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GLP-1R/GCGR dual agonism dissipates
hepatic steatosis to restore insulin sensitivity
and rescue pancreatic β-cell function in
obese male mice

A list of authors and their affiliations appears at the end of the paper

An early driver of Type 2 diabetes mellitus (T2D) is ectopic fat accumulation,
especially in the liver, that impairs insulin sensitivity. In T2D, GLP-1R/GCGR
dual-agonists reduce glycaemia, body weight and hepatic steatosis. Here, we
utilize cotadutide, a well characterized GLP-1R/GCGR dual-agonist, and
demonstrate improvement of insulin sensitivity during hyperinsulinemic
euglycemic clamp following sub-chronic dosing in male, diet-induced
obese (DIO)mice. Phosphoproteomic analyses of insulin stimulated liver from
cotadutide-treated mice identifies previously unknown and known phos-
phorylation sites on key insulin signaling proteins associated with improved
insulin sensitivity. Cotadutide or GCGRmono-agonist treatment also increases
brown adipose tissue (BAT) insulin-stimulated glucose uptake, while GLP-1R
mono-agonist shows a weak effect. BAT from cotadutide-treated mice have
induction of UCP-1 protein, increasedmitochondrial area and a transcriptomic
profile of increased fat oxidation and mitochondrial activity. Finally, the
cotadutide-induced improvement in insulin sensitivity is associated with
reduction of insulin secretion from isolated pancreatic islets indicating
reduced insulin secretory demand. Here we show, GLP-1R/GCGR dual agonism
provides multimodal efficacy to decrease hepatic steatosis and consequently
improve insulin sensitivity, in concert with recovery of endogenous β-cell
function and reduced insulin demand. This substantiates GLP-1R/GCGR dual-
agonism as a potentially effective T2D treatment.

Type 2 diabetes mellitus (T2D), commonly linked with obesity, is a
chronic metabolic disease characterized by insulin resistance and
progressive failure of pancreatic β-cells to meet the insulin secretory
demand, resulting in poor glycaemic control associated with a multi-
tude of co-morbidities, including metabolic dysfunction-associated
steatotic liver disease (MASLD)1,2, diabetic kidney disease3,4, and car-
diovascular dysfunction5. Current treatment regimens include oral
therapies such as the insulin sensitizers metformin and thiazolidine-
diones, SGLT2 inhibitors that increase glucose excretion, and DPP4

inhibitors that prevent the endogenous degradation of incretin hor-
mones such as glucagon-like peptide 1 (GLP-1)6. In general, these
therapeutic approaches significantly delay the progression of the dis-
ease but, with time, the demand on the β-cell ever increases and
eventually the endogenous insulin secretion has to be supplemented
with exogenous insulin therapy7. Approximately 50% of patients trea-
ted with oral therapies progress to insulin replacement, which then
exacerbates weight gain and further complicates the disease. More
recently, GLP-1 receptor agonists and GLP-1R/GIPR dual-agonists have
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been introduced as injectable therapies for T2D, which potentiates
endogenous glucose-induced insulin secretion and slows gastric
emptying for improved glycaemic control, as well as decreases appe-
tite and food intake that consequently reduces body weight and fur-
ther improves metabolic homeostasis. The long-term impact of the
GLP-1R agonist class on diabetes progression will be an exciting out-
come to follow.

Early detection of diabetes, indicated by fasting hyperglyce-
mia, and subsequent early intervention is beneficial for delaying
progress to overt T2D and significantly reduces the risk of cardio-
metabolic co-morbidities and mortality8,9. Early drivers of T2D
associated with obesity include ectopic fat accumulation in per-
ipheral tissues, particularly the liver, impairing insulin sensitivity,
which then creates a greater demand on the β-cell to secrete
higher levels of insulin to maintain suppression of hepatic glu-
cose output and promote peripheral tissue glucose uptake. If left
untreated, chronic build-up of ectopic fat exacerbates insulin
resistance to a point that exceeds β-cell compensation, resulting
in elevated blood glucose so that T2D ensues10. Therefore, early
therapy targeting reduction in ectopic fat accumulation may be
key to halting, even reversing, T2D onset and development of the
associated, life-threatening, complications.

Dual-agonist peptides targeting the GLP-1 and glucagon
receptors (GCGR) provide similar weight loss and glucose control
as GLP-1R agonists in humans11. However, the GCGR agonist
component gives additional therapeutic benefits to liver co-
morbidities of T2D, MASLD, and its progressive form, metabolic
dysfunction-associated steatohepatitis (MASH). This occurs via
dramatic reductions in liver fat content in both preclinical rodent
MASH models and T2D patients with obesity11–13. GCGR activation
in hepatocytes results in inhibition of de novo lipogenesis as well
as enhanced mitochondrial turnover and mitochondrial oxidative
capacity, increasing hepatic energy expenditure13. Therefore, the
dual-action of GLP-1R/GCGR agonists provides both metabolic
and hepatic benefits, making them excellent therapeutic candi-
dates for MASH patients. Here, we show that GLP-1R/GCGR dual
agonism provides multimodal benefits, reducing liver ectopic fat
and improving insulin sensitivity, resulting in recovery of endo-
genous β-cell function.

Liver ectopic fat content is a major predictor/risk factor for a
patient to advance from prediabetes to overt T2D14–16. Thus, reducing
hepatic steatosis could be an effective therapeutic strategy for sig-
nificantly delaying progression to T2D. We hypothesized that the GLP-
1R/GCGR dual-agonist-induced reduction in liver ectopic fat content
would effectively alleviate insulin resistance, resulting in reduced
hepatic glucose output, improve glucose disposal and lower the
demand for β-cell insulin secretion. To address this multimodal
hypothesis, it was necessary to take a comprehensive experimental
approach to address multiple organ systems in response to GLP-1R/
GCGR dual-agonism. This included hyperinsulinemic euglycemic
clamp studies to assess whole body and tissue-specific insulin sensi-
tivity, unbiased phosphoproteomic analyses to investigate insulin
phosphor-signaling mechanisms in the liver, isolated islet studies to
measure pancreatic β-cell function as well as addressing an opportu-
nistic finding in brown adipose tissue activity and adaptation. We
performed these studies in diet-induced obese mice, which are a mild
model of metabolic impairment to mimic the prediabetic condition.
These studies utilized the GLP-1R/GCGR dual-agonist cotadutide
(MEDI0382), to complement previous metabolic studies in mouse
models13,17 and human clinical trials11,12,18–20. Our findings suggest that
GLP-1R/GCGR dual-agonists provide benefits to patients with obesity,
T2D and MASH and can likely be quite effective in preventing T2D
progression in patients with prediabetes, especially if also exhibiting
hepatic steatosis.

Results
Sub-chronic GLP-1R/GCGR dual agonism improves whole body
and hepatic insulin sensitivity in hyperinsulinemic euglycemic
clamp in DIO mice
To first assess the sub-chronic effect of GLP-1R/GCGR dual-agonist on
insulin sensitivity, we performed a hyperinsulinemic euglycemic
clamp. Diet-induced obese mice (~45 g body weight (BW)) were dosed
daily for 28 days with either vehicle, cotadutide (10 nmol/kg), liraglu-
tide (5 nmol/kg; GLP-1R agonist) or g1437 (5 nmol/kg; a GCGR agonist)
also known as IUB28821–24. The doses of liraglutide and g1437 were
chosen to reflect half the molar dose of cotadutide to gain insight into
the relative contributionofGLP-1R andGCGRactionof cotadutide. The
selected doses resulted in noticeably different levels of BW loss
between the groups (Fig. 1A). Compared to baseline, cotadutide
induced ~15% and g1437 induced ~27% BW loss. This is in line with
previous observations with g1437 and other glucagon agonists and is
driven primarily by a reduction in fat mass21–24. As expected with the
selected sub-optimal dose, liraglutide-treated mice did not lose BW,
remaining significantly lighter than vehicle controls, which gained ~9%
BW over the dosing period (Fig. 1A).

A hyperinsulinemic euglycemic clamp was performed on day 29,
16 h after the final dose to avoid any direct effect of drug action, a time
known to have undetectable serum bioactivity of cotadutide, liraglu-
tide or g1437 from previous studies13. Fasting blood glucose was sig-
nificantly higher in mice treated with g1437 compared to all other
groups, likely due to lower insulin levels and the lasting effect of
increased glycogenolysis and glycogen depletion in the liver, given the
stability of this molecule (half-life of ~6 h)21 (Fig. 1C). Fasting glucose of
cotadutide-treatedmice trended lower than vehicle perhaps reflecting
increased basal glucose excursion but failed to reach statistical sig-
nificance (Fig. 1B). However, fasting insulin was significantly lower in
cotadutide- and g1437-treated groups compared with vehicle (Fig. 1C)
and remained significantly lower during the clamp, despite equal
exogenous insulin infusion between the groups (Fig. 1C). In the case of
chronic catabolic g1437-treatment, this likely reflects a negative energy
balance under which endogenous insulin secretion is shut down10,25.
However, when GCGR agonism is balanced together with GLP-1R
agonism in cotadutide, the catabolic effect of GCG is mitigated by the
GLP-1 component being able to maintain adequate insulin
production26. Here, our observation of reduced insulinwith cotadutide
is more consistent with the chronic effect of this treatment in
improving insulin resistance and reducing insulin secretory demand21.
To maintain euglycemia, clamped at ~140mg/dL (Fig. 1D), the
cotadutide-treated group required a slightly higher glucose infusion
rate (GIR) (Fig. 1E), resulting in significantly higher area under the curve
compared to vehicle and g1437 (Fig. 1F). Fasting glucose disposal was
significantly lower in g1437-treated mice compared to vehicle and lir-
aglutide groups (Fig. 1G).

During the hyperinsulinemic euglycemic clamp cotadutide sig-
nificantly increased glucose disposal compared with the vehicle-
treated group (Fig. 1G), suggesting improved whole-body insulin sen-
sitivity. It is important to interpret these data in the context of insulin
levels, which was done by correlating glucose disposal with plasma
insulin during fasting and clamp conditions (Fig. 1H). The shift of the
curve to the left and steeper slope in the cotadutide- and g1437-treated
groups suggests dramatic improvement of insulin action (Fig. 1H). In
the cotadutide-treated group this is driven through both reduced
insulin levels and increased glucose disposal, while in the g1437-
treated group it is only driven by the lower insulin levels. Fasting
hepatic glucose production was significantly lower in g1437-treated
mice compared with vehicle and liraglutide groups (Fig. 1I). This
observation could be explained by hypothesized depletion of glyco-
gen stores, whichwould not be completely depleted after a 5 h fast but
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with the additional action of g1437 to induce glycogenolysis and sub-
sequently a reduction in liver glycogen may exacerbate the reduction
in liver glycogen stores leading to impaired glucose output. Indeed,
the liver still maintains some glucose output, which is reflected in the
higher fasting glucose levels but is not controlled through insulin
secretion. Hyperinsulinemia during the clamp induced similar sup-
pression of hepatic glucose production between all groups (Fig. 1I).
When interpreted in the context of insulin levels (Fig. 1J), however, we
again report a shift of the cotadutide and g1437 curves to the left,
suggesting improved hepatic insulin action in these groups driven by
the lower insulin levels (Fig. 1J).

Short-termGLP-1R/GCGRdual agonism results in normal insulin
secretory capacity during hyperglycemic clamp in DIO mice
Having assessed insulin sensitivity using the hyperinsulinemic eugly-
cemic clamp, we next sought to examine the impact of cotadutide on
insulin secretory capacity and β-cell function in response to hyper-
glycemia. To this end, a hyperglycemic clamp in DIOmice treated with
vehicle, cotadutide, liraglutide, or g1437 for 7 days was conducted in
the absence of exogenously administered insulin, prior to potential
BW loss adaption. In order to match the BW loss across all groups
compared to control, equimolar doses (10 nmol/kg) were used in this
experiment. As expected, this resulted in similar BW loss between
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Fig. 1 | Cotadutide improves whole-body and hepatic insulin sensitivity in
hyperinsulinemic euglycemic clamp in DIO mice. Metabolic parameters of DIO
mice as assessed via a hyperinsulinemic euglycemic clamp following 28-day treat-
ment of cotadutide (10 nmol/kg, blue upward triangles), liraglutide (5 nmol/kg,
purple downward triangles), or g1437 (5 nmol/kg, gold diamonds) compared to
vehicle (red circles). Reduction in body weight (BW) throughout the 28-day dosing
period is shown as % change (A). Fasting blood glucose prior to clamp (B). Plasma
insulin levels during fasting or clamp conditions (C). Blood glucose profile over
time during clamp (D). Glucose infusion rate (GIR) (E) and the area under the
glucose curve (AUC) (F) over time during the clamp. Rate of glucose disposal

during fasting or clamp conditions (G) and plotted against the corresponding
plasma insulin levels (H). Hepatic glucose production during fasting or clamp
conditions (I) and plotted against the corresponding plasma insulin levels (J).
Vehicle (n = 9), cotadutide (n = 8), liraglutide (n = 10), g1437 (n = 8). Data shown as
the mean ± SEM. In (A), lines above the graph indicate differences compared with
the vehicle at each time point and correspond to the respective group color. Two-
way ANOVAwith Tukey’smultiple comparisons post hoc (A), One-way ANOVAwith
Tukey’s multiple comparisons post hoc (B, C, F, G, I). *p <0.05, **p <0.01,
***p <0.001, ****p < .0001. Exactp values are included in the SourceDatafile. Source
data are provided as a Source Data file.
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treatment groups compared with control, given the shorter time
course (~12–17% BW loss from baseline; Fig. 2A).

The clampexperimentwas performedonday8, 16 h after the final
dose. Cotadutide and g1437 groups displayed significantly reduced
fasting glucose and insulin compared with vehicle, while liraglutide-
treated animals were not different from the vehicle-treated group

(Fig. 2B, C). Hyperglycemia was clamped between 250 and 300mg/dL
(Fig. 2D) with g1437-treated mice requiring dramatically lower GIR
compared to all other groups (Fig. 2E, F), explained by negligible
insulin secretion and severely impaired glucose disposal (Fig. 2G, H).
Again, this likely reflects a catabolic negative energy balance induced
by chronic g1437 mimicking a prolonged fasted state that shuts down
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endogenous insulin production10,25. Note the dose differences for
g1437 between the hyperinsulinemic clamp of 5 nmol/kg (Fig. 1) and
the hyperglycemic clamp of 10 nmol/kg (Fig. 2), whichmay exacerbate
the observations to the hyperglycemia. Meanwhile, liraglutide-treated
mice required significantly higher GIR (Fig. 2E), with cotadutide
showing intermediate GIR which became significant when AUC was
calculated (Fig. 2F). Both liraglutide and cotadutide groups had similar
and expected potentiation of glucose-induced insulin secretion
(Fig. 2G) with both groups displaying significantly higher glucose dis-
posal compared with vehicle (Fig. 2H).

At baseline, endogenous glucose production was lower in
cotadutide and g1437 groups compared with vehicle (Fig. 2I). During
the hyperglycemic clamp, all groups had suppressed glucose pro-
duction, with cotadutide and liraglutide significantly lower than
vehicle (Fig. 2I). Baseline ‘core’ glycogen was elevated above vehicle
in cotadutide-treated mice, as previously observed13, but sig-
nificantly lower in the liraglutide- and g1437-treated groups com-
pared to the vehicle control group (Fig. 2J). Net glycogen synthesis
during the clamp was similar between all groups (Fig. 2K). As such,
differences in total glycogen at the end of the clamp (Fig. 2L),
reflected that of the “core” glycogen (Fig. 2J). Collectively, these
clamp data demonstrate that both cotadutide and liraglutide main-
tain normal insulin secretion in response to hyperglycemia and
improve insulin sensitivity, manifested by enhanced glucose disposal
and suppression of hepatic glucose production in response to
equivalent insulin levels.

GLP-1R/GCGR dual-agonism enhances hepatic insulin-
stimulated signaling pathways in DIO mice
We hypothesized that the improvement of hepatic insulin sensitivity
by GLP-1R/GCGR dual-agonism, as shown in Fig. 1J, is associated with
enhanced insulin signaling in the liver. This idea was examined further
by treating DIO mice with either vehicle or cotadutide for 28 days and
16 h after the final dose, and then administered a single intraperitoneal
bolus of PBS or insulin (0.75U/kg). After 15min, livers were harvested
and clamp-frozen for subsequent proteomic and phosphoproteomic
analyses (Fig. 3A). Cotadutide significantly reduced liver lipid content
as assessed by NMR, as well as microvesicular and macrovesicular
steatosis (Supplementary Fig. 1A–F). In line with this, cotadutide-
treated mice had significantly smaller livers compared to vehicle-
treated mice (Supplementary Fig. 1B), although when normalized to
body weight was not different to vehicle (Supplementary Fig. 1C). For
the proteomic analyses, comparison was made between the cotadu-
tide + PBS group (CP) with the vehicle + PBS (VP) group, given that
there would be negligible changes of the total proteome within just
15mins of acute insulin stimulation. Cotadutide-treatment induced
notable proteomic alterations, with 531 significantly up- and 431 sig-
nificantly downregulated hepatic proteins (Fig. 3B and Supplementary
Data 1). These differential protein levels were enriched predominately
for metabolic processes including carbon/amino acid metabolism,
fatty acid/cholesterol metabolism, glucose/glycogen turnover, and
insulin/glucagon signaling as supported by KEGG pathway analysis
(Fig. 3C). Key proteins differentially regulated by cotadutide in the
insulin signaling network included the insulin receptor (INSR), RAS,

mTORC1 up- and down-stream components, (DEPTOR, LAMTOR1,
LARP1, RPS6, TSC1, PRKAB1), regulators of PI3K signaling (INPPL1,
INPP5F, and PIK3C2A), and regulators of glycogenesis/glucose (GCKR,
GYG2, PPP1R3G, PHK and PYGL) (Fig. 3B and Supplementary Data 1).
These changes are supported by our previous transcriptomics analysis
in a murine MASH model treated with cotadutide13, producing an
overlap of 205 of the differentially expressed proteins, including
similar changes in fatty acid metabolism molecules (HSD17B12, LPL,
CES1G and CES2C) and insulin signaling (INPP5F and PRKAB1). For
phosphoproteomic analyses, the basal level of phosphorylation was
set as the vehicle + PBS (VP) group and the phosphoproteome com-
pared to the vehicle + insulin (VI) phosphoproteome (representative of
prediabetic insulin-resistant state), and cotadutide + insulin (CI)
phosphoproteome (representative of improved hepatic insulin sensi-
tivity (as assessed during clamp studies)) (Fig. 3A). Cotadutide-
treatment resulted in 2004 significantly upregulated phosphopep-
tides in response to insulin (CI/VP) compared to 1262 in the VI group
(VI/VP), with 1032 phosphopeptides shared between them (Supple-
mentary Fig. 2A and Supplementary Data 1). An analogous number of
downregulated phosphopeptides was also observed between these
groups with a similar degree of overlap (Supplementary Fig. 2A). CI/VP
phosphopeptides not overlapping with VI/VP mapped to proteins key
in the insulin signaling pathway as supported by KEGG analysis (Sup-
plementary Fig. 2B). This effect was not observed for VI/VP phospho-
peptides that did not overlap with CI/VP, or the shared sites
(Supplementary Fig. 2B). To determine how both vehicle and cotadu-
tide insulin-stimulated groups differed we compared the fold-change
betweenCI and VI treated conditions (CI/VI). Here, therewere ~750up-
and down-regulated phosphopeptides in CI/VI that mapped to pro-
teins enriched in the insulin signaling pathway based on KEGG analysis
(Supplementary Fig. 2A, B).

Known elements in insulin signaling pathways were probed to
understand how cotadutide modulated specific insulin-stimulated
phosphopeptides at the molecular level. We observed differential
phosphorylation of critical adapter proteins at the insulin receptor.
This includes SOS1 that had increases in known insulin-stimulated
phosphorylation sites27,28 in CI compared to VP or VI (S1147, S1196)
(Fig. 4A and Supplementary Data 1). ARAF also showed increased
phosphorylation at S255, associated with protein activation29, in CI
compared to VI and decreased phosphorylation at S186 in both
groups. Most notably, insulin-receptor substrate-2 (IRS2) hadmultiple
significantly upregulated phosphosites in CI compared to VI (T517,
T524, S556, S573, S616, S907, and S1089) many of them among the
topmost upregulated of all 747 phosphosites (e.g., fifth and seventh),
an effect not observed with insulin-receptor substrate-1 (IRS1; Fig. 4A
and Supplementary Data 1). Although IRS1 and 2 proteins were not
detected in the proteomic analyses in this study, we have previously
observed increases in IRS2, but not IRS1, at the protein and RNA level
with 28 days of cotadutide-treatment (Supplementary Fig. 2C).
Downstream of IRS1/2, the PI3’K signaling pathway also demonstrated
differential phosphorylation in CI compared to VI. PTEN antagonizes
PI3’K signaling and had increases in de-stabilizing phosphosites (T366;
mediated by GSK-3 and S370; mediated by CK-2) and decreases in
stabilizing phosphosite S38530,31. PIK’3C2A also demonstrated

Fig. 2 | Cotadutide-treated DIOmice have normal insulin secretory capacity in
response to hyperglycemia.Metabolic parameters of DIO mice as assessed via a
hyperglycemic clamp following 7-day treatment of cotadutide (10 nmol/kg, blue
upward triangles), liraglutide (10 nmol/kg, purple downward triangles), or g1437
(10 nmol/kg, gold diamonds) compared to vehicle (red circles). Reduction in body
weight (BW) throughout the 7-day dosing period is shown as % change (A). Fasting
blood glucose (B) and fasting plasma insulin (C) prior to the clamp. Glucose infu-
sion rate (GIR) (D), blood glucose levels (E), the area under the glucose curve (AUC)
(F), and plasma insulin levels (G) during clamp conditions. Glucose disposal (Rd)
under fasting and clamp conditions (H). Endogenous glucose production under

fasting and clamp (I). Baseline (core) glycogen levels prior to clamp (J), net gly-
cogen synthesis during clamp (K), and total glycogen at the end of the clamp (L).
Vehicle (n = 10), cotadutide (n = 9), liraglutide (n = 9), g1437 (n = 10). Data are shown
as the mean± SEM. In (A, D, G), lines above the graph indicate differences com-
pared with the vehicle at each time point and correspond to the respective group
color. Two-way ANOVAwith Tukey’s multiple comparisons post hoc (A,D,G), One-
way ANOVA with Tukey’s multiple comparisons post hoc (B, C, F, H–L). *p <0.05,
**p <0.01, ***p <0.001, ****p < .0001. Exact p values are included in the Source Data
file. Source data are provided as a Source Data file.
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increased phosphorylation at an insulin-stimulated site (S261)32

(Fig. 4A and Supplementary Data 1). Although we did not identify any
change in protein levels or direct modifications of PDK1, these
upstream phosphorylation changes may indicate an increase in PDK1
activity.

A limitation of phosphoproteomic analyses is that not all phos-
phopeptides are necessarily detected. Indeed, we did not detect
phosphorylation of AKT in response to insulin stimulation in our
phosphoproteomic dataset. Therefore, we performed a western blot
for known insulin signaling phosphorylation sites of AKT as validation.
Without insulin stimulation, cotadutide reduces phosphorylation of
AKT on S473, a potential feedback mediated by GCGR agonism. We
identified robust phosphorylation ofAKTon S473with CI compared to
VI or VP, but not on Thr308 despite potential activation of PDK1, which
regulates Thr308 phosphorylation33 (Fig. 4B and Supplementary

Fig. 2D). This specific AKT phosphorylation profile has been reported
by others as essential for GCGR-agonist mediated improvement in
insulin sensitivity and a key component of GCGR and INSR signaling
crosstalk34–37. Supporting this, themost significantly upregulated CI/VI
phosphosite was on PPP1R3G at S81 (Fig. 4A and Supplementary
Data 1). PPP1R3G is a phosphatase critical for promoting glycogenesis
during the fasting-feeding transition and is phosphorylated by AKT in
response to insulin stimulation38,39. AKT mediated phosphorylation of
PPP1R3G promotes its activity and dephosphorylation of its targets,
most notably glycogen synthase 2 (GYS2)39. GYS2 dephosphorylation
increases its activity to promote glycogenesis. We observed decreased
phosphorylation of GYS2 with CI compared to VI at S8, the most
critical site regulating its activity, among others (S8/T10, S627, S645,
and S657)40 (Fig. 4A and Supplementary Data 1). Phosphorylase
kinase (PHK) also demonstrated cotadutide-dependent decreased

Fig. 3 | Cotadutide induces changes in the hepatic proteome of metabolism-
related proteins in DIO mice. Experimental design for proteomic and phospho-
proteomics study in which DIO mice were treated with cotadutide or vehicle for
28 days, then injected with PBS or insulin yielding four groups: vehicle + PBS (VP),
vehicle + insulin (VI), cotadutide + PBS (CP), and cotadutide + insulin (CI). Created
in BioRender. Kajani, S. (2025) https://BioRender.com/t03r158 (A). Volcano plot of
significant up- (red, 531) or down-regulated (blue, 431) hepatic proteins comparing

CP/VP as identified via proteomics (B). KEGG pathway analysis of all significantly
differentially regulated hepatic proteins comparing CP/VP (C). n = 4 mice per
group. In (B), dashed line denotes p =0.05 and solid lines mark cut-off values for
abundance ratio <0.76 or >1.315. The in-built one-way ANOVA statistical test in
Proteome Discover (PD) was used to generate p values. In (C), KEGG term ranking
based on FDR and significance based on FDR <0.05. Source data are provided as a
Source Data file.
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phosphorylation (S729) with insulin, thought to dampen antagonism
of glycogenesis by glycogen phosphorylase (GP)41 (Fig. 4A and Sup-
plementary Data 1). Collectively, these phospho-changes are predicted
to enhance insulin-stimulated postprandial glycogenesis and glucose
control in cotadutide-treated mice.

Also downstream of AKT, themTORC1 regulators TSC2 (S1343,
S1387, S1388, and S1389) and LAMTOR1 (T28) both had increased
phosphorylation in CI compared to VI or VP (Fig. 4A and
Supplementary Data 1). AKT mediated serine phosphorylation of
TSC2 has been shown to be essential for insulin-stimulated
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Fig. 4 | Cotadutide enhances hepatic insulin-stimulated signaling pathways in
DIOmice. Schematic depicting proteomic and phosphoproteomics changes in the
insulin signaling pathway based on the experimental design described in Fig. 3A
including comparisons (detailed further in figure key) between the following
groups: vehicle + PBS (VP), vehicle + insulin (VI), cotadutide + PBS (CP), and cota-
dutide + insulin (CI). Due to space limitations, selected phosphosites are shown.
*Indicates data derived from immunoblot or separate proteomic studies as noted in
text. The full list of phosphosites is detailed in Supplementary Data. Created in

BioRender. Kajani, S. (2025) https://BioRender.com/t41v037 (A). Immunoblot of
phosphorylated AKT at serine 473 from the groups described in Fig. 3A compared
to total AKT (B). n = 4 mice per group. In (A, B), increased or decreased proteomic
or phosphoproteomics changes based on p <0.05 and abundance ratio <0.76 or
>1.315, or p <0.01 and abundance ratio <0.76 or >1.315, respectively. The in-built
one-way ANOVA test in Proteome Discover (PD) was used to generate p values.
Source data are provided as a Source Data file.
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mTORC1 signaling, albeit at different serine sites to those identified
in the current report42,43. RAPTOR had decreased phosphorylation
of the AMPK-mediated inhibitory S722 site, loss of which activates
mTORC144, in both insulin-treated conditions. AMPK had a global
decrease in phosphorylation on the regulatory gamma subunit
(PRKAG2) in CI compared to VI or VP (Fig. 4A and Supplementary
Data 1). Downstream of mTORC1, LARP1 phosphorylation was
broadly increased (S201, S302, S494, S503) in CI compared to VI,
which is expected to prevent its inhibition of protein translation45,46

(Fig. 4A and Supplementary Data 1). 4E-BP1 showed similar
increased phosphorylation (S64) with insulin stimulation in both
vehicle and cotadutide groups, that is associated with increased
protein translation47. Finally, p70S6K is a downstream target of
mTORC1 that phosphorylates RPS6 to enhance translation48. How-
ever, RPS6haddecreasedphosphorylation inCI compared toVI and
VP (S236, S240, S235, S236, and S240), departing from the classical
insulin-stimulated response (Fig. 4A and Supplementary Data 1).
Together, these integrated proteomic and phosphoproteomic data
suggest that cotadutide-induced improvement in hepatic insulin
sensitivity is mediated through altered and/or improved insulin
signaling pathways.

GLP-1R/GCGR dual agonism increases brown adipose tissue
glucose uptake in DIO mice through glucagon action
In addition to identifying improvements in hepatic insulin sensitivity
during the hyperinsulinemic euglycemic clamp, we also showed
improved insulin sensitivity in relation to glucose disposal. As part of
the same clamp study, we assessed insulin-stimulated glucose uptake
in other insulin-sensitive peripheral tissues. At 120min during the
hyperinsulinemic euglycemic clamp (Fig. 1), mice were administered
a bolus of 2-deoxyglucose and individual tissues collected 35min
later for assessment of insulin-stimulated tissue-specific glucose
uptake (Fig. 5A, B). Glucose uptake in the gastrocnemius muscle was
lower in cotadutide- and g1437-treated mice vs. vehicle (Fig. 5A).
Reduced glucose uptake was also observed in the vastus lateralis and
soleus muscles as well as the heart with g1437 treatment (Fig. 5A, B).
These reductions in skeletal and cardiac muscles are likely con-
tributed by the lower insulin levels observed in these groups (Fig. 1C).
Tissue-specific glucose uptake in the liraglutide-treated mice was not
different to vehicle in all tissues measured except a rather small, but
significant, increase in the brain (Fig. 5B). Interestingly, we observed
a significant increase in glucose uptake in brown adipose tissue (BAT)
and epididymal adipose tissue (EpiAT) in cotadutide-treated mice
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Fig. 5 | Cotadutide increases brown adipose tissue glucose uptake. Analysis of
glucose uptake in DIOmice following 28-day treatment of cotadutide (10 nmol/kg,
blue upward triangles), liraglutide (5 nmol/kg, purple downward triangles) (A, B),
10 nmol/kg (C–E)), or g1437 (5 nmol/kg, gold diamonds), compared to vehicle (red
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Reduction in body weight (BW) throughout the 28-day dosing period is shown as %
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imaging timepoints indicated (C). n = 8 mice per group. Quantification of FDG-PET

glucose uptakemeasurements in brown adipose tissue (BAT) at baseline, day 14, or
day 28 of treatment (D). Representative image from FDG-PET studies summarized
in (D), (E). n = 8 mice per group, except cotadutide baseline (n = 4), liraglutide D14
(n = 7), g1437 D14 (n = 7). Data shown as the mean ± SEM. In (C), lines below the
graph indicate differences compared with a vehicle at each time point and corre-
spond to the respective group color. One-way ANOVA with Tukey’s multiple
comparisons post hoc for each tissue (A, B) or each treatment group (D), Two-way
ANOVA with Tukey’s multiple comparisons post hoc (C). *p <0.05, **p <0.01,
***p <0.001, ****p < .0001. Exactp values are included in the SourceDatafile. Source
data are provided as a Source Data file.
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compared with vehicle (Fig. 5B). The preferential increase in BAT
glucose uptake is quite notable considering the larger scale of
the effect between EpiAT (~+2.5 umol/min/100 g tissue) and BAT
(~+120 umol/min/100 g tissue).

We confirmed this finding in two independent cohorts of mice
via FDG-PET imaging at thermoneutrality with the same treatment
duration and dose (Fig. 5C–E and Supplementary Fig. 3A–D). At
thermoneutrality, confounding BAT activation due to housing mice
at sub-optimal temperatures is minimized, therefore more directly
linking any observed BAT activation to pharmacological interven-
tion. In one of these studies (Fig. 5C–E), we included treatment
groups for liraglutide and g1437 and adjusted the dose of liraglutide
(10 nmol/kg) to achieve similar BW between cotadutide and liraglu-
tide (Fig. 5C), to appreciate a weight dependent and independent
effect of BAT glucose uptake. We maintained g1437 at a dose of 5
nmol/kg which resulted in significantly greater BW loss compared to
all other groups (Fig. 5C). FDG-PET was performed at baseline, day 14
and day 28 of dosing. Both g1437 and cotadutide increased BAT
glucose uptake robustly after 14 d of dosing, which wasmaintained at
the 28-day time point (Fig. 5D, E) and occurred in all mice in the
cotadutide-treated group. Conversely, liraglutide, achieved elevated
BAT glucose uptake only at 28 days of dosing, with the effect only
observed in 50% of mice in this group that did not correlate with BW
and is therefore likely an indirect consequence (Fig. 5D). Our pre-
vious studies demonstrated increases in energy expenditure in mice
treated with cotadutide17. Although not directly measured in this
study, energy expenditure increases are frequently accompanied by
increases in body temperature. Consistent with this, in a separate
experiment in which doses of liraglutide, cotadutide and g1437 were
adjusted throughout the study to result in equal BW after 28 days
(Supplementary Fig. 4A) we also observed an increase in body tem-
perature in cotadutide-treated animals, with a similar trend observed
in the g1437-treated group (Supplementary Fig. 4B). These increases
in body temperature support the idea that cotadutide may increase
energy expenditure via activation of BAT in mice.

To further characterize this improvement in BAT metabolism,
we performed transcriptomic analysis, electron microscopy, and
histological analysis on the BAT. RNA sequencing revealed
1609 upregulated and 1714 downregulated genes in BAT from
cotadutide-treated mice compared with vehicle-treated control mice
(Fig. 6A, B). Key genes that were upregulated in BAT following
cotadutide treatment included interferon regulatory factor 4 (Irf4; a
transcriptional activator associatedwith increased thermogenic gene
expression49,50), complement factor D (Cfd, also known as Adipsin; an
adipokine shown to improve pancreatic β-cell function51,52), CCAAT
enhancer binding protein delta (Cebpd; a transcriptional activator
important for mitochondrial biogenesis53 and thermogenesis54),
cytochrome c oxidase subunit 8b, subunit 7a and subunit 4 isoform 1
(Cox8d, Cox7a, Cox4I1; terminal enzyme of the electron transport
chain), cell death inducing DNA fragmentation factor alpha-like
effector A (CIdea; a lipid droplet associated protein that promotes
lipid storage55) and adiponectin, C1Q and collagen domain contain-
ing (Adipoq; an adipokine involved in fat metabolism and insulin
sensitivity) (Fig. 6A). Interesting downregulated genes include leptin
(Lep; an adipokine with a major role in regulation of energy home-
ostasis), fatty acid desaturase 3 (Fads3; introduces double bond to
unsaturate fatty acids), sterol-coA desaturase (Scd1; plays a role in
lipid biosynthesis), C-C motif chemokine ligand 2 (Ccl2; a ligand for
chemokine receptor CCR2) and tumor necrosis factor (Tnf; a proin-
flammatory cytokine) (Fig. 6A). Gene ontology enrichment analysis
revealed that cotadutide upregulated multiple metabolism-related
gene ontologies including fatty acid metabolic processes, mito-
chondrial organization and respiratory chain complex related
ontologies (Fig. 6B). This phenotype becomes evenmore apparent in
the histological images, which show increased UCP-1 in BAT from

cotadutide-treated mice compared to vehicle (Fig. 6C). H&E analysis
(Fig. 6D) also showed significantly reduced pathologist-assessed
microvesicular score in BAT from cotadutide-treated mice compared
to vehicle controls (Fig. 6E). Electron microscopy images were
quantified and revealed reduced fat droplet area and size in BAT
from cotadutide-treated mice (Fig. 6F, G, J) as well as increased
mitochondrial area, but similar mitochondrial size between cotadu-
tide- and vehicle-treated BAT (Fig. 6H–J).

FGF21 is a known insulin-sensitizing agent that is secreted from
the liver and can activate energy-expending programs in BAT. Chronic
cotadutide-treatment in DIO mice increased the expression of hepatic
Fgf21 as revealed by qRT-PCR (Supplemental Data 4), along with a
tendency for increased serum FGF21 (p =0.07) (Supplemental Data 4).
A previous RNA-seq dataset from the liver of cotadutide treatment in a
murine model of MASH also revealed increases of hepatic Fgf21
expression with cotadutide (Supplemental Data 4) and suggests that
FGF21 may play, at least in part, a role in cotadutide-induced BAT
activation. Altogether, these results suggest that cotadutide, through a
hepatic glucagon-driven mechanism, activates BAT to increase mito-
chondrial activity, resulting in the observed increase in BAT-specific
glucose uptake.

GLP-1R/GCGR dual agonism-induced improvement in insulin
sensitivity confers lower insulin secretory demand on the pan-
creatic β-cell
To examine whether the cotadutide-induced improvement in
insulin sensitivity and glucose lowering confers changes in β-cell
insulin secretory function and endocrine pancreas morphology,
we treated 2 cohorts of DIO mice with vehicle or cotadutide for 28
days, which resulted in significantly lower BW (~ 20%) in
cotadutide-treated mice (Fig. 7A), similar to our previous
observations13. There was a similar pancreas weight between
cotadutide- and vehicle-treated groups (Fig. 7B). In cohort 1,
pancreatic islets were isolated and subjected to perifusion at basal
glucose levels (2.8 mmol/L) followed by perifusion with media
containing stimulatory glucose concentration (16.7 mmol/l) to
induce an insulin secretory response. Perfusate was collected at
2 min intervals for 80min to assess biphasic insulin secretion.
Islets from vehicle-treated DIO mice demonstrated dramatically
higher levels of glucose-stimulated insulin secretion indicative of
an insulin-resistant condition requiring substantially more insulin
to elicit a normal physiological response (Fig. 7C). In contrast,
islets isolated from cotadutide-treated mice demonstrated much
lower first and second phase insulin secretion in response to the
same glucose stimulation (Fig. 7C), suggesting an adaptive
improvement in insulin sensitivity for maintenance of glucose
homeostasis. Importantly, this observation was not due to differ-
ences in pancreatic insulin content (measured in cohort 2) and was
similar between the cotadutide-treated and vehicle control groups
(Fig. 7D). Fasting insulin levels were also significantly lower in
cotadutide-treated mice (Fig. 7E), further supporting an adaptive
improvement of insulin sensitivity and thus lower insulin demand.
Interestingly, we observed a reduction in pancreatic glucagon
content (Fig. 7F) and fasting endogenous glucagon levels (Fig. 7G)
in cotadutide-treated mice, which is likely a response to ther-
apeutic glucagon agonist administration. We have previously
observed reduced plasma glucagon in mice treated with ther-
apeutic glucagon agonists, including cotadutide and g143713. Both
β-cell and α-cell mass was assessed histologically by insulin and
glucagon staining. The β-cell mass was not significantly different
between vehicle- or cotadutide-treated mice (Fig. 7H), but there
was a significantly lower α-cell mass in cotadutide-treated mice
(Fig. 7I). In the context of the pancreas, MAFA is a β-cell-specific
transcription factor, and MAFA+ nuclei were significantly
increased in the pancreas from cotadutide-treated mice (Fig. 7J).
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This may suggest part of an adaptive response to β-cell rest,
allowing for restoration of transcriptional processes that then
maintain normal β-cell phenotype and function. Representative
images are shown in Fig. 7K. Finally, we investigated morphologi-
cal features of the pancreatic β-cells using electron microscopy of
isolated islets and found that islets from cotadutide-treated mice
have significantly more mature insulin granules (Fig. 7L) and fewer

immature granules (Fig. 7M) compared to the vehicle group, sug-
gesting an improved functional secretory capacity with cotadutide
treatment. Representative images are provided in Fig. 7N. This
cotadutide-mediated change in β-cell insulin granule content is
also indicative of an adaptive response to restore normal endo-
genous β-cell function as a consequence of improved insulin
sensitivity10.
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Discussion
We have previously shown that the GLP-1 component of cotadutide
drives BW loss and improves metabolic homeostasis, while the glu-
cagon action drives liver-specific benefits to reduce steatosis through
inhibition of lipogenesis and improved mitochondrial function,
accompanied by the critical downstream consequences of reduce
inflammation and fibrosis13 (Fig. 8). Liver-specific benefits of cota-
dutide have also been reported in T2D patients showing significantly
reduced liver fat content by MRI-PDFF (magnetic resonance imaging-
proton density fat fraction) as well as significant reductions in cir-
culating collagen fragment, Pro-C3, as a biomarker for liver fibrosis
activity and in the FIB4 index, a risk-factor score for fibrosis11,12,56–59.
Beyond this, cotadutide has shown to have additional benefits for
diabetic kidney disease19,60,61. Importantly, these therapeutic benefits
are achieved by a precise balance of GLP-1R and GCGR agonism with
a ~5:1 bias toward GLP-1R17. In this way, the metabolic benefits of
GCGR agonism can be leveraged without the undesired impacts on
glucose control that are counteracted by sufficient GLP1-R agonism
to drive weight loss and confer glucose control benefits. In the cur-
rent report, we expand these findings to demonstrate further bene-
fits of GLP-1R/GCGR dual-agonism to improve insulin sensitivity,
increase BAT glucose uptake, and enhance BAT metabolic activity
(Fig. 8). These metabolic improvements consequently facilitate a
reduced demand for insulin production to then allow for β-cell rest
and functional recovery (Fig. 8).

We employed the “gold-standard” hyperinsulinemic euglycemic
clamp technique, which demonstrated that sub-chronic cotadutide
treatment significantly improved insulin sensitivity. In this study,
hepatic glucose production was suppressed to similar levels between
all groups, but this was accompanied by dramatically lower insulin
levels in the cotadutide- and g1437-treated groups, indicating an
enhanced insulin sensitivity. This occurred in the groups receiving
therapeutic glucagon, suggesting that this degree of glucagon treat-
ment induces metabolic adaptation in the hepatocyte, resulting in an
improved response to insulin stimulation. In the hyperglycemic clamp,
it was confirmed that the suppression of hepatic glucose output is not
necessarily due to glucagon-induced glycogen depletion, as was
observed in the g1437 group but not in cotadutide-treated mice.
Indeed, there is a consistent observation of elevated glycogen content
following cotadutide treatment, which is most likely a rebound effect
following a transient glycogen depletion observed around 6 h post-
dose and reflective of cotadutide’s half-life in mice13. Such fluctuations
in the hepatic glycogen content are much less with liraglutide treat-
ment and lower glycogen levels likely reflect GLP-1 induced reduction
in food intake and body weight13.

It should be noted that the hyperglycemic clamp was performed
after only 7 days of treatment, that resulted in an equivalent BW loss
between the cotadutide, liraglutide, and g1437 groups. But similar to
the hyperinsulinemic clamp, we found that both cotadutide and
g1437 significantly lowered fasting insulin. However, during hypergly-
cemia, cotadutide, liraglutide, and vehicle control groups responded
with normal increases of insulin secretion, while g1437-treated mice

were unable tomount an insulin secretory response. In this regard, it is
important to consider that g1437 treatment simulates chronic gluca-
gon exposure, which induces a chronic catabolic state akin to starva-
tion. These states are known to severely dampen pancreatic β-cell
function and insulin secretion through an unknownmechanism that is
likely not directly mediated by glucagon agonism10. Exogenous gluca-
gon may potentiate insulin secretion in experimental models50–52, but
this may be mostly mediated via the β-cell GLP-1 receptor51. However,
the in vivo physiological consequence of glucagon action on β-cells
remains uncertain, especially considering that directional flow through
a pancreatic islet is from β-cells to α-cells, such that secreted glucagon
has to complete a circuit of the body, including escaping clearance
through the liver and kidney, so that minimal concentrations of glu-
cagon actually reach the β-cell and are unlikely to have a physiological
effect62,63. Critically, the glucagon component in cotadutide does not
show this catabolic effect, given that the balance of GCGR and GLP-1R
activity within cotadutide has been optimized to achieve the specific
benefits of glucagon-induced inhibition of hepatic lipogenesis, while
still allowing for metabolic switching in response to glycemic status13.
Thefindings reported here further support that an appropriate balance
of GCGR and GLP-1R tone is also sufficient for improved metabolic
control, during both hyperinsulinemic and hyperglycemic clamps, to
maintain sufficient insulin secretion in response to hyperglycemia and
suppression of hepatic glucose production.

The cotadutide-induced improvement of insulin sensitivity
prompted a deeper molecular analysis of the hepatic proteome and
insulin-regulated phosphoproteome. Cotadutide treatment enhanced
multiple components of the hepatic insulin-stimulated signaling net-
work, including insulin-receptor adapter protein phosphorylation,
AKT activation, glycogen synthesis, cell growth, mTORC1 activation,
and protein synthesis translation.

While glucagon is generally thought of as counter-regulatory to
insulin, several studies have demonstrated hepatic GCGR and INSR
crosstalk as essential for potentiating insulin action37. For example,
acute GCGR agonism enhances hepatic phosphorylation of AKT
S473, but not T308, essential for glucagon-mediated improvements
in insulin sensitivity34–36. Further, glucagon-dependent induction of
IRS2 expression shifts the IRS2:IRS1 ratio to favor IRS2 and is key for
early insulin action during the fasting-feeding transition to suppress
hepatic glucose output36. These observations suggest that, in a nor-
mal physiological fasting state, glucagon primes insulin action. Our
data support these observations and point to GCGR and INSR sig-
naling partnership as a key component driving enhanced insulin
signaling with cotadutide in DIOmice. Here, specific enhancement of
hepatic AKT S473 phosphorylation, but not T308, with CI/VI and
increased protein and gene expression of Irs2, but not Irs1 by cota-
dutide treatment supports this concept and complements previous
observations34–36. Beyond this, the integrated proteomic and phos-
phoproteomics approach builds on these previous reports and pro-
vides a much more comprehensive picture of how glucagon primes
insulin action in the liver. For example, our data implicate PPP1R3G as
a critical component of this response. PPP1R3G had one of the largest

Fig. 6 | Cotadutide increases brown adipose tissue mitochondrial activity and
content. Transcriptomic and histological analyses of brown adipose tissue (BAT)
following 28-day treatment of cotadutide (10 nmol/kg, blue triangles), compared to
vehicle (red circles). Volcano plot of genes significantly up- (red) or down-regulated
(blue) by cotadutide in BAT as identified via RNA-seq. Vehicle (n = 4); Cotadutide
(n = 5) mice per group (A). Gene ontology analysis for enriched biological process
(red), molecular function (orange), or cellular component (yellow) for genes sig-
nificantly upregulated by cotadutide in BAT (B). Representative images of immu-
nohistochemical staining of BAT for UCP-1 (C) and H&E (D) of vehicle (top) and
cotadutide (bottom). Vehicle (n = 8); Cotadutide (n = 7) mice per group. Quantifi-
cation of BAT Score from H&E staining (E) Vehicle (n = 8); Cotadutide (n = 7) mice

per group. Quantification of histological parameters from electron microscopy
imaging in J, including lipid droplet area (F), lipid droplet size (G), mitochondria
area (H), and mitochondria size (I). Biologic replicates are n = 2 mice per group.
Technical replicates are vehicle (n = 10) and cotadutide (n = 19) images per mouse.
Representative images of electron microscopy imaging of vehicle (left) and cota-
dutide (right) BAT (J). Adjustments were made for multiple comparisons using the
Benjamini–Hochberg adjustment. Genes with Benjamini–Hochberg false discovery
rate <0.05 as determined by DESeq2 were considered significant (A) two-sided
Student’s t-test (E–I). Data shown as the mean± SEM. *p <0.05, **p <0.01,
***p <0.001, ****p < .0001. Exactp values are included in the SourceDatafile. Source
data are provided as a Source Data file.
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fold-change increases induced by cotadutide, and PPP1R3G S81
phosphorylation had the largest fold-change across all phosphosites
when comparing CI/VI. Similar to IRS2, PPP1R3G expression peaks in
the liver during the fasting-feeding transition and can be induced by
glucagon treatment38,39. Unlike other PP1 phosphatase subunits,
PPP1R3G is not allosterically inhibited by GP and can promote gly-
cogen synthesis during the early phase of insulin action, upon

phosphorylation by AKT, allowing for rapid clearance of postprandial
blood glucose levels38. As such, increased PPP1R3G activity with
cotadutide treatment may be essential for the enhanced insulin
sensitivity observed and, more broadly, may be considered a pre-
viously unknown component of glucagon signaling in the priming of
insulin action. Together, the above-mentioned differences in insulin-
stimulated protein phosphorylation between cotadutide- and
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vehicle-treated mouse liver provide some molecular mechanistic
insight into the cotadutide-induced improvement in hepatic insulin
sensitivity demonstrated in the clamp studies.

Earlier studies demonstrated that cotadutide increased energy
expenditure and reduced respiratory exchange ratio (RER) in DIO
mice17 as well as increased lipid oxidation in hepatocytes13. In the cur-
rent study, we show that cotadutide also has a robust, reproducible
effect to specifically increase BAT glucose uptake associated with
increased mitochondrial number and activity. This effect is pre-
dominantly drivenby therapeuticGCGR agonism, since the sameeffect
was strongly induced in mice treated with g1437 yet comparatively
modest in mice treated with liraglutide. There have been a number of
reports demonstrating glucagon-induced increases in energy expen-
diture in rodents23,64, with some demonstrating BAT thermogenic
activation65,66. The mechanisms for glucagon-induced BAT activation
are likely not a direct effect of glucagon action at adipocytes. While
somehave shown that glucagonmayhave a role for lipidmetabolism in
epicardial adipose tissue (EAT)67, considering that theGcgr is expressed
much lower in adipose tissue relative to Gcgr expression in the liver68,
and with immunochemistry analysis indicating the GCGR to be

internalized in the cytosolic compartment67, the physiological rele-
vance of GCCR in white adipose tissue remains questionable. Indeed,
for BAT, theGCGRprotein is essentially not expressed, althoughmRNA
expression data showed ~10,000-fold lower GcgR expression in BAT
than liver64. Furthermore, no effect of BAT-specific GCGR KO was
reported in a comprehensive metabolic phenotyping study in which
response to exogenous glucagon was intact, with normal increase in
energy expenditure as well as normal response to cold exposure64.
Glucagon agonism is known to stimulate FGF21 expression in the liver
and raise circulating levels21. FGF21 is also known to stimulate adipose
tissue activation through central anddirectmechanisms69–72. One study
reported a partial reduction in glucagon-induced energy expenditure
in FGF21 KO mice, suggesting there may be a contributory role for
FGF21 in cotadutide-induced BAT activation. Indeed, we observed an
increase in Fgf21 gene expression in the liver and a trend toward ele-
vated circulating FGF21 in cotadutide-treated mice. However, we can-
not yet rule out other glucagon-induced hepatic derived factors may
also contribute to the specific increase in BAT metabolic activity
caused by cotadutide treatment. Evidence for the presence of BAT in
adult humans73 and functional significance in energy metabolism74 is

Fig. 7 | Improved insulin sensitivity by cotadutide results in reduced insulin
secretory demand on the pancreatic β-cell. Analysis of pancreatic function fol-
lowing 28-day treatment of cotadutide (10 nmol/kg, blue triangles), compared to
vehicle (red circles). Reduction in body weight (BW) throughout the 28-day dosing
period shown as % change (n = 8 mice per group) (A). Total pancreas weight (n = 8
micepergroup) (B). Insulin levels inperfusate from isolated pancreatic islets across
time (main) and the area under the curve (inset) (n = 8 mice per group) (C). Total
pancreatic insulin content (D) or plasma insulin levels (n = 8 mice per group) (E).
Total pancreatic glucagon content (n = 8 mice per group) (F) or plasma glucagon
levels (n = 7mice per group) (G). Quantificationof β-cellmass (H),α-cellmass (I), or
MAFA-positive staining nuclei (J) from multiplexed immunohistochemistry of

pancreata. Representative images of immunohistochemistry. Biologic replicates
are n = 8 mice per group. Technical replicates are n = 2 images per mouse. K.
Quantification of mature granules (L) or immature granules (M) from electron
microscopyofpancreaticβ-cell islets. Biological replicates aren = 2micepergroup.
Technical replicates are n = 29 (cotadutide) and n = 31 (vehicle) β-cells imaged per
mouse. Representative images of electron microscopy (N). Two-way ANOVA with
Tukey’s multiple comparisons post hoc (A), two-sided Student’s t-test (B, C (inset),
D–J, L, M). Data shown as the mean ± SEM. *p <0.05, **p <0.01, ***p <0.001,
****p < .0001. Exact p values are included in the Source Data file. Source data are
provided as a Source Data file.

Fig. 8 | Updated summary of Cotadutide mechanism of action. Cotadutide-
mediatedGLP-1R agonism at the brain inhibits appetite, resulting indecreased food
intake and body weight loss, while GCGR agonism at the liver reduces hepatic fat
accumulation. Adapted from ref. 13, with permission from SNCSC. Here, we build
on this model and demonstrate that Cotadutide improves whole-body insulin
sensitivity through multimodal effects. In the liver, GCGR agonism enhances

insulin-stimulated signaling and improves hepatic insulin sensitivity. Cotadutide
treatment also increases insulin-stimulated glucose uptake in the brown adipose
tissue and enhances brown adipose tissue metabolic activity. These effects facil-
itate a reduced demand for insulin production in the pancreas and allow for
recovery of endogenous β-cell function.
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growing, but its relevance for therapeutic targeting has yet to be
demonstrated. Whether glucagon-induced energy expenditure, and
BAT activation in particular, is relevant for adult humans remains an
open question, but may have therapeutic benefit for some elements in
the metabolic syndrome. Some human studies show increased
glucagon-induced energy expenditure75–77, although this could be
independent of BAT activity77, while others show no effect at all in
individuals with obesity78. Future clinical trials in GLP-1R/GCGR dual-
agonists should assess circulating FGF21 and energy expenditure to
better understand the mechanisms of action.

The cotadutide-induced improvement in insulin sensitivity con-
sequently reduced the demand on pancreatic β-cells to secrete high
levels of insulin to achieve physiological glucose uptake in peripheral
tissues and suppress hepatic glucose production. The reduced
demand for excess insulin secretion allowed for β-cell rest and func-
tional recovery10. These results suggest a contrast to the known acute
action of GLP-1 at the β-cell to increase glucose-stimulated insulin
secretion and proinsulin synthesis26, but do not contradict this
expected effect. We have previously reported a cotadutide-induced
increase of insulin secretion when a single dose was administered
60min prior to a glucose tolerance test (GTT) in mice17. Similarly,
following 6weeks of daily injections, glucose-induced insulin secretion
was potentiated when a dose of cotadutide was administered 240min
prior to the GTT13. Here, our studies were also performed following
sub-chronic dosing of cotadutide, but outcome measures were timed
to be in the absence of active compound (≥16 h after the final dose), so
as to elucidate the lastingmetabolic benefits of cotadutide, rather than
its acute actions. Whether these beneficial effects on the β-cell and
insulin secretion translate to humans has yet to be fully elucidated, but
there are some hints emerging. In a renal impairment study of T2D
patients that are dependent on insulin injection, cotadutide treatment
decreased the required insulin dose by an average of 35.2% which is
equivalent to 0.3 unit/kg reduction in insulin requirement, strongly
suggesting improvement in insulin sensitivity in these patients19. In
another study, peak insulin secretion was delayed following 49 days of
daily cotadutide treatment, likely due to delayed gastric emptying20. It
is likely that these benefits are driven by a combination of GLP-1 and
glucagon action, given their individual effects to reduce body weight,
via reduced food intake, and liver fat content, respectively.

It iswell appreciated that accumulationof ectopic fat, especially in
the liver, can lead to an insulin-resistant state predominantlymediated
by negative-feedback interference on insulin signal transduction
pathways79,80. Moreover, it is argued that the degree of hepatic insulin
resistance can influence peripheral/whole-body insulin resistance81,82.
As such, if hepatic insulin resistance can be alleviated, improvements
in peripheral insulin sensitivity will follow. Here we demonstrate, that
activation of hepatic glucagon signaling in the context of a balanced
GLP-1R/GCGR dual agonism therapeutic approach can dissipate liver
ectopic fat (hepatic steatosis) that in turn rescues insulin sensitivity.
This is predominately mediated by alleviation of negative feedback
influence on hepatic insulin signal transduction pathways (Fig. 4). It
also has the consequence of a specific metabolic activation of BAT to
increase or sustain energy expenditure in the face of decreased food
intake to “burn off” mobilized adipose tissue, that in part aids the
reduction in hepatic steatosis. A second important consequence of
recovering insulin sensitivity is to markedly reduce the insulin secre-
tory demand on pancreatic β-cells and, via successive β-cell rest,
restore normal endogenous β-cell function10,83 (Fig. 8). This then
essentially reverses symptoms of T2D. Thus, this study supports the
notion that GLP-1R/GCGR dual agonismmight even be used as an early
intervention in prediabetic patients, particularly those with elevated
liver fat content, to reverse the prediabetic state and prevent the
progression to T2D. This approachwould then also protect the patient
from other life-threatening co-morbidities associated with obesity and
T2D, and have a major impact on the health care system.

A limitation to the hyperinsulinemic euglycemic clamp technique is
that, despite infusion of equal concentration and rate of exogenous
insulin to induce hyperinsulinemia, one cannot control endogenous
insulin secretion, resulting in disparate levels of total circulating insulin
during fasting and clamp periods between treatment groups. The use of
somatostatin has been reported to block endogenous secretion of
insulin and glucagon, however this technique cannot control for fasting
levels and often introduces more variation and complicates interpreta-
tion. Therefore, current data is interpreted within the context of the
measured circulating insulin concentration. Furthermore, in this
experiment, it is difficult to compare the therapeutic effect of cotadu-
tide, liraglutide, and g1437 with regard to the metabolic outcomes
because the selected doses resulted in different magnitudes of weight
loss. The doses were chosen with the goal of understanding the indivi-
dual contributions of GLP-1R and GCGR agonism, and subsequent
experiments adjusted doses to equalize weight loss between groups.

Phosphoproteomics provides a comprehensive viewof cotadutide-
induced changes in the proteome, as well as insulin-stimulated phos-
phoproteome; however, it will not detect all proteins and peptides
within a sample. Therefore, some key proteins and peptides known to
be involved in the insulin signaling pathway were not all identified. We
addressed this, in part, through western blot and qPCR analysis of some
known protein expression and phosphorylation sites. On the other
hand, this study has identified previously unknown phosphorylation
and dephosphorylation sites on several insulin signaling pathway
elements. Because of the correlative improvement in hepatic insulin
sensitivity observed, it is tempting to state that these represent phos-
phorylation sites associated with net positive effects of downstream
insulin signal transduction. However, although that might be, it cannot
be ruled out that some of these protein phosphorylation events may be
neutral or even have a negative feedback effect to dampen insulin sig-
naling. Further, molecular studies will be needed to confirm the func-
tion of these protein phosphorylation modifications. Finally, we note
the limitations of our in vivomodel system, including all murine studies
being performed in male mice at ~18–20 weeks of age. This approach is
standard for the field, given that male mice present with metabolic
disease more severely than females and that mice at this age develop
the appropriate phenotype and reduce the burden of aging mice
beyond this point84. However, these factors do limit the studies trans-
ability to humans, given the associated discrepancies in disease pre-
sentation relating to gender and age.

Methods
Ethics statement
All studies were approved by the Institutional Animal Care and Use
Committee at AstraZeneca or Vanderbilt University in accordancewith
the Animal Welfare Act guidelines.

Animal studies
Mice were housed in standard caging at 22 °C or 25 °C for PET studies,
on a 12 h light:dark cycle with ad libitum access to food and water. All
studies were performed in diet-induced obese C57Bl6J (Jackson
Laboratories) male mice fed a 60% high-fat diet (D12492, Research
Diets) for 8–12 weeks prior to study start andmaintained for the study
duration. Sex was considered in the study design and analysis. All
murine studieswereperformed inmalemice, as is standard in thefield,
becausemalemice present with metabolic disease more severely than
females, and at the age utilized in the study, present the appropriate
phenotype and reduce the burden of aging mice beyond this point.

Hyperinsulinemic euglycemic clamp and tissue-specific
glucose uptake
C57Bl/6J diet-induced obese male mice were obtained from Jackson
Laboratories at 20 weeks of age (n = 7–11). Mice underwent daily dos-
ing of either vehicle, cotadutide (10 nmol/kg), liraglutide (5 nmol/kg),
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or g1437 (5 nmol/kg) for 28 days. Catheters were implanted into a
carotid artery for sampling, and a jugular vein for infusions, 7 days
prior to the clamp.Micewere anesthetizedwith sodiumpentobarbital,
and the carotid artery and jugular veinwere catheterized. Free catheter
ends were tunneled under the skin to the back of the neck, externa-
lized, and sealed with steel plugs. Lines were flushed daily with ∼50μl
saline containing 200 units/ml heparin and 5mg/ml ampicillin. These
methods permit arterial sampling from an indwelling catheter and are
less stressful than cut-tail sampling85. We fasted mice for 5 h and per-
formed insulin clamps using a modified method from ref. 86. Essen-
tially, the infusion, sampling, and calculation of glucose flux kinetics
using [3-3H]-glucose during the clampwas as conducted as reported87.
Briefly, we primed [3-3H]-glucose (1.5μCi) and then used a continuous
infusion for 90minutes as equilibration and basal sampling periods
(0.075 μCi/min). After this, we mixed [3-3H]-glucose with the non-
radioactive glucose infusate (infusate specific activity of 0.5 μCi/mg)
during the 2-h clamp period. We clamped arterial glucose using a
variable rate of glucose (plus trace [3-3H]-glucose) infusion, this was
adjusted using blood glucose measurements collected at 10min
intervals. Mixing radioactive glucose with the non-radioactive glucose
infused during clamping allows for deviations in arterial glucose spe-
cific activity to be minimized and steady-state conditions achieved,
making calculation of glucose kineticsmore robust88. Themean values
of blood samples collected at timepoints −15 and −5min were used to
calculate baseline blood or plasma variables. Insulin infusion (4mU/kg
body weight/min) was started at time point 0 and continued for
120min. To prevent a fall in hematocrit, mice received heparinized
saline-washed erythrocytes from donors at 5μl/min. Blood was col-
lected from 80–120min to determine [3-3H]-glucose. Clamp insulin
was determined at timepoints 100 and 120min. At 120min, we admi-
nistered 13µCi of 2[14C]deoxyglucose ([14C]2DG) to mice as an intrave-
nous bolus. Bloodwas collected from 2–25min to determine [14C]2DG.
Finally, at the end of the study, mice were anesthetized and tissues
were freeze-clamped for further ex vivo analysis. We determined
plasma insulin levels using RIA and employed liquid scintillation
counting to determine radioactivity of [3-3H]-glucose and [14C]2DG in
the collected plasma samples and [14C]2DG-6-phosphate in the freeze-
clamped tissues. Rates of glucose appearance (Ra) and disappearance
(Rd) were calculated by steady-state equations as outlined89. By sub-
tracting the GIR from total Ra, the endogenous glucose appearance
(endoRa) could be determined, and the glucose metabolic index (Rg)
calculated using glucose metabolic rate per unit mass equations90.

Hyperglycemic clamp and stable-isotope infusions
Twenty-week old C57Bl/6J DIO male mice (Jackson Laboratories) were
dosed (~5 pm) with vehicle or cotadutide (10 nmol/kg), liraglutide
(10 nmol/kg), or g1437 (10 nmol/kg) 2 h prior to lights out for 7 con-
secutive days (n = 8–10). Hyperglycemic clamps were conducted as
exactly reported13. Briefly, arterial and venous catheterization was
conducted on mice five days prior to the clamp. Animals were 5-h-
fasted (starting at 7 am) on day 8 of the study. After 3 h of fasting on
day 8, an arterial blood sample was collected to determine natural
isotopic enrichment of plasma glucose. Immediately after collecting
this sample, we conducted a quantitative stable isotope delivery to
increase isotopic enrichment above natural isotopic labeling91. A
[6,6-2H2]Glucose-

2H2O (99.9%)-saline bolus was infused for 25min to
enrich total body water to 4.5% and provide a glucose prime
(80mg kg−1) at timepoints −120 and −95min. Following the 6,6-2H2]
Glucose-2H2O-saline prime, a continuous infusion of [6,6-2H2]glucose
from time point −95 to 0min (0.8mgkg−1 min−1) was started. We
initiated the hyperglycemic clamp at time point 0min with a variable
infusion of glucose ((50% dextrose + 2H2O (0.04 MPE) + [6,6-2H2]Glu-
cose (0.08 MPE)), to induce stable hyperglycemia (250–300mg/dL)
and stable enrichment of 2H2O and [6,6-2H2]Glucose in plasma. Every
10min, we observed the arterial glucose levels to inform adjustment of

the glucose infusion rate (GIR). We performed steady-state blood
sampling for glucose kinetics at timepoints −10 and +90–120min of
hyperglycemia. Red blood cells were continuously infused during the
hyperglycemic period to maintain hematocrit. At the end of study at
time point 120min, micewere anesthetized, sacrificed, and liver tissue
was immediately frozen in liquid nitrogen. Stable isotopes were pur-
chased from Cambridge Isotope Laboratories, Inc. (Tewksbury, MA).
Each infusate was prepared in a 4.5% 2H2O-enriched saline solution.

We employed GC-MS to determine plasma glucose enrichments
([6,6-2H2]Glucose), isotopomer distribution and the enrichment ratio
of deuterium on the fifth (C5) and second carbon (C2) of glucose92,93.
All plasma samples were chemically derivatized to obtain di-O-
isopropylidene propionate, aldonitrile pentapropionate, and methy-
loxime pentapropionate derivatives of glucose.

Finally, liver glycogen was digested by amyloglucosidase94 and
glucosemass and enrichmentswere assessed in the homogenate in the
same manner. To determine 2H2O in plasma, the sample was spiked
with [U-13C3]acetone andNaOH. After exchange, we employed GC-MS
and assayed 2H-enriched [U-13C3]acetone following extraction with
chloroform95. Hepatic palmitate and glyceride enrichments and con-
tent were assessed in saponified extracts spiked with internal stan-
dards (1,1,2,3,3-2H2]Glycerol and Heptadecanoic acid)96,97. Glucose
fluxes were assessed using non-steady-state equations (volume of
distribution of glucose = 130ml/kg)89. To determine the contributions
of gluconeogenesis, we used the ratio of C5 and C2 of plasma glucose
based on previous reports98,99. We then calculated direct hepatic gly-
cogen synthesis (6,6-2H2]Glucose in glycogen = liver glycogen mass
(mg/g) × (glycogen [6,6-2H2]Glucose MPE/ plasma [6,6-2H2]Glucose
MPE) from plasma glucose and percent indirect hepatic glycogen
synthesis (C5/C2 in liver glycogen × 100) from gluconeogenesis. At the
same timewedetermined hepatic de novo lipogenesis and triglyceride
esterification rates using the incorporation of 2H in palmitate and
glyceride determines, respectively. Finally, the contribution of newly
synthesized palmitate and esterified glycerol was determined using
the following equations:

%newly made palmitate = Palmitate M+ 1 MPE/(plasma 2H2O
MPE × n) × 100, where “n” represents the number of exchangeable
hydrogens, which was assumed to be 2296.

% newly made esterified glycerol = (Glycerol M + 1 enrichment
MPE + 2 ×M+ 2 enrichment MPE)/(plasma 2H2O MPE× 4.25) × 100,
where “n” represents the number of exchangeable hydrogens, which
was assumed to be 4.2596.

Insulin signaling and β-cell function studies
Male DIO C57Bl/6J mice at ~20 weeks of age were randomized to
receive either vehicle or cotadutide (10 nmol/kg) daily for 28 days
(n = 8). Cohort 1: On the morning following the final dose, mice were
fasted for 5 h and administered either PBS or insulin (Humulin R;
0.75U/kg). After 15min, mice were sacrificed, and liver tissue was
quickly dissected and frozen in liquid nitrogen for later phosphopro-
teomic analysis. The pancreas was collected and fixed in 10% formalin.
Cohort 2: Mice were sacrificed on themorning following the final dose
and whole pancreas was dissected, weighed and stored in 1.5% HCl in
70% ethanol for later measurement of total insulin content through
acid-ethanol extraction and insulin ELISA (MSD Cat # K152BZC-2,
Rockville, MD). Liver, white adipose, and brown adipose tissue pieces
were also frozen in liquid nitrogen or stored for histological and
electron microscopy analysis. Cohort 3: Mice were sacrificed on the
morning following the final dose and pancreatic islets were isolated by
collagenase digestion100. Islets were then used for perifusion experi-
ments or stored for electron microscopy analysis.

Islet perifusion
About 100 islets per pancreas of 75–125-μmdiameter were placed into
individual perifusion columns in a 12-channel perifusion apparatus

Article https://doi.org/10.1038/s41467-025-59773-4

Nature Communications |         (2025) 16:4714 15

www.nature.com/naturecommunications


(Biorep Technologies, Miami Lakers, FL). Islets underwent basal peri-
fusion incubation for 90min in 2.8mmol/L glucose Krebs-Ringer
bicarbonate HEPES buffer (KRBH). Biphasic insulin secretion was then
assessed with the perifusion of 16.7mmol/L glucose KRBH. Perfusate
was collected from individual chambers at 2min intervals and main-
tained at 4 °C, and insulin concentrations were determined using
insulin ELISA (MSD). Islets protein content was assessed following the
experiment for normalization.

Liver phosphoproteomics
For each condition, n =4 mice per group was analyzed for a total of
16 samples. Each sample was homogenized on ice in 6M urea, 2M
Thiourea, 10mM DTT, cOmplete Protease Inhibitor and phosphatases
inhibitor cocktail (PhosSTOP) using a probe sonicator 3 × 20 s at 60%
amplitude. After sonication, the samples were centrifuged at 14,000 × g
for 20min at 4 °C. The supernatant was recovered, and the protein
concentration was measured using a Nanodrop. A total of 300 µg of
protein was taken out, and 20mM Iodoacetamide was added, and the
samples were incubated for 30min at RT in the dark. After incubation,
the proteins were precipitated using ice-cold Ethanol/Acetone pre-
cipitation. The precipitated protein was resolubilized in 5% sodium
deoxycholate (SDC) in 50mM HEPES buffer, pH 8.5. The proteins were
digested with 5% modified Trypsin and 0.4 µg endoproteinase Lys-C
overnight at 37 °C. After digestion, 100 µg was taken out for each
sample for TMTpro labeling according to the manufacturer's protocol.
The samples were labeled accordingly: Vehicle plus PBS (TMT126-
128N); Cotadutide plus PBS (TMT128C-130N); Vehicle plus Insulin
(TMT130C-132N); Cotadutide plus Insulin (TMT132C-134N). After
labeling, the samples were mixed and 1M Ammonium bicarbonate was
added to 10mM for 15min in order to block remaining TMT. The SDC
was precipitated by acidification to 2% formic acid, followed by cen-
trifugation to recover the supernatant. The recovered TMT-labeled
peptides were lyophilized for further purification of phosphopeptides.

Enrichment of phosphopeptides
The purification of phosphorylated peptides was performed using
titanium dioxide (TiO2) chromatography described in detail below.
To ensure high enrichment efficiency and to eliminate co-purified
sialic acid-containing N-linked glycopeptides the phosphopeptides
were purified using a double TiO2 enrichment strategy with an
enzymatic de-glycosylation step between the TiO2 enrichment steps.
The final phosphopeptide sample was fractionated using high-pH
reversed-phase (HpH RP) separation prior to LC-MS/MS. The lyo-
philized TMT-labeled peptides were resuspended in TiO2 loading
buffer (80% acetonitrile (ACN), 5% trifluoracetic acid (TFA), 1M gly-
colic acid) and incubated with 0.6mg TiO2 beads (GL Science, Japan)
per 100 µg peptide on a shaker for 10min. After incubation and
centrifugation, the supernatant was incubated again with 0.3mg
TiO2 beads per 100 µg on a shaker for 10min. After incubation, all
TiO2 beads were sequentially washed together in one tube with
100 µL 80% ACN, 1% TFA, and subsequently with 20% ACN, 0.1% TFA.
All supernatants from the washes were collected, lyophilized, and
stored for desalting by HLB reversed-phase chromatography. The
TiO2 beads were dried, and subsequently resolubilized in 150 µL
100mM HEPES buffer, pH 8, containing 1 µL PNGaseF (0.5 U)(New
England BioLabs) to remove the sialylated N-linked glycan structures
from the enriched sialic acid-containing N-linked glycopeptides that
are co-enriched in the TiO2. The sample was incubated at 37 °C
overnight. After incubation, the sample was diluted to 80% ACN, 1%
TFA and incubated on a shaker at RT for 10min, to allow the phos-
phopeptides to re-attach to the TiO2 beads. After incubation, the
beads were pelleted by centrifugation, and the supernatant, con-
taining the deglycopeptides, was removed, and the TiO2 beads were
washed with 200 µL 50% ACN, 0.1% TFA. The beads were pelleted,
and the supernatant was recovered with the other supernatant. The

TiO2 beads were dried, and the bound phosphopeptides were eluted
from the beads with 1% ammonium hydroxide solution, pH 11.3, as
described above. The phosphopeptides were lyophilized prior to
HpH RP separation.

Desalting of the “non-modified peptide” fraction using HLB RP
Chromatography
The lyophilized flow-through from TiO2 chromatography was resus-
pended in 2ml 0.1% TFA. An Oasis HLB cartridge (Waters.com) was
washed with 2mL of MeOH and ACN, respectively, and equilibrated
using 3mL 0.1% TFA. The peptide sample was loaded slowly onto the
cartridge using a 10mL Syringe. After loading, the cartridge was
washed using 3mL 0.1% TFA. The peptides were recovered using 1mL
60%ACN/H2O into a low-binding tube and lyophilizedprior toHigh-pH
RP fractionation.

High-pH reversed-phase fractionation
The phosphorylated peptides and “non-modified” peptides were re-
dissolved in 35μL 20mM ammonium formate, pH 9.3 and sonicated
for 5min. The samples were centrifuged for 15min at 14,000×g at
room temperature, and the supernatant was applied to an ACQUITY
UPLC M-class CSH C18, 1.7 µm 300 µm× 100mm RP column using
a Dionex 3000 Ultimate system. The peptides were eluted from the
C18 column with increasing concentrations of acetonitrile in ammo-
nium formate (2, 50, 95% acetonitrile) for 155min with a flow rate of
5.0μL/min. The samples were fractionated into 20 concatenated
fractions. The fractions were lyophilized prior to LC-MS/MS.

Liquid chromatography tandemmass spectrometry (LC-MS/MS)
—phosphoproteomics
The various samples were analyzed on an EASY nanoLC system cou-
pled with a Fusion Lumos Tribrid (“non-modified peptides”) or an
Orbitrap Eclipse Tribrid (phosphopeptides). Lyophilized peptides
from the HpH RP fractionation (20 concatenated fractions) were
resolubilized in 3–5 µL of 0.1% formic acid (FA) and loaded onto a
20 cm analytical column (100-μm inner diameter) packed with
ReproSil—Pur C18 AQ 1.9 μm reversed-phase material. The peptides
were eluted with an organic solvent gradient from 100% phase A (0.1%
FA) to 25%phase B (95% ACN, 0.1% FA) for 100min, then from 25%B to
40% B for 20min before the column was washed with 95% B. The flow
ratewas set to 300nL/min during elution. For the two instruments, the
automatic gain control target value of 1.5 × 106 ions in MS and a max-
imum fill time of 50ms was used. Each MS scan was acquired at high
resolution (120,000 full width half maximum (FWHM)) at m/z 200 in
the Orbitrap with amass range of 350–1400/1500Da. The instruments
were set to select asmany precursor ions as possible in 3 s between the
MS analyses. Peptide ions were selected from theMS for higher energy
collision-induced dissociation (HCD) fragmentation (collision energy:
34%). Fragment ions were detected in the orbitrap at high resolution
(50,000 FWHM) for a target value of 1.5 × 105 ions and a maximum
injection time of 200ms (phosphopeptides) or 86ms (“non-modified
peptides”) using an isolation window of 0.7Da and a dynamic exclu-
sion of 20–30 s. All raw data were viewed in Xcalibur v3.0 (Thermo
Fisher Scientific).

Peptide/protein identification and quantitation
All LC-MS/MS raw data files were searched using Proteome Discoverer
(PD) version 2.5.0.400 (Thermo Fisher Scientific). The raw data were
searched in PD using a workflow where the raw data were first sub-
jected to database searching using an in-houseMascot server (Version
2.2.04, Matrix Science Ltd., London, UK). The searches had the fol-
lowing criteria: database, SwissProt mouse protein database; enzyme,
trypsin; maximum missed cleavages, 2; fixed modifications, TMTpro
(N-terminal), TMTpro (K), and Carbamidomethyl (C). Variable mod-
ification for the phosphopeptides was phospho (S/T/Y) and
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deamidation (N), whereas no variable modifications were used for the
“non-modified peptides”. The peptide fragment ion spectra that were
not identified as a peptide in Mascot with a below 1% false discovery
rate (FDR)was further subjected to database searching using SEQUEST
HT in PD. The database used here was a UniProt mouse protein data-
base (April 2023). The searching criteria was as described for the
Mascot search. Peptides were accepted for further analysis if they had
a q value below 0.01 (Percolator)101,102, corresponding to 1% FRD, had
Mascot rank 1, and a cut-off value of Mascot score >18103. The TMT16
plex reporter ion signals were quantified using S/N, and they were
normalized to the total peptide S/N in the PD program. The in-built
ANOVA test in PD was used to generate p values for all the phospho-
peptides and proteins identified in the database searches. KEGG
enrichment analysis was performed with STRING.

PET study
[18F]FDG-PET imaging was performed on days 0, 14, and 28. On the
days of imaging mice were fasted for 4 h and then intravenously (tail
vein) administered with [18 F]FDG (~200 uCi). Mice were anesthetized
using isoflurane/O2 (1.5 to 3%v/v) and imaged (nanoScanPET/CT) at 1 h
post [18F] FDG injection. During the course of imaging (20min), mice
received isoflurane/O2 andweremaintained at 37 °Cby the heated bed
on the scanner. At the end of the study, mice were euthanized (CO2

asphyxiation), and necropsy was performed to obtain tissues/organs
from each mouse. Radioactivity associated with each sample was
determined by gamma counting (PerkinElmer Wizard2). PET/CT ima-
ges were analyzed using VivoQuant software. PET/CT and gamma
counter data were plotted using GraphPad Prism.

Immunohistochemistry and β-cell and α-cell mass analysis
Pancreata, BAT, and liver were fixed in 10% formalin for 24 h and
paraffin-embedded. Pancreata were sliced at 5-μm sections and three
sections per pancreas separated by 50μm were used for multiplex
staining of insulin (#ab181547, Abcam), glucagon (#2760Cell Signaling
Technology), and MafA (#IHC-00352, Bethyl Labs, Montgomery, TX),
followed by Mayer’s hematoxylin (Dako). BAT was sectioned and
immuno-stained for UCP-1 (#ab23841, Abcam). Immunohistochem-
istry was performed using a Ventana Discovery ULTRA Staining Mod-
ule (VentanaMedical System;Glucagon and insulin) or a LeicaBondRX
Autostainer (LeicaMicrosystems, Inc., BuffaloGrove, IL;Mafa andUCP-
1). For H&E, liver and BAT slides were first incubated in Mayer’s hae-
matoxylin (Dako), washed in tap water, and stained with eosin Y
solution (Sigma) before being hydrated and mounted using Pertex.

Histological analysis
All tissues/organswere examined for histopathological changes,which
were diagnosed following the International Harmonization of
Nomenclature and Diagnostic Criteria (INHAND), Society of Tox-
icological Pathology (www.toxpath.org/inhand.asp). Microvesicular
score for brown adipose tissue H&E were graded semi-quantitatively
using a score from 1 to 5104. In the multiple IHC-stained pancreata
slides, the stained area and the total section area was detected by
threshold and machine learning in the Visiopharm image analysis
system. The insulin and glucagon positive area was quantified and
expressed as β-cell and α-cell mass calculated by β- or α-cell area:-
pancreas area x pancreas weight. Mafa staining was expressed as Mafa
+ nuclei per mm2 tissue. For liver H&E slides, an Artificial Intelligence
(AI) application was used to detect and count hepatic fat droplets in
the Visiopharm image analysis system. The hepatic fat-areas were
initially manually annotated on a high number of sections, thereby
teaching the machine learning algorithm how to distinguish these two
areas, hepatic cells with single droplets (macrovesicular) and hepato-
cytes included multiple small droplets (microvesicular), from back-
ground such as vessels and artefacts. To avoid includingglycogen, only
circular droplets inside the hepatocytes were used to assess hepatic

lipid fractional area, and to count the number of hepatocytes including
lipid droplets.

Electron microscopy for isolated islets and BAT
Freshly isolated islets or BAT cut to ~2mm× 1mm× 1mm pieces were
fixed in 0.1mol/L cacodylate buffer with 4% paraformaldehyde and 2%
glutaraldehyde. Samples were embedded in resin and subsequently
sectioned and stained. Imaging was conducted using a Thermo/FEI
Tecnai F30 300 kV 3D electron tomography/ STEM tomography
instrument. Islet images were analyzed for the number of mature and
immature islets per cytoplasmic area from 29 to 31 electron micro-
graphs per group. BAT images were analyzed for lipid droplet and
mitochondrial area. Quantification of organelle size/area in electron
micrographs was conducted by tracing organelles, and their cell sur-
face area/total cell area calculated105.

RNA isolation from adipose tissue
RNA was isolated from 30mg of BAT and 100mg of WAT tissue.
Samples were homogenized in 800-ul trizol, incubated for 5min, and
the fat layer was removed. An additional 200 ul of trizol was added to
the homogenate, followed by 200 ul 1-bromo-3-chloropropane (BCP).
Samples were mixed, incubated at room temperature for 10min, and
centrifuged at 12,000 × g for 14min at 4 °C. The aqueous phase was
transferred to a new tube, and 600ul of 70% ethanol added. Samples
were then transferred to an RNeasy Mini spin column, centrifuged at
10,000 × g for 15 s followed by 700ul Buffer RW1 and centrifuged.
Eighty ul of DNase was added to the column and incubated at RT for
15min, followed by 500 ul RPE and centrifuged. RPE wash was per-
formed a second time, and the spin column was placed in a new tube.
Thirty ul of water was applied to the column and centrifuged at
10,000×g for 1min to elute the RNA. RNA-seq libraries were generated
and sequenced at GENEWIZ, and data analyzed at AstraZeneca.

Library preparation with polyA selection and HiSeq sequencing
RNA library preparations and sequencing reactions were conducted at
GENEWIZ, LLC. (South Plainfield, NJ, USA). RNA samples received were
quantified using Qubit 2.0 Fluorometer (Life Technologies, Carlsbad,
CA, USA), and RNA integrity was checked using Agilent TapeStation
4200 (Agilent Technologies, Palo Alto, CA, USA). RNA sequencing
libraries were prepared using the NEBNext Ultra RNA Library Prep Kit
for Illumina following the manufacturer’s instructions (NEB, Ipswich,
MA, USA). Briefly, mRNAs were first enriched with Oligo(dT) beads.
Enriched mRNAs were fragmented for 15min at 94 °C. First strand and
second strand cDNAswere subsequently synthesized. cDNA fragments
were end repaired and adenylated at 3′ends, and universal adapters
were ligated to cDNA fragments, followed by index addition and
library enrichment by limited-cycle PCR. The sequencing libraries were
validated on the Agilent TapeStation (Agilent Technologies, Palo Alto,
CA, USA), and quantified by using Qubit 2.0 Fluorometer (Invitrogen,
Carlsbad, CA) as well as by quantitative PCR (KAPA Biosystems, Wil-
mington, MA, USA). The sequencing libraries were clustered on two
lanes of a flowcell. After clustering, the flowcell was loaded on the
Illumina HiSeq instrument (4000 or equivalent) according to the
manufacturer’s instructions. The samples were sequenced using a
2 × 150bp paired-end (PE) configuration. Image analysis and base call-
ing were conducted by the HiSeq Control Software (HCS). Raw
sequencedata (.bclfiles) generated from IlluminaHiSeqwas converted
into fastq files and de-multiplexed using Illumina’s bcl2fastq 2.17 soft-
ware. One mismatch was allowed for index sequence identification.

RNA-seq data analysis
Adapter sequences were removed using Trimmomatic v.0.36106. Short
sequencing reads were mapped to the mouse genome (mm10) using
STAR v.2.5.2b107. Read counts were calculated using featureCounts
from Subread v.1.5.2108. Differential expression analysis was performed
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with DEseq2109. Genes with Benjamini–Hochberg false discovery rate
<0.05 were considered significant. Gene Ontology110,111 enrichment
analysis was performed with AmiGO112.

RNA isolation from murine liver and qRT-PCR
For RNA isolation of murine liver tissue, 10mg sample were homo-
genized in buffer RLT using Lysing Matrix D tubes (Millipore, Ref
#116913050). Homogenates were centrifuged atmax speed (15,000× g)
for 10min, and supernatant was removed using a syringe to avoid fats.
Centrifugations were repeated for a total of three spins to clear suffi-
cient fat from the samples. RNA was then isolated using a RNeasy Kit
(QIAGEN, Ref # 74104). Equal amounts of RNAwere reverse transcribed
to complementary DNA using a high-capacity RNA-to-DNA kit (Invi-
trogen, Ref #18080400) according to the manufacturer’s directions.
For quantitative real-time PCR, a QuantStudio-7 Flex System was used
and TaqMan Standard PCR Master Mix and TaqMan probes were
employed. Each sample was tested in triplicate and quantified using the
2−ΔΔCt method to calculate the relative gene expression relative to
endogenous control Rps14.

ELISA from murine plasma
Plasma samples were stored at−80 °C until use, with freeze-thaws kept
to a minimum. ELISA was run using Mouse/Rat Fgf21 Quantikine ELISA
Kit (R&D Systems, Ref #MF2100) following the manufacturer's
instructions. Briefly, 50 µL of Assay Diluent RD1-41 was added to each
well, followed by 50 µL of sample diluted inCalibrator Diluent RD6Z 3x
prior to use, prepared control, or prepared standard, and covered and
incubated atRT for 2 h.Wells werewashed 5Xwith 370 µLWash Buffer.
To each well, 100 µL of Fgf21 conjugate was added and covered and
incubated at RT for 2 h.Wells werewashed 5Xwith 370 µL wash buffer.
To eachwell, 100 µL freshly prepared substrate solutionwasadded and
incubated at RT for 30min, followed by 100 µL Stop Solution. The
optical density of each well was determined using a plate reader set to
450 with a correction at 540 nm.

Immunoblotting from murine liver tissue
For protein isolation of murine liver tissue, 10mg sample were sus-
pended in 300 µL cold RIPA lysis buffer (Thermo, Ref #89901) con-
taining protease and phosphatase inhibitor (Thermo, Ref #1861280) in
protein lysis tubes (Qiagen, Ref # 19560) containing one, 2.5-mm
ceramic bead and one, 5-mm steel bead (Qiagen, Ref # 13114, and Ref
#69989). Samples were lysed on a Qiagen TissueLyser II at a frequency
of 27 for 5min. Lysed sampleswere centrifuged at 15,000 × g for 20min
at 1 °C, and supernatant removed for immunoblotting using a syringe to
avoid transfer of fats. Lysates were quantified using the Pierce BCA
Protein Assay Kit (Pierce, Ref #23227). Approximately, 25 µg of protein
was diluted in 4x NuPAGE buffer (Thermo, Ref # NP0007), 10x NuPAGE
reducing agent (Ref #NP0004), and water to bring to a total volume of
20 µL. Samples were boiled at 70 °C for 10min, then electrophoresed at
~100V for ~1.5 h using the NuPAGE electrophoresis system employing a
NuPAGE 4–12% Bis-Tris Gel, 1X NuPAGE MES SDS Running Buffer, and
NuPAGE Antioxidant (Thermo, Ref #NP0322, #NP0002, and #NP0005,
respectively). Protein samples were compared to Novex Pre-Stained
Protein Standard and Magic Mark XP Western Protein Standard com-
bined in a 1:1 dilution (Thermo, Ref # LC5800, #LC5602). Samples were
dry transferred to nitrocellulose membrane using the IBlot 2 system
and reagents (Thermo, Ref #IB21001, #IB23002). Membranes were
blocked for 1 h in Licor Intercept Blocking Buffer (Ref #927-60001) and
then incubated in primary antibodies for total Akt (Cell Signaling, Ref
#9272S, 1:1000), phospho-Akt Serine 473 (Cell Signaling, Ref # 4060S,
1:1000), or phospho-Akt Threonine 308 (Cell Signaling, Ref #13038,
1:1000) diluted in Licor Intercept Protein-Free Antibody Diluent (Ref
#927-85001) at 4 °C overnight. Membranes were washed in TBST
10min, 3X, and then incubated in Licor Goat Anti-rabbit secondary
antibodies diluted 1:20,000 in Licor Intercept Protein-Free Antibody

Diluent for 1 h. Membranes were washed in TBS 10min, 3X and then
imaged on a Licor Odyssey Imager.

Statistics
Data were expressed as means ± s.e.m. Unless indicated otherwise,
such as for sequencing andmass-spec data, all statistical analyses were
carried out using GraphPad Prism 9 (GraphPad Software, San Diego,
CA). The data were analyzed via Student’s t-test, one-way or two-way
ANOVAwith post hoc tests as indicated in the figure legends. Values of
p ≤0.05 were considered to represent statistically significant differ-
ences. Replicates represent distinct samples unless indicated other-
wise in the figure legends.

Reporting summary
Further information on research design is available in the Nature
Portfolio Reporting Summary linked to this article.

Data availability
RNA-seq datasets generated in this study have been deposited in the
GEO database under accession code GSE284233. The mass spectro-
metry proteomics data have been deposited to the ProteomeXchange
Consortiumvia the PRIDEpartner repositorywith the dataset identifier
PXD057744. All other raw data generated in this study are provided in
the supplementary information or the SourceData file. Sourcedata are
provided with this paper.

Code availability
Custom codes are deposited on Zenodo as Data Visualization Code for R.
There are no restrictions.
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