a massive
alteration in energy expenditure in our experimental setting, as
TZP-treated mice showed unchanged body weight when food intake was
matched. It is possible that TZP-induced BAT activation was not suffi-
cient to influence overall energy balance and is instead more likely
involved in regulating specific metabolic processes through substrate
utilization, such as glucose, or through the secretory activity of activated
BAT and its known systemic metabolic effects [20]. On the other hand,
the effects of TZP on BAT may involve both centrally-mediated indirect
actions through GLP-1 receptor agonism [24] and more direct effects
through GIP receptor agonism, supported by evidence of GIPR expres-
sion in distinct brown adipocytes and other cell populations within BAT
[25]. Although tirzepatide activates both GIPR and GLP-1R, the adipose
tissue-specific nature of the observed molecular changes, together with
the known expression of GIPR, but not GLP-1R, in adipocytes [13],
suggests a predominant role for GIPR signaling, although indirect
GLP-1R-mediated effects cannot be excluded. Recent data point to a key
capacity of GIPR activation in BAT to modulate systemic lipid meta-
bolism in mice [26]. Thus, the dual GLP-1R and GIPR agonism charac-
teristic of TZP is likely to underly the observed BAT activation.

In WAT depots, TZP also exerted specific effects that were indepen-
dent of reduced food intake. These included particularly alterations in
lipid metabolism and other metabolic parameters appearing in mice
treated with TZP but unrelated to the decrease in food intake. While
both eWAT and iWAT depots were affected, the effects were more
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pronounced in iWAT, suggesting a potentially greater susceptibility of
subcutaneous WAT to TZP. The reduction in lipolysis observed in TZP-
treated mice, likely reflecting insulin-like actions on adipose tissue,
together with the increased expression of fatty-acid oxidation genes
(Acox1, Cptl, Cpt2) in iWAT, indicates that TZP promotes fatty-acid
oxidation within WAT rather than fatty-acid release, at least in the
inguinal depot. In this context, the well-established depot-specific
regulation of lipid metabolism between iWAT and eWAT, including the
reduced ability of insulin to suppress lipolysis in eWAT compared with
iWAT in diet-induced obese mice [27] is consistent with the differential
effects of TZP on lipid metabolism in these two adipose depots. How-
ever, despite the strong activation of BAT and the known browning
potential of iWAT, we did not observe signs of browning in iWAT
following TZP treatment. This absence is notable given that iWAT is
particularly responsive to browning stimuli. One possible explanation is
that the relatively short duration of TZP treatment in our experimental
protocol was insufficient to trigger the browning process. Nonetheless,
some extent of browning of WAT has been reported to occur within
7-9 days of exposure of diet-induced obese mice to established brown-
ing inducers such as cold or 3-adrenergic agonists [28,29]. Therefore, a
preferential effect of TZP on activating existing BAT, rather than
inducing the browning of WAT cannot be ruled out. Although longer
tirzepatide exposure may promote further adipose tissue remodeling,
the absence of early browning markers after 12 days, a time frame suf-
ficient for classical pharmacological browning stimuli, such as
B3-adrenergic agonist treatment, to induce robust effects, suggests that
tirzepatide is not a strong driver of iWAT browning under these condi-
tions. In any case, TZP treatment was able to affect WAT depots
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metabolism specifically and independently from reduced food intake
given the differences in histological appearance and lipid metabolism
gene expression found in TZP-treated mice when compared with
pair-fed mice.

Despite the power for invasive analysis of tissue alterations in
response to TZP provided by our preclinical model, the current study has
the obvious limitation of using a rodent model to advance in a health
issue such as how therapy agents act to protect against obesity. Also, the
number of mice used in our study was limited in accordance with ethical
constraints and animal welfare regulations, although similar group sizes
have been previously used in analogous experimental studies [21].
Nonetheless, this should be considered when interpreting the results,
particularly for endpoints with smaller effect sizes. Moreover, the
important effects of TZP inducing BAT activity reported here should be
interpreted within a human context. Some inter-species differences in
response to TZP have been reported. First, it appears that the GIPR
agonism present in TZP is weaker upon mouse GIPR than human GIPR
[30]. Moreover, it has been recently found that, whereas TZP clearly
induce energy expenditure in mice (which is markedly consistent with
our observation of increased BAT activity), it does not appear to do so in
humans despite TZP increase lipid oxidation in patients [13]. However,
any potential effects of TZP in human BAT wouldn’t necessarily result in
increased energy expenditure. BAT activity in humans is not only related
to obesity protection but also, independently from body weight changes,
in protection against type 2 diabetes and cardiovascular disease [11]
likely because of BAT-derived signaling affecting systemic metabolism
[20]. In our experimental model, TZP exerted several systemic effects
that were distinct from those observed in pair-fed mice, including
improved glucose tolerance. It can be hypothesized that, in addition to
its incretin effect, TZP-induced BAT activation contributes to these
protective outcomes. In any case, the significance in humans of the
current observation of a strong BAT activation in mice treated with TZP
warrants further research.

There are contradictory data indicating no effect [31] or enhance-
ment [32,33] of BAT activity in response to GLP-1R agonism in humans,
and 6 days of subcutaneous GIP infusion can increase the temperature of
the supraclavicular area, which is a primary site of BAT depots [34].
However, the effects of TZP as combining GLP-1R and GIPR agonism on
BAT have not yet been assessed in humans. The ongoing TABFAT clinical
trial focused to ascertain the potential of TZP treatment to enhance BAT
activity in women living with obesity using 18F-FDG-PET/CT mea-
surements [35] is expected to provide relevant information in this re-
gard. Thus, assessment of BAT activity in individuals treated with TZP
using 18F-FDG-PET/CT, the gold-standard method for quantifying
active BAT in humans [36], is warranted to determine the capacity of
TZP to activate BAT in humans. In this context, the initiation of the
TABFAT clinical trial has reported; although results are not yet avail-
able, the study is designed to ascertain the potential of TZP treatment to
enhance BAT activity in women living with obesity [35]. Although it
remains a very limited practice in human experimental research, the
possibility of obtaining BAT biopsies from volunteers could be
cautiously considered [37] to further elucidate the effects of TZP on
human BAT, where ethically and technically feasible. Given the relative
invasiveness of PET/CT scans, complementary approaches may also be
employed more extensively in the future, including the less precise but
reliable indirect assessments of BAT activity using non-invasive infrared
thermography applied to regional BAT depots [38]. These methods may
help further expand our understanding of the effects of TZP on human
BAT activity.

In conclusion, our pre-clinical study allowed us to identify effects of
TZP on adipose tissues distinct from those attributable to its weight
reducing impact resulting from reduced food intake. Different adipose
depots respond differently to TZP, with BAT activation emerging as a
major target of its action. Our study is not without limitations, including
the fact that it was conducted only in male mice. Therefore, the need for
future studies in females is evident, given the importance of considering
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potential sex-related differences in the response to TZP and the known
sex-dependent variation in BAT activity [39]. Moreover, our findings
based on an animal model highlight the need for further research in
humans to clarify the potential role of BAT activation in the therapeutic
effects of TZP as an anti-obesity drug.
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