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Tirzepatide induces a thermogenic-like amino
acid signature in brown adipose tissue
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ABSTRACT

Objectives: Tirzepatide, a dual GIP and GLP-1 receptor agonist, delivered superior glycemic control and weight loss compared to selective GLP-1
receptor (GLP-1R) agonism in patients with type 2 diabetes (T2D). These results have fueled mechanistic studies focused on understanding how
tirzepatide achieves its therapeutic efficacy. Recently, we found that treatment with tirzepatide improves insulin sensitivity in humans with T2D
and obese mice in concert with a reduction in circulating levels of branched-chain amino (BCAAs) and keto (BCKAs) acids, metabolites associated
with development of systemic insulin resistance (IR) and T2D. Importantly, these systemic effects were found to be coupled to increased
expression of BCAA catabolic genes in thermogenic brown adipose tissue (BAT) in mice. These findings led us to hypothesize that tirzepatide may
lower circulating BCAAs/BCKAs by promoting their catabolism in BAT.

Methods: To address this question, we utilized a murine model of diet-induced obesity and employed stable-isotope tracer studies in com-
bination with metabolomic analyses in BAT and other tissues.

Results: Treatment with tirzepatide stimulated catabolism of BCAAs/BCKAs in BAT, as demonstrated by increased labeling of BCKA-derived
metabolites, and increases in levels of byproducts of BCAA breakdown, including glutamate, alanine, and 3-hydroxyisobutyric acid (3-HIB).
Further, chronic administration of tirzepatide increased levels of multiple amino acids in BAT that have previously been shown to be elevated in
response to cold exposure. Finally, chronic treatment with tirzepatide led to a substantial increase in several TCA cycle intermediates (a-
ketoglutarate, fumarate, and malate) in BAT.

Conclusions: These findings suggest that tirzepatide induces a thermogenic-like amino acid profile in BAT, an effect that may account for

reduced systemic levels of BCAAs in obese IR mice.
© 2022 The Author(s). Published by Elsevier GmbH. This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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1. INTRODUCTION

The dramatic worldwide rise in the prevalence of obesity and type 2
diabetes (T2D) over the past 50 years [1,2], coupled with a lack of
optimal therapeutics, has recently fueled the discovery and develop-
ment of next generation diabetes medications [3,4]. Multi-receptor
agonists harnessing the activity of the glucose-dependent insulino-
tropic polypeptide (GIP) and glucagon-like peptide-1 (GLP-1) receptors
are at the forefront of a new era of novel therapies designed for treating
metabolic diseases [5]. Tirzepatide is a dual GIP and GLP-1 receptor
agonist that has demonstrated improved glycemic control and superior
weight loss when compared to treatment with selective GLP-1 receptor
(GLP-1R) agonists in patients with T2D [6,7]. These clinical findings
have prompted interest in gaining a better understanding of mecha-
nism(s) by which tirzepatide achieves its therapeutic benefit.

An attractive feature of multi-receptor agonists is the ability to inter-
vene at complementary regulatory pathways, an attribute that is likely
important in combating the complexity of metabolic disease. Physio-
logically, weight loss results in an improvement in the symptoms of
T2D [8], however, a major limitation of such interventions is that body
weight is often regained, with parallel reversal of improvements in
glycemic control [8,9]. Importantly, treatment with tirzepatide appears
to deliver both weight-dependent and -independent benefits in gly-
cemic control [5]. For example, post-hoc analyses indicate that in
subjects with T2D, some of the glycemic benefits associated with
tirzepatide treatment are driven by weight-independent insulin sensi-
tization [10]. Further, tirzepatide-mediated insulin sensitization in
participants with T2D is accompanied by lowering of several circulating
biomarkers associated with development of systemic insulin
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resistance (IR) and T2D, including circulating triglycerides, branched-
chain amino acids (BCAAs), and branched-chain ketoacids (BCKAS)
[11,12].

In accordance with findings in humans treated with tirzepatide,
hyperinsulinemic-euglycemic clamp studies in mice with obesity-
induced IR show that tirzepatide promotes insulin sensitization [13].
In obese IR mice, we observed that tirzepatide improved insulin
sensitivity to a greater extent than GLP-1R agonism, and that this effect
was largely independent of body weight loss [13]. Further, tirzepatide
was found to mediate this through engagement of the GIPR, and the
effect was accompanied by a reduction in circulating levels of BCAAs
and BCKAs [13]. Mechanistically, consistent with the expression profile
of the GIPR [13], these whole-body effects are associated with in-
duction of genes linked with the catabolism of BCAAs in brown adipose
tissue (BAT), including branched-chain amino acid aminotransferase 2
(BCAT2) and branched-chain alpha-keto acid dehydrogenase (BCKDH),
which are mitochondrially located enzymes that catalyze the first and
second steps of BCAA catabolism, respectively [14].

The importance of these data is highlighted by the strong association
between elevated circulating BCAAs/BCKAs, obesity, systemic IR, and
T2D that has consistently been reported in man [14,15]. This leads to a
hypothesis that tirzepatide may exert its therapeutic benefits, at least in
part, by augmenting the oxidation of BCAAs in BAT. Interestingly,
consideration of this concept coincides with the re-discovery of BAT in
adult humans, which has rejuvenated interest in the therapeutic po-
tential of this thermogenic organ [16]. The primary physiological role of
BAT is to help maintain body temperature in response to cold exposure
[17]. To perform this demanding physiological role, BAT has a
remarkable capacity to oxidize a diverse set of circulating nutrients,
including glucose, lipids, and amino acids [18—20]. Intriguingly, recent
studies have shown that activation of BAT-induced thermogenesis
promotes the clearance of circulating BCAAs in humans and mice
[19,21], and conversely, that genetic knockdown of BCKDH in BAT
exacerbates diet-induced obesity [19]. Therefore, the primary objective
of the current investigation was to determine whether tirzepatide
directly promotes the oxidation of BCAAs in BAT. To address this, we
employed stable-isotope tracer studies in combination with metab-
olomic analyses in obese IR mice following chronic treatment with
tirzepatide.

Taking this approach, we found that tirzepatide augments the
catabolism of BCAAs/BCKAs specifically in BAT, as demonstrated by
increased labeling of BCKA-derived metabolites, and increases in
levels of byproducts of BCAA breakdown, including glutamate,
alanine, and 3-hydroxyisobutyric acid (3-HIB). In addition, tirzepatide
increased the levels of multiple essential and non-essential amino
acids and several TCA cycle intermediates in BAT. Together, these
findings suggest that tirzepatide induces a thermogenic-like
metabolite profile in BAT, an effect that may contribute to reduced
circulating BCAAs, improved systemic insulin sensitivity and
increased metabolic rate in response to chronic treatment of obese
mice with tirzepatide.

2. MATERIALS AND METHODS

2.1. Peptide synthesis
Tirzepatide was synthesized at Eli Lilly and Company.

2.2. Mouse GIPR activity

The activities induced by mouse GIP and tirzepatide at the mouse GIPR
were compared using a mouse GIPR GTPyS recruitment membrane
binding assay, as previously described for the human receptor [22].

2.3. Animal studies

All animals were individually housed in a temperature-controlled (~ 24
°C) facility with 12h/12h light/dark cycle. Animal protocols were
approved by the Eli Lilly and Co. IACUC. All studies were conducted in
obese male mice (C57/BL6J). Animals were maintained on a high-fat
diet (consisting of 60% fat, D12492; Research Diets) for 16-weeks,
with free access to food and water before randomization by weight.
Mice received subcutaneous injections with either vehicle (n = 6, 40
mM Tris-HCI pH8) or tirzepatide (10 nmol/kg, n = 6) once a day for 3 or
14-days. The 10 nmol/kg dose of tirzepatide was chosen based on our
prior findings that it elicits clear pharmacological responses in Glp-1r
null mice [13]. Specifically, tirzepatide treatment reduced fasting
glucose, enhanced systemic insulin sensitivity (glucose infusion rate in
a hyperinsulimic-euglycemic clamp), and improved adipose tissue-
specific insulin sensitivity in obese and insulin resistant GLP-1R KO
mice, without impacting body weight [13]. In addition, to control for
weight driven changes in metabolism, a separate cohort of animals
were pair-fed to the same daily food intake as mice dosed with
tirzepatide.

2.4. In vivo stable isotope tracing studies

Two-hours after peptide administration, a baseline blood sample was
collected by tail snip and animals received an intraperitoneal injection
of [U-"3CIKIV (100 mg/kg, Cambridge Isotopes), followed by blood
sampling from the tail vein at 5, 10, and 20 min. Immediately after the
blood collections, the animals were euthanized and tissues were
collected, clamp frozen, and stored at —80 °C.

2.5. Metabolomics analyses

Plasma samples (10 pl) were spiked with 0.2 nmol
[2,3,4,4,4,5,5,5-2Hg]valine (D8 valine, Sigma) and 0.2 nmol [3-
methyl-2Hs-3-2H-1,2,3,4-13C4]2-keto-3-methyl-butyrate (M8 KIV,
Sigma) as internal standards. Samples were then mixed with 1 ml
acetonitrile to precipitate protein by a brief vortex followed by centri-
fugation at 18,000 x g for 30 min. The supernatant was transferred to a
new Eppendorf tube and dried completely under N, gas. The dried
residue was derivatized by adding 40 pl 2% methoxamine in pyridine
solution and incubated at 40 °C for 90 min 20 pl N-tert-Butyldime-
thylsilyl-N-methyltrifluoroacetamide was added for a second derivati-
zation at 80 °C for 30 min. The sample was centrifuged for 15 min at
18,000 g before GC-MS analysis.

For tissue samples, ~15 mg tissue was spiked with 0.2 nmol D8
valine and 0.2 nmol M8 KIV as internal standards. 400 pl methanol
was added to the sample prior to 2-minute homogenization by Tis-
sulyser. 400 pu distilled water and 400 pl chloroform were added into
homogenized sample for another 2-minute homogenization. The
sample was centrifuged for 20 min at 18,000x g and 700 pl super-
natant was dried completely under N, gas. The dried tissue sample
was derivatized using the same protocol as described above for
plasma sample processing.

The GC-MS method was adopted from our previous work [23,24]. GC-
MS analysis was performed on an Agilent 7890B GC system equipped
with a HP-5MS capillary column (30 m, 0.25 mmi.d., 0.25 mm-phase
thickness; Agilent J&W Scientific, Santa Clara, CA), connected to an
Agilent 5977A Mass Spectrometer operating under ionization by
electron impact (El) at 70 eV. Helium flow was maintained at 1 mL/min.
The temperatures of source, MS quad, interface, and inlet were set at
230, 150, 280, and 250 °C, respectively. Mass spectra were recorded
in mass scan mode with m/z from 50 to 700. The stable isotope la-
beling of all measured metabolites was corrected for natural isotope
distribution as previously described [25,26].
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The absolute concentrations of metabolites reported in Figure 1,
Figure 2E—H, Figure 3 A, D, and E, and Figures 4 and 5 were
quantified by GC/MS using external calibration curves of standard
compounds (0.002—4 nmol), with either M8 KIV or M8 valine as in-
ternal standards. M8 KIV was the internal standard for pyruvate and
KIV quantification. M8 valine was the internal standard for other
metabolites. Absolute concentrations of metabolites reported in
Figures 2I, 3B, and 3C were obtained by targeted MS/MS (urea cycle
intermediates) or targeted GC/MS methods (TCA cycle intermediates)
as previously described, with inclusion of appropriate stable isotope-
labeled internal standards (14).

2.6. Amino acid analysis

For data in Figure 6, amino acids were measured using a mass
spectrometry—based targeted approach. Brown adipose tissue bi-
opsies were flash frozen in liquid nitrogen immediately after collection
and stored at —80 °C until LC-MS/MS analysis. Frozen tissue samples
were homogenized with isopropanol using a tissue lyzer. An appro-
priate volume of isopropanol was added to reach a final concentration
of 100 mg/mL. The homogenates were centrifuged for 15 min at 4000
rpm at 4 °C. An aliquot of 25 pL of supernatant was transferred in a
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PCR 96-well plate and 150 pL of acetonitrile-methanol 1:1 v/iv%
extraction solution was added. The extraction solution was spiked with
a mix of stable labeled internal standards. Samples were mixed
thoroughly and incubated at —20 °C overnight. Sample extracts were
then centrifuged for 15 min at 4000 rpm at 4 °C and an aliquot of the
supernatant was transferred into a new PCR 96-well plate, further
diluted 1:1 with the extraction solution, and injected for LC-MS/MS
analysis. A pooled calibrator sample was also created by combining
an aliquot of the same volume from all the extracted samples together.
The pooled calibrator was serially diluted in the extraction solution and
used to create a calibration curve (100% (pooled calibrator), 75%,
60%, 40%, 25%, 10%) for relative quantitation. High-, medium-, and
low-quality control samples were also prepared at 85%, 50%, and
15%). Amino acid data were acquired using a Shidmadzu Nexera X2
UHPLC system coupled to an AB SCIEX 6500+ triple quadrupole mass
spectrometer equipped with an electrospray source. Liquid chroma-
tography was performed using a Waters Acquity BEH Amide (150 mm
x 2.1 mm x 3.5 um particle size) column maintained at 40 °C. Elution
solvents were 10 mM ammonium formate adjusted with 0.1% formic
acid and 0.1% formic acid in acetonitrile. The mobile phases eluted
following a linear gradient. Data were acquired using scheduled
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Figure 1: Tirzepatide augments the catabolism of branched-chain amino acids (BCAAs) in brown adipose tissue (BAT). Obese insulin resistant mice were dosed once daily for 14-
days with vehicle or tirzepatide (TZP (10 nmol/kg), n = 6 per group). Daily body weight (A) and food intake (B). Schematic representation of uniformally-”C labelled alpha-
ketoisovalerat (KIV, [U-13CJKIV) administration protocol (C). Plasma labeling (% and absolute amount) of [U-13%KIV (D and E). The percentage of labelled valine and 3-HIB in
BAT (F). The absolute amounts of labelled valine and 3-hydroxyisobutyrate (3-HIB) in BAT (G). The absolute amounts of unlabeled valine, leucine, isoleucine, 3-HIB (H), glutamate,
alanine, serine and glycine (I) citrate (Cit), alpha-keto glutarate (2-KG), succinate, fumarate (Fum) and malate (Mal) in BAT (J). Data are presented as mean + SEM. Statistical
analyses performed included student unpaired t-test (F-J), two-way ANOVA (A, B, D and E), followed by Dunnett’s multiple comparisons test where appropriate, *p < 0.05.
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Figure 2: Tirzepatide augments catabolism of branched-chain amino acids (BCAAs) in brown adipose tissue (BAT) independent of weight loss. Obese insulin resistant mice were
dosed with vehicle, tirzepatide (TZP (10 nmol/kg)) or pair-fed to TZP daily for 14-days, n = 6 per group. Daily body weight (A) and food intake (B). The percentage of labelled valine
and 3-HIB in liver, BAT and skeletal muscle (SKM, C and D). The absolute amounts of unlabeled valine, 3-HIB, leucine, isoleucine, alanine, glutamate, glycine, serine and urea cycle
intermediates citrulline, ornithine and arginine in BAT (E-I). Data are presented as mean + SEM. Statistical analyses performed included two-way ANOVA (A and B) and one-way
ANAOVA (C-1) followed by Dunnett’s multiple comparisons test where appropriate, *p < 0.05 vs vehicle, *p < 0.05 vs pair-fed.

multiple reaction monitoring mode. All ions were monitored as pro-
tonated species ((M+H]™). For most amino acids, identification was
supported by one qualifier ion monitored in addition to a quantifier ion.
Only analytes detected at the lowest pooled calibrator with signal-to-
noise > 3 and detected in more than 75% of the individual samples
were quantified. Relative quantitation was achieved using a 4 PL
regression model using PRISM 8 (San Diego, CA, USA). Peak areas
were integrated using the AB SCIEX MultiQuant 3.0.2 software. A total
of 36 samples was submitted to statistical analysis, 6 samples per
treatment group (vehicle, tirzepatide 10 nmol/kg (TZP 10 nmol/kg),
pair-fed to tirzepatide (PF)) for two timepoints (day 3 and day 14). For
statistical analysis, amino acid data were log-transformed. One-way
analysis of variance (ANOVA) was performed to assess significance
(unadjusted P < 0.05) between group data distributions. Fold changes
and standard errors were computed between treatment groups (TZP
10 nmol/kg and PF) and vehicle. Heatmaps were generated using log2
transformation of least square means (LSm) using R 3.6.0. Figures
were edited using Adobe Photoshop 2020.

2.7. Statistical analysis

Data are presented as mean + SEM. Statistical analyses performed
included student unpaired t-test, one-way ANOVA or two-way ANOVA,
followed by Dunnett’s multiple comparisons test where appropriate.
Differences were considered significant when p < 0.05%*.

3. RESULTS

3.1. Tirzepatide promotes BCAA catabolism in BAT

In previous studies, we observed that treatment with tirzepatide re-
duces circulating concentrations of BCAAs and BCKAs in obese mice
and in humans [12], while augmenting BCAA catabolic gene expres-
sion in BAT collected from obese IR mice [13]. Therefore, to determine
whether tirzepatide promotes the uptake and catabolism of BCAAs in
BAT, in vivo stable-isotope tracing was used to investigate BCAA
metabolism in obese mice that had been dosed daily for two weeks
with vehicle or tirzepatide. A dose of 10 nmol/kg of tirzepatide was
used in this study because we previously found it to elicit a suite of
pharmacological responses in Gip7r null mice [13]. Specifically, 10
nmol/kg of tirzepatide reduced fasting glucose, enhanced systemic
insulin sensitivity (glucose infusion rate in a hyperinsulinemic-
euglycemic clamp), and improved adipose tissue-specific insulin
sensitivity in obese and insulin resistant Gip-7rKO mice, without
impacting body weight [13].

Human GIP is known to have weaker affinity for the mouse GIPR
compared to the human GIPR [27]. To further and more formally
investigate the ability of tirzepatide to activate the mouse GIPR, we
compared the effects of tirzepatide and mouse GIP (mGIP) using a
mGIPR GTPYS recruitment membrane binding assay [22]. As antici-
pated, mGIP was approximately 20-fold more potent than tirzepatide
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Figure 3: Tirzepatide increases TCA cycle intermediate levels in brown adipose tissue independent of weight loss. Obese insulin resistant mice were dosed with vehicle, tirzepatide
(TZP (10 nmol/kg)) or pair-fed to TZP daily for 14-days, n = 6 per group. The absolute amounts of citrate (A), alpha-ketoglutarate (2-KG, B), succinate (C), fumarate (D) and malate
(E) content in BAT (G and H). Data are presented as mean + SEM. Statistical analysis was performed using a one-way ANAQOVA followed by Dunnett’s multiple comparisons test

where appropriate, *p < 0.05.

(Supplemental Figure 1A) in this assay. This finding aligns with the
original engineering of tirzepatide to target the human GIPR [28], but
also confirms a capacity for tirzepatide to activate the mouse GIPR,
albeit with lesser potency.

As expected, a significant decrease in body weight and food intake was
observed in animals treated with tirzepatide (Figure 1A,B). Following
the treatment period, animals received an intravenous injection of
uniformally-'3C-labeled ketoisovalerate ([U-'3CIKIV), the o.-ketoacid of
valine, followed by blood sampling from the tail vein at 5, 15, and 20
min for measurement of metabolite levels and labeling, using mass
spectrometry (Figure 1C). The o-ketoacid of valine was utilized in our
study because it serves as the immediate substrate for the rate-
determining step in BCAA catabolism, BCKDH. Use of the labeled
ketoacid also allowed us to track labeling of '3C-labeled valine and
13C-labeled 3-HIB in BAT, serving as markers of KIV reamination and
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catabolism, respectively. Consistent with previous findings [29,30],
there was a rapid rise and decline in the total plasma [U-1‘°’C]KIV poolin
both vehicle and tirzepatide treated mice (Figure 1D). Strikingly, within
5-min of label administration, 80% of the plasma KIV pool was labelled
(Figure 1E). Further, by 20-min, plasma [U-'3CIKIV had returned to
near-baseline levels (Figure 1D). There was no effect of tirzepatide
relative to vehicle on the clearance of plasma [U-13C]KIV in this time
frame (Figure 1D,E). To evaluate the impact of tirzepatide on BCAA
catabolism, we examined 3G enrichment of BCAA/BCKA-derived
metabolites in BAT. In vehicle-treated mice, there was robust '3C
labelling of the valine and 3-HIB pools in BAT 20-min after [U-13C]KIV
administration (Figure 1F). Tirzepatide significantly increased percent
labelling of 3-HIB (Figure 1F), and increased the total labeled pool of
valine (19.05 4 2.14 nmol/g and 9.61 + 1.98 nmol/g for tirzepatide
and vehicle, respectively) and 3-HIB (11.19 & 1.96 nmol/g and 2.62 +

Figure 4: Chronic treatment with tirzepatide increases amino acid content in the liver in a weight-dependent manner. Obese insulin resistant mice were dosed with vehicle,
tirzepatide (TZP (10 nmol/kg)) or pair-fed to TZP daily for 14-days, n = 6 per group. The absolute amino acid content in the liver. Data are presented as mean + SEM. Statistical
analysis was performed using a one-way ANAOVA followed by Dunnett’s multiple comparisons test where appropriate, *p < 0.05.
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Figure 5: Chronic treatment with tirzepatide augments amino acid content in skeletal muscle in a weight-dependent manner. Obese insulin resistant mice were dosed with
vehicle, tirzepatide (TZP (10 nmol/kg)) or pair-fed to TZP daily for 14-days, n = 6 per group. The absolute amino acid content in skeletal muscle. Data are presented as
mean 4= SEM. Statistical analysis was performed using a one-way ANAQOVA followed by Dunnett’s multiple comparisons test where appropriate, *p < 0.05.
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Figure 6: Chronic Treatment with Tirzepatide induces a thermogenic-like amino acid profile in brown adipose tissue (BAT). Obese insulin resistant mice were dosed with vehicle,
tirzepatide (TZP (10 nmol/kg)) or pair-fed to TZP daily for 3 or 14-days, n = 6 per group. Effect of TZP on body weight (A) and tissue levels of BCAAs in BAT (B). Statistical analyses
performed included one-way ANOVA and two-way ANOVA. *Unadjusted P < 0.05. **Unadjusted P < 0.01, ***Unadjusted P < 0.001.

0.73 nmol/g for tirzepatide and vehicle, respectively) in BAT (Figure
1G), indicating enhanced KIV reamination and catabolism, respec-
tively. Further, chronic administration of tirzepatide increased total
levels of valine, leucine, isoleucine and 3-HIB (Figure 1H), as well as
levels of other amino acids linked with BCAA catabolism such as
glutamate, alanine, glycine, and serine (Figure 1l) in BAT. The catab-
olism of BCAAs has been shown to directly (via generation of acetyl-
CoA) or indirectly (through anapleorosis) contribute to the generation
of TCA cycle intermediates and thereby metabolic flux in BAT [19,30],
and we found that tirzepatide treatment raised malate, citrate, fuma-
rate, succinate, and a-ketoglutarate levels in BAT (Figure 1J). Collec-
tively, these experiments support the notion that tirzepatide promotes

systemic clearance of BCAA in obese mice via catabolism of these
substrates in BAT.

3.2. Tirzepatide augments BCAA catabolism in BAT independent of
weight loss

Since the impact of tirzepatide on BCAA catabolism in BAT could be
driven by its effect on caloric intake and/or body weight, we added a
pair-feeding arm to an independent tirzepatide treatment arm and
repeated a subset of the metabolic measurements. Obese mice were
pair-fed (PF) to the same daily food intake as animals dosed with
tirzepatide. Chronic treatment with tirzepatide and PF reduced body
weight to a similar extent (Figure 2A,B). Following the two-week
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intervention period, mice received an intravenous injection of [U-13C]
KIV, and 20-min after label administration, organs were harvested for
measurement of '3C enrichment of various metabolites. There was
robust '3C labelling of the valine and 3-HIB pools in liver, skeletal
muscle, and BAT across all experimental groups (Figure 2C,D).
Consistent with results summarized in Figure 1, tirzepatide treatment
resulted in significant increases of the total levels of valine, 3-HIB
(Figure 2E,F), leucine, and isoleucine in BAT (Figure 2G) relative to
the vehicle control group. Tirzepatide treatment also raised the content
of the BCAA catabolic products glutamate, serine, and alanine (Figure
2H), as well as the urea cycle intermediates citrulline and ornithine
(Figure 21) in BAT. Among all of these analytes, the only one increased
significantly by PF in BAT was 3-HIB (Figure 2F). Further, we found that
chronic treatment with tirzepatide, but not PF, robustly augmented
levels of the TCA cycle intermediates o-ketoglutarate, fumarate, and
malate in BAT (Figure 3A—E). Overall, these results suggest that the
effect of tirzepatide treatment on BCAA metabolism in BAT is largely
independent of its effects on food intake and body weight.

Caloric restriction may augment the catabolism of BCAAs in the liver
and skeletal muscle. It was therefore important to determine whether
the food intake/weight-independent effects of tirzepatide treatment on
BCAA metabolism are specific to BAT. To investigate this, we evaluated
the metabolic impact of tirzepatide and pair-feeding in the liver and
skeletal muscle (Figures 4 and 5). Notably, tirzepatide and pair-feeding
had similar effects on BCAA levels and other amino acid species in
these tissues (Figures 4 and 5). Specifically, in the liver, both tirze-
patide treatment and pair-feeding resulted in increased levels of
leucine, isoleucine, glycine, serine, and phenylalanine (Figure 4), while
in skeletal muscle, glycine, methione, and threonine levels were
elevated by both interventions (Figure 5). There was no effect of tir-
zepatide on levels of any of these amino acids in subcutaneous WAT
(Supplemental Figure 1B). Together, these results suggest that weight-
independent effects of tirzepatide treatment on BCAA catabolism occur
mainly in BAT. The data also suggest that the effects of tirzepatide on
liver and skeletal muscle amino acid metabolism may be secondary to
the common effects of the drug and pair-feeding to lower body weight
and affect energy balance.

The thermogenic activity of BAT is characterized by the uptake and
oxidation of glucose, lipids, and amino acids [31]. Thus, we next
sought to determine whether the impact of tirzepatide treatment on
amino acid metabolism is specific to the BCAA catabolic pathway
(valine, leucine, isoleucine, 3-HIB, glutamate, alanine, glycine, and
serine), or whether it involves other amino acid species known to be
oxidized in BAT in response to enhanced energetic demand [32]. To
address this, metabolomics analysis was applied to BAT collected from
tirzepatide-treated obese mice in a time-course study design that
included a pair-feeding arm to help disentangle both the time and
weight/food intake-dependent effects of tirzepatide on amino acid
content in BAT. Over the first 72 h of intervention, weight loss was
identical in animals treated with tirzepatide compared with the pair-fed
group (Figure 6A). Over this time frame, both tirzepatide and PF
resulted in increased tissue content of BCAAs (valine, leucine, and
isoleucine) and their catabolic byproducts (glutamate, alanine, and
serine) (Figure 6B). Strikingly, both interventions also resulted in an
increase in levels of a set of essential (histamine, lysine, phenylalanine,
methione, threonine, and tryptophan) and non-essential (proline,
serine, tyrosine, alanine, arginine, citrulline, and glutamine) amino
acids.

In contrast to the effects of acute treatment, chronic treatment with
tirzepatide over 14 days had a distinct impact on amino acid levels in
BAT when compared to the PF group despite a similar reduction in
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body weight between the two groups (Figure 6A). As expected tirze-
patide, but not PF, robustly increased BCAA levels in BAT relative to
control or PF animals (Figure 6B). Further, tirzepatide treatment
augmented the levels of several other amino acid species, including
arginine, citrulline, histidine, lysine, methionine, phenylalanine, proline,
threonine, tryptophan, and tyrosine relative to either the PF or vehicle-
treated group (Figure 6B). Collectively, these studies indicate that
following chronic treatment, tirzepatide increases the levels of several
amino acid species in BAT, an effect that appears to be largely inde-
pendent of food intake and body weight. We note that the amino acid
signature found in BAT following chronic treatment with tirzepatide is
reminiscent of the amino acid profile that occurs in BAT following cold
exposure, a condition where amino acid uptake is increased to achieve
optimal thermogenic capacity [19,32].

4. DISCUSSION

Treatment with the dual GIP and GLP-1 receptor agonist tirzepatide
provides weight-dependent and -independent insulin sensitization in
patients with T2D [10]. In previous studies in humans and mice, we
found that tirzepatide-mediated weight-independent insulin sensiti-
zation is associated with a reduction in circulating BCAAs/BCKAs, ef-
fects coupled in mice with induction of a BCAA catabolic program in
BAT [13]. Here, we have made direct measurements of BCKA meta-
bolism by applying in vivo stable-isotope tracer studies in combination
with metabolomic analyses in obese IR mice. The major findings of this
new investigation are that tirzepatide treatment in rodents stimulates
the catabolism of BCAAs/BCKAs in BAT. Further, tirzepatide increased
the levels of multiple TCA cycle intermediates in BAT, an effect that
may be associated with increased anaplerosis. Finally, we report that
chronic treatment with tirzepatide raised the levels of multiple amino
acids in addition to the BCAAs in BAT, as has also been reported in
response to cold exposure [19,33,34]. These findings suggest that
tirzepatide is a pharmacologic agent that mimics the effect of cold
exposure on the amino acid profile of BAT.

A limitation of our study is that we did not conduct metabolic labeling
studies in separate cohorts of mice treated with selective GIPR or GLP-
1R agonists. However, our prior work has demonstrated that treatment
with a long-acting GIPR agonist caused significant lowering of circu-
lating levels of BCAAs, increased BCAA content in BAT, and induced
expression of BCAA catabolic genes in BAT of obese, insulin resistant
mice [13]. This prior work establishes, via metabolomic and tran-
scriptomic analyses, that GIPR agonism alone affects BCAA meta-
bolism in BAT in a manner similar to that observed with tirzepatide
treatment. In other studies, we have shown that tirzepatide reduces
fasting glucose, enhances systemic insulin sensitivity (glucose infusion
rate in a hyperinsulimic-euglycemic clamp), and improves adipose
tissue-specific insulin sensitivity in obese and insulin resistant GLP-1R
KO mice, without impacting body weight [1]. However, given the lower
affinity of tirzepatide for the mouse compared to the human GIPR, we
cannot presently determine if the selective effect of tirzepatide on
glucose homeostasis but not weight loss in GLP-1R KO mice is due to
the absence of GLP-1R signaling alone, or the differential potency of
tirzepatide on the mouse relative to human GIPR. Follow-up metabolic
flux studies with GIPR and/or GLP-1R null mice are needed to defini-
tively elucidate the contribution of each receptor to the effect of tir-
zepatide on BCAA metabolism.

Dysregulation of BCAA metabolism is associated with obesity and IR
and may play a causal role in pathogenesis of T2D [14,35]. Consistent
with this, obesity-associated impairments in catabolism of BCAAs/
BCKAs in the liver, WAT, and BAT are linked with increased systemic
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levels of BCAA/BCKA, while feeding of a BCAA-restricted diet or the
induction of BCAA catabolism by pharmacologic or genetic manipu-
lations lowers circulating BCAAs and protects from obesity-induced IR
[36—39]. In line with these findings, it has been shown previously that
tirzepatide reduces circulating BCAAs in rodents and humans [12], and
that treatment with tirzepatide or a long-acting GIPR agonist improved
insulin sensitivity, reduced circulating BCAAs/BCKAs, and induced
BCAA catabolic gene expression in BAT of obese and insulin resistant
mice [13]. These findings led us to hypothesize that treatment with
tirzepatide reduces circulating BCAAs by promoting their oxidation in
BAT. Indeed, a key finding of the current investigation is that chronic
treatment with tirzepatide augments catabolism of the labelled alpha-
keto acid of valine, KIV, in BAT from obese IR mice. Specifically, tir-
zepatide treatment increased 3¢ labeling of 3-HIB, a product of valine
and KIV catabolism in BAT. We also found that treated animals had
increased tissue levels of glutamate and alanine, which are generated
by transamination of BCAA catalyzed by BCAT2, as well as serine and
glycine, which serve as substrates for replenishing pyruvate under
conditions of active pyruvate/alanine shuttle activity [40]. Following
chronic treatment, the effects on amino acids in BAT occurred largely
independent of effects of tirzepatide on body weight, as pair-feeding
failed to induce these changes. Interestingly, not only did tirzepatide
increase BCAA catabolism in BAT, but it also induced KIV reamination,
as measured by increases in labelled valine concentrations in BAT. We
have previously demonstrated active reamination of KIV to valine in
heart [29], but in light of induction of the enzyme that catalyzes this
reaction, BCAT2, in response to tirzepatide treatment in BAT [12],
some of this activity measured here may have been contributed by
BCAT activity in BAT.

Cold-mediated activation of BAT thermogenesis is known to stimulate
clearance of BCAAs in mice and humans [19,32—34], while BAT-
specific deletion of BCKDH in mice impairs cold-induced thermogen-
esis, driving weight gain and impaired glycemic control [19]. Further,
BAT is reported to account for a major proportion (19%) of whole-body
BCAA (isoleucine) oxidation [30], and the contribution of BCAA to
succinate synthesis drives both activation and maintenance of BAT-
induced thermogenesis in mice [21]. Together, these findings sup-
port the hypothesis that chronic treatment with tirzepatide promotes
the oxidation of circulating BCAAs/BCKAs primarily in BAT, an effect
that mimics cold exposure.

BAT-induced thermogenesis requires a constant supply of energy-
producing substrates [31]. To meet this energetic need, BAT is
known to import and oxidize several amino acid species, in addition
to BCAAs, in response to cold exposure [32—34]. The TCA cycle is a
central pathway linking the catabolism of energy substrates to the
electron transport system [41,42]. Previously, we showed that
treatment with tirzepatide induces the expression of thermogenic
genes in BAT (e.g., UCP-1), and that this effect is coupled with the
recruitment of genes encoding proteins that facilitate mitochondrial
transport of amino acids (e.g., SLC25139, SLC25A29, and
SLC25A22) [13]. Our current data shows that tirzepatide induces a
cold-like thermogenic amino acid signature in BAT, causing an in-
crease in the levels of several essential (e.g., lysine, phenylalanine,
and tryptophan) and non-essential (e.g., alanine, glutamate, gluta-
mine, and proline) amino acids known to be elevated in thermo-
genically active BAT [32—34]. The augmentation of amino acid
content by tirzepatide in BAT may: 1) facilitate the delivery of en-
ergetic substrates; and 2) provide anaplerotic intermediates that feed

the TCA cycle (phenylalanine and tyrosine to produce fumarate;
methione to produce succinyl-CoA; and glutamine, proline, and
histidine to produce a-KG [42]). Indeed, a key observation of the
current investigation is that chronic treatment with tirzepatide in-
creases the levels of multiple TCA cycle intermediates, including
succinate, fumarate, malate, and o-KG in BAT. These effects are not
observed in animals pair-fed to food intake of the tirzepatide-treated
mice, but we note that weight loss was not exactly matched in the
pair-fed versus tirzepatide-treated groups used to generate the data
in Figure 6. Thus, our results are consistent with the major effects of
tirzepatide on metabolic profile of BAT occurring via a weight loss-
independent mechanism, but with a possibility of a small contribu-
tion of a weight-dependent effect. Also, it remains possible given the
relatively lower activity of tirzepatide versus mGIP on the mouse GIPR
that a higher dose (>10 nmol/kg) of tirzepatide could even further
impact body weight, a phenomenon that may be best investigated in
obese wild-type compared to Glp-1r KO mice. Stated another way, at
the 10 nmol/kg dose of tirzepatide used in the current study, it is
unclear if weight lowering effects that might be mediated by the
mGIPR were fully engaged, resulting in a possible underestimate of
the overall therapeutic impact of tirzepatide in the context of the
mouse model studied here.

The utilization of amino acids as energetic substrates requires efficient
disposal of ammonia (NHs). To ensure safe delivery of excess nitrogen
to the urea cycle in the liver, several amino acid species (for example,
alanine, glutamine, glutamine, and proline) function as nitrogen donors
[43]. Here, we found that tirzepatide increases the levels of alanine,
glutamate, proline, and glutamine in BAT. Whereas urea cycle en-
zymes are known to be enriched in the liver, extra-hepatic nitrogen
disposal mechanisms may be induced under conditions of enhanced
amino acid catabolism [43]. Interestingly, we found that in addition to
causing increases in amino acids that shuttle nitrogen out of tissues
(alanine, glutamine, and proline), chronic treatment with tirzepatide
also led to near-significant increases in levels of urea cycle in-
termediates (citrulline and ornithine) in BAT. This suggests the pos-
sibility that tirzepatide induces extra-hepatic nitrogen utilization
mechanisms in BAT to help ensure rapid disposal of nitrogen during
augmented BAT-induced thermogenesis. Further investigation will be
needed to address this possibility.

In summary, we report that treatment with the dual GIP and GLP-1
receptor agonist tirzepatide impacts the amino acid profile of key
metabolic organs. Specifically, tirzepatide selectively promotes
BCKA metabolism in BAT compared to other tissues, an effect that
appears to be driven in both a weight-dependent and independent
manner. Further, chronic tirzepatide treatment raises the levels of
multiple amino acid species in addition to BCAAs that are also
elevated in BAT in response to cold exposure. Finally, chronic
treatment with tirzepatide increases tissue levels of several TCA
intermediates, suggesting enhanced production of both oxidative
and anaplerotic TCA cycle substrates. Together, these findings
suggest that tirzepatide induces a thermogenic-like amino acid
profile in BAT, an effect that may contribute to the benefits of tir-
zepatide treatment in obese mice, including improved insulin
sensitization, increased metabolic rate, and weight loss. Of note,
considering the differential activity of mouse GIP and tirzepatide at
the mouse GIPR, our studies in mice may have underestimated the
metabolic benefits of tirzepatide. Future mechanistic studies in
human subjects are needed to fully investigate this issue.
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