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Monomeric GLP-1/GIP/glucagon triagonism
corrects obhesity, hepatosteatosis, and
dyslipidemia in female mice
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ABSTRACT

Objective: Obesity is a major health threat that affects men and women equally. Despite this fact, weight-loss potential of pharmacotherapies is
typically first evaluated in male mouse models of diet-induced obesity (DIO). To address this disparity we herein determined whether a monomeric
peptide with agonism at the receptors for glucagon-like peptide 1 (GLP-1), glucose-dependent insulinotropic polypeptide (GIP), and glucagon is
equally efficient in correcting DIO, dyslipidemia, and glucose metabolism in DIO female mice as it has been previously established for DIO male
mice.

Methods: Female C57BL/6J mice and a cohort of fatmass-matched C57BL/6J male mice were treated for 27 days via subcutaneous injections
with either the GLP-1/GIP/glucagon triagonist or PBS. A second cohort of C57BL/6J male mice was included to match the females in the duration
of the high-fat, high-sugar diet (HFD) exposure.

Results: Our results show that GLP-1/GIP/glucagon triple agonism inhibits food intake and decreases body weight and body fat mass with
comparable potency in male and female mice that have been matched for body fat mass. Treatment improved dyslipidemia in both sexes and
reversed diet-induced steatohepatitis to a larger extent in female mice compared to male mice.

Conclusions: We herein show that a recently developed unimolecular peptide triagonist is equally efficient in both sexes, suggesting that this

polypharmaceutical strategy might be a relevant alternative to bariatric surgery for the treatment of obesity and related metabolic disorders.
© 2017 The Authors. Published by Elsevier GmbH. This is an open access article under the CC BY-NC-ND license (hitp://creativecommons.org/licenses/by-nc-nd/4.0/).
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1. INTRODUCTION neglect female rodents, because of a relative resistance to diet-
induced obesity and glucose intolerance that is typically observed

Obesity and its metabolic comorbidities like type 2 diabetes impose in most conventional strains [10,11]. A further concern is that sex

major threats to global public health and socioeconomic prosperity
[1,2]. Lifestyle modification as a first intervention proves mostly
ineffective to fight excess adiposity [3,4]. The acceptance for ther-
apeutic or surgical intervention is considerably high, albeit con-
strained by substantial side effects [5]. Long-term studies clearly
suggest bariatric surgery as the most effective, yet most cost-
intensive therapy for sustained body weight normalization [6,7].
Approximately 80% of patients undergoing bariatric surgery are
women, although no differences in eligibility criteria between sexes
exist [8,9]. In sharp contrast to this, preclinical obesity studies largely

hormones and fluctuations in the estrous cycle can have an impact
on key metabolic endpoints and can increase the natural variance of
drug effects, resulting in the necessity for larger group sizes to detect
metabolic benefits [12,13]. Recent evidence shows that some
pharmacological treatment strategies have differing effects in women
and men, as well as higher rates of adverse drug reactions in women
[14,15]. This signifies that detailed pre-clinical investigations of
differences between the sexes are warranted to accurately assess
the therapeutic utility of drug candidates. In line with this notion, an
initiative of the U.S. National Institutes of Health (NIH) recently
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suggested to expand preclinical studies to also include female ro-
dents [16].

Whereas most previous weight-loss pharmacotherapies are hampered
by limited efficacy or unacceptable adverse effects, there is hope
resting on recent advances in the development of single molecules
which promote their biological action through simultaneous agonism
at multiple key metabolic receptors [17,18]. In this regard, a mono-
meric peptide with balanced agonism at the receptors for glucagon-
like peptide 1 (GLP-1), glucose-dependent insulinotropic polypeptide
(GIP), and glucagon has previously been shown to correct diet-induced
obesity (DIO), dyslipidemia, and insulin resistance in male mice [19].
The principle underlying this molecule is that the anorectic action of
central GLP-1 receptor (GLP-1R) agonism synergizes with the action of
glucagon to increase energy expenditure, resulting in a net loss of body
weight. The combined glycemic action of GLP-1R and GIP receptor
(GIPR) agonism restrains the hyperglycemic effect of glucagon, im-
proves insulin sensitivity, and results in body weight improvements.
While the efficacy of this GLP-1/GIP/glucagon triagonist to correct the
metabolic syndrome has been shown in male mice [19], its metabolic
effects in female mice remain unknown. Accordingly, the aim of this
study was to comparatively evaluate the metabolic efficacy of this triple
agonist in female and male DIO mice.

2. MATERIALS AND METHODS

2.1. Animals and diet

Due to the fact that progression of obesity differs between both sexes,
with male mice gaining body fat more rapidly compared to female mice
[20], we determined metabolic effects of the triagonist in age-matched
male and female mice with similar body fat mass as well as in female
and male mice cohorts exposed for equal periods of time to high fat
diet feeding. Eight-week old female and male C57BL/6J mice (Charles
River Laboratories, Wilmington, MA) were fed a high-fat, high-sugar
diet (HFD) comprising 58% kcal from fat (D12331; Research Diets,
New Brunswick, NJ, USA). To match females in body fat mass, another
cohort of male C57BL/6J mice was switched from a regular diet to HFD
at 30 weeks of age. The mice were maintained at 23 & 1 °C, constant
humidity, and on a 12-h light—dark cycle with free access to food and
water. At the age of 38 weeks, mice were randomized within the three
cohorts and equally distributed according to body composition. All
procedures were approved by the Animal Use and Care Committee of
Bavaria, Germany in accordance with the Guide for the Care and Use of
Laboratory Animals [21].

2.2. GLP-1/GIP/glucagon triple agonist

The synthesis, purification, and characterization of the GLP-1/GIP/
glucagon triagonist was described previously and was used without
any further chemical modification or change in formulation [19].

2.3. Evaluation of GLP-1/GIP/glucagon triagonist in females and
males in vivo

All female and male mice were treated daily via subcutaneous in-
jections (5 pl/g body weight) at the indicated doses. Vehicle mice
received an equivalent volume of PBS. Whole-body composition was
analyzed using nuclear magnetic resonance technology (EchoMRI,
Houston, TX, USA). In accordance with previous reports, glucose
tolerance was analyzed in 6-h fasted mice that received an intraper-
itoneal injection of 1.5 g glucose per kg body weight [22]. For the
tolerance test, glucose was measured in blood samples from the tail
veins at the indicated time points using a handheld glucometer (Abbott
GmbH & Co. KG, Wiesbaden, Germany).
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2.4. Biochemical analysis

For tissue analysis, mice were injected with the respective treatment
dose of the triagonist or vehicle and immediately fasted for 4 h prior to
sample collection. Plasma levels of insulin (ALPCO Diagnostics, Salem,
NH, USA), cholesterol (Thermo Fisher Scientific, Waltham, MA, USA),
free fatty acids, triglycerides (Wako Chemicals, Neuss, Germany), leptin
(ALPCO Diagnostics), fibroblast growth factor 21 (FGF21) (Merck Milli-
pore, Darmstadt, Germany), L-alanine:2-oxoglutarate aminotransferase
(ALT), and aspartate aminotransferase (AST) (Thermo Fisher Scientific)
were measured with the respective kits according to the manufacturers’
instructions. The homeostatic model assessment of insulin resistance
(HOMA-IR) was calculated using the formula: HOMA-IR = [fasting in-
sulin (mU/1) * fasting glucose (mg/dl)/405] [23]. For lipoprotein sepa-
ration, samples from the different treatment groups were pooled and
analyzed in a fast-performance liquid chromatography gel filtration on
two Superose 6 columns connected in series [24]. For evaluation of
steatosis, formalin fixed liver samples were embedded in paraffin.
Tissue was cut in 4 um sections and stained with hematoxylin and
eosin. Morphological features were recorded and summarized in an
activity score that is recommended for diagnosis of steatohepatitis in
non-alcoholic fatty liver disease (NAFLD) in humans [25]. The NAFLD
activity score (NAS) is defined as the unweighted sum of the three in-
dividual scores for steatosis, lobular inflammation, and ballooning
degeneration. Steatosis is graded by the presence of fat vacuoles in liver
cells according to the percentage of affected tissue (0: <5%; 1: 5—
33%; 2: 33—66%; 3: >66%). Lobular inflammation is scored by overall
assessment of inflammatory foci per 200 field (0: no foci; 1: <2 foci;
2: 2—4 foci; 3: >4 foci). The individual score for ballooning degener-
ation ranges from 0 (none), 1 (few cells) to 2 (many cells). Thus, NAS
scores range from 0 to 8, with scores <2 considered as non-
steatohepatitis, scores from 3 to 4 considered as possible/borderline
steatohepatitis, scores >5 are diagnostic for definite steatohepatitis.

2.5. Statistics

Differences between treatment groups were assessed by two-way
ANOVA followed by Tukey’s post hoc analysis as appropriate or an
unpaired two-tailed Student’s #test. All results are presented as
mean + s.e.m. P < 0.05 was considered statistically significant.

3. RESULTS

3.1. Triagonist treatment normalizes body weight with equal

efficiency in DIO female and male mice matched for fat mass

Because of the well-known delay in diet-induced body weight gain
in female mice, and in order to achieve a single cohort of mice matched
for age and body composition, we delayed the introduction of HFD
to male mice relative to female mice in this single cohort study. To
achieve a comparable body fat mass of 16.05 + 0.79 g and
15.10 4+ 0.87 g (p > 0.05) in females and males respectively, the
duration of HFD exposure before treatment initiation was 30 weeks for
females and 8 weeks for males. Female and male DIO mice (age 38
weeks) were randomized by body fat mass and injected daily for 27 days
with either vehicle or the triagonist at doses of 5 or 10 nmol/kg.
Treatment with the triagonist resulted in a dose-dependent decrease
in body weight with identical relative weight loss in both sexes
(Figure 1A). The triagonist-induced weight loss was accompanied by a
dose-dependent decrease in food intake (Figure 1B) and body fat mass
(Figure 1C) with negligible inter-sexual variation at both doses tested.
The weight loss induced by the triagonist slightly decreased lean tissue
mass in male mice with no effect in females (Figure 1D). In line with the
marked reduction in body weight and body fat mass, plasma levels of
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Figure 1: Equal efficiency of the monomeric triagonist to normalize body weight in female and fat mass-matched male mice (A-G). Effects on body weight change
(A), daily food intake (B), fat mass change in females and in males in gram and percent (C), and lean mass change in females and males in gram and percent (dO - d20) (D). Effects
of triagonist treatment on fasted blood glucose change (dO - d22) in female and male mice (E), plasma insulin levels (d22) (F), HOMA-IR (d22) (G) of fat mass-matched female and
male mice (age 9 months; ¢ n = 6—10; & n = 6—8 per group) treated daily with vehicle and the GLP-1/GIP/glucagon triagonist at 5 nmol/kg or 10 nmol/kg. Data represent
mean + s.e.m. *P < 0.05, *P < 0.01, **P < 0.001, determined by two-way ANOVA comparing vehicle with compound injections in both sexes. P < 0.05, *P < 0.01,
##p < 0.001 determined by two-way ANOVA comparing 5 nmol/kg and 10 nmol/kg doses of the triagonist in both sexes. 3P < 0.05, 3P < 0.01, ***P < 0.001 determined by
two-way ANOVA comparing both sexes. ANOVA was followed by Tukey post hoc multiple comparison analysis to determine statistical significance.

leptin were dose-dependently decreased in both sexes (Suppl. Table 1).
In female mice, but not male mice, we observed an increase in plasma
levels of free fatty acids (p < 0.001) and FGF21 (p < 0.05) following
treatment with 10 nmol/kg and 5 nmol/kg of the triagonist, while levels
of triglycerides were unchanged (Suppl. Table 1).

3.2. Triagonist treatment does not further enhance normal glucose
tolerance in DIO female mice in contrast to male mice matched for
body fat mass

In line with previous findings (19), we observed a dose-dependent
improvement in glucose metabolism, in particular in male mice, re-
flected by lower fasting levels of blood glucose (Figure 1E), decreased
levels of fasting insulin (Figure 1F), an improved glucose tolerance
(Suppl. Fig. 1A,C), and insulin sensitivity, as indicated by the HOMA-IR
(Figure 1G). Triagonist treatment did not further enhance an already
normal glucose tolerance in female mice (Suppl. Fig. 1B,C). Although
female mice are known to be largely protected from the development of
diet-induced glucose intolerance and insulin resistance [10,26], we still
observed a mild improvement of diet-induced hyperinsulinemia in DIO
females (Figure 1F,G).

3.3. Triagonist treatment improves diet-induced
hypercholesterolemia in both sexes with a pronounced effect on
steatohepatitis in female mice

As previously reported in obese male mice [19], treatment with the
triagonist potently improves diet-induced dyslipidemia and NAFLD.
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Thus, it was of great interest to investigate potential sex differences in
changes of NAFLD and hypercholesterolemia following triagonist
treatment. In females, plasma cholesterol levels were only significantly
decreased in high-dose triagonist treated mice (p < 0.05), whereas in
males, both doses significantly reduced plasma cholesterol (p < 0.001)
(Figure 2A). This decrease in plasma cholesterol was attributed to a
substantial reduction in LDL in the high-dose treated mice and a slight
reduction in HDL (Figure 2B,C) in both sexes.

Histological analysis of the liver showed that 88.9% of the vehicle
treated females and 62.5% of the vehicle treated males were
diagnosed with a definite steatohepatitis (Figure 2D). Treatment with
the triagonist dose-dependently improved steatohepatitis. The ma-
jority of mice that have been treated with 10 nmol/kg of the triagonist
showed either a complete resolution of steatohepatitis (females) or
only a borderline steatohepatitis (males) at the end of the study
(Figure 2D—F). We observed a pronounced effect on lowering hepatic
lipid content and hepatocellular vacuolation in females that have
been treated with the higher dose of the triagonist (Figure 2D,E).
Although hepatic lipid content was diminished also in males treated
with the same dose of the triagonist, they displayed a greater vari-
ability in reactive changes like hepatocyte ballooning, polyploidy (red
dotted arrow, Figure 2F), and sustained inflammatory process (black
arrow, Figure 2F), resulting in mild periportal fibrosis (black dotted
arrow, Figure 2F). Moreover, treatment with the highest dose of the
triagonist lowered plasma levels of ALT to a larger extent in female
mice than in males (Suppl. Table 1). Levels of AST in the plasma of
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Figure 2: GLP-1/GIP/glucagon triple agonism reverses dyslipidemia and NAFLD in female and fat mass-matched male mice (A-F). Plasma cholesterol (d22) (A), plasma
lipoprotein fractions in females (B) and males (d27) (C). Hepatic steatosis score of liver samples (D), effects on hepatocellular vacuolation after 27 days of treatment in female (E)
and male mice (F) (age 9 months; ® n=7-10; 3 n= 7—8 per group) treated daily with vehicle and the GLP-1/GIP/glucagon triagonist at 5 nmol/kg or 10 nmol/kg. Scale bars in E
and F, 200 um. Beginning fibrosis periportal (black, dotted arrow), inflammatory intraparenchymal cells (black arrow), microgranuloma (red arrow), focal hepatocyte ballooning and
polyploidy (red, dotted arrow). Data represent mean + s.e.m. *P < 0.05, **P < 0.01, ***P < 0.001, determined by two-way ANOVA comparing vehicle with compound injections in
both sexes. *P < 0.05 determined by two-way ANOVA comparing 5 nmol/kg and 10 nmol/kg doses of the triagonist in both sexes. ANOVA was followed by Tukey post hoc multiple

comparison analysis to determine statistical significance.

female and male mice remained unaltered by the treatment with the
triagonist (Suppl. Table 1).

3.4. Triagonist treatment normalizes body weight without inducing
excessive fat mass loss in male and female mice matched for the
duration of HFD exposure

To evaluate whether the duration of HFD exposure affects the efficacy
of the triagonist to improve metabolic disease, we also compared
female mice to a cohort of age-matched male mice, which were
kept on a HFD for the same duration as the female mice (30 weeks).
Body weight and body fat mass substantially differed between
these cohorts with female mice weighing 39.63 + 0.92 g and
having 16.05 £+ 0.79 g body fat mass and male mice weighing
54.20 + 0.59 g and having 22.44 + 0.53 g body fat. Relative
weight-loss induced by 5 nmol/kg of the triagonist was remark-
ably similar between both sexes (? —18.55+ 1.28% and
d —25.33+ 1.67% relative to baseline, Figure 3A). When treated
with 10 nmol/kg of the triagonist, male mice had significantly greater
relative weight-loss compared to female mice with females losing
29.64+ 1.29% compared to baseline and males 42.82+ 1.56%
(Figure 3A). The enhanced relative weight loss in males was
accompanied by a greater reduction in food intake compared to
vehicle treated controls (Figure 3B) and was reflected by a greater
absolute and relative loss of fat and lean mass (Figure 3C,D). As
shown in Figure 3A, the slopes of body weight loss curves flattened

MOLECULAR METABOLISM 6 (2017) 440—446 © 2017 The Authors. Published by Elsevier GmbH. This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/
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in both, male and female mice after 15 days of treatment with
10 nmol/kg indicating that normal healthy body composition was
achieved and no excessive fat mass loss was observed. As stated
earlier, due to the fact that female mice are protected against diet-
induced insulin resistance [10], improvement in glucose meta-
bolism relative to vehicle controls was evident only in male mice
(Figure 3E,F).

4. DISCUSSION

Our data show that chronic treatment of DIO mice with the GLP-1/GIP/
glucagon triagonist potently improves metabolic disease in both
sexes with comparable efficiency in female and male mice when pre-
treatment body composition is considered. Side by side comparisons
between sexes, to determine the efficacy of a pharmacological com-
pound to improve DIO in mouse models, are hampered by the fact that
progression of obesity differs between females and males [20]. Herein,
we thus opted first for a comparison at a time point when fat mass was
similar between male and female mice. In our case, the duration of HFD
exposure to achieve similar fat mass in both sexes was 8 weeks in males
and 30 weeks in females. With this experimental design we were not
able to determine whether the period of HFD feeding itself may alter
pharmacological effects of the triagonist to improve metabolic disease.
Thus, we included a group of DIO male mice that were fed a HFD for the
same period of time (30 weeks) as the DIO female mice. Treatment with
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insulin levels (d22) (E), and HOMA-IR (d22) (F) of male DIO mice compared to female mice (age 9 months; 2 n = 6—10; & n = 6—8 per group) treated daily with vehicle and the
GLP-1/GIP/glucagon triagonist at 5 nmol/kg or 10 nmol/kg. Data represent mean + s.e.m. **P < 0.01, **P < 0.001, determined by two-way ANOVA comparing vehicle with
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significance.

10 nmol/kg of the triagonist normalized body weight in both sexes with a
higher weight-lowering potency in the DIO male group due to the fact
that this group had markedly more fat mass at study start than DIO
female mice. DIO male mice lost significantly more body fat than male
mice that matched females with respect to body fat, although food
intake for both male cohorts did not differ. This strongly suggests a
prominent role for the GLP-1/GIP/glucagon triagonist in directly tar-
geting the fat mass in mice. Importantly, throughout our study, we did
not observe excessive body weight or fat mass loss in the triagonist
treated mice suggesting that triagonist treatment normalizes fat mass
up to healthy conditions. These results imply that the triagonist may be a
safe drug to use, because even at high dosages it does not lead to
excessive body weight and fat mass loss.

Similarly to previous studies [19], triagonist treatment potently
improved glycemic control in male DIO mice. Due to the evidence in
literature and in this study showing that DIO female mice of the C57BL/
6 strain do not become as hyperglycemic as male DIO mice and
become only moderately hyperinsulinemic [10,26], triagonist treat-
ment was not able to further improve glucose tolerance in female DIO
mice. Female mice did develop a mild hyperinsulinemia under HFD
feeding, which the triagonist treatment was able to reduce along with
improving HOMA-IR. Based on the fact that one prominent and very
early sign of metabolic disease in men and women is fasting hyper-
insulinemia [27], we propose that the observed insulin lowering effect
of the triagonist in both sexes presents a promising novel therapeutic
option for men as well as for women even before onset of type 2
diabetes.

It has been previously reported that female C57BL/6J mice fed a diet
rich in fructose are more susceptible to develop a NAFLD compared to
male mice [28]. We here extend this finding to DIO female mice, as
nearly 100% of vehicle treated female mice were diagnosed with a
full-blown steatohepatitis after 30 weeks of HFD, while fat mass-
matched male mice were not as severely affected. The male cohort
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was on a HFD for 8 weeks to match females in fat mass content, which
could also have an impact on the observed difference. Conversely,
treatment with the GLP-1/GIP/glucagon triagonist for 27 days
completely resolved NAFLD-associated complications in female mice.
Interestingly, both sexes of the high-dose treated mice displayed a
nearly total diminishment of hepatic lipid content, but, in males,
sustained inflammatory processes resulted in mild periportal fibrosis.
Our results are in line with previous findings by Ganz M. et al. reporting
that obese female mice develop steatosis without inflammation in
contrast to steatohepatitis found in obese male mice [29]. Based on
a recent study showing that astaxanthin reversed advanced non-
alcoholic steatohepatitis (NASH) in male mice after 12 weeks of
treatment [30] we hypothesize that a comparable amelioration of
NAFLD hallmarks may occur in males after an elongation of triagonist
treatment duration. When we measured ALT and AST in plasma of
triagonist treated male and female mice, we detected a significant
reduction in ALT levels in female mice and a clear trend of reduced ALT
levels in male mice. Plasma levels of AST were not significantly altered
in neither sex. These findings are in line with the results published
recently by Finan B. et al. [19] demonstrating a significant reduction in
ALT but not AST in DIO obese male mice upon chronic triagonist
treatment. Compared to AST, ALT is especially expressed in liver and
thus the reduction of ALT plasma levels may reflect a reduction in diet-
induced liver cell injury by the triagonist treatment [31]. Our histo-
logical findings of a significant improvement of NAFLD in triagonist
treated female and male mice, together with the observed reduction of
plasma ALT levels in both sexes, underscore the profound effect of the
triagonist to resolve the HFD induced liver damage

5. CONCLUSION

For translational applicability, the inclusion of female mice in phar-
macological research is indispensible. To this end, we here
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demonstrate equal efficiency of the GLP-1/GIP/glucagon triagonist in
reversing DIO and liver steatosis in female and male rodent models of
adiposity. Reports on body weight loss 4 weeks after bariatric surgery
in comparably obese male and female mice show reductions of
approximately 30% of the starting body weight mirroring the loss in
body weight we observed in the high-dose triagonist treated mice
[32,33]. In conclusion, our findings indicate that triagonist treatment
may reduce body weight as efficiently as bariatric surgery highlighting
the potential of the monomeric triagonist as an effective treatment
option for severe obesity also in women.

FUNDING

This work was supported in part by funding to M.H.T. from the Alex-
ander von Humboldt Foundation, the Helmholtz Alliance ICEMED-
Imaging and Curing Environmental Metabolic Diseases, through the
Initiative and Networking Fund of the Helmholtz Association, the
Helmholtz cross-program topic “Metabolic Dysfunction,” the Helm-
holtz Initiative for Personalized Medicine (iMed), and the Deutsche
Forschungsgemeinschaft (DFG-TS226/1-1 and DFG: SFB1123-A4).
Additional support was funded to: C.C. from the Alfred Benzon
Foundation; T.D.M. from DFG/MCT8 Defizienz (Projekt-ID: GZ TS226/
3-1 AOBJ:623001 [SPP1629]) and to S.M.H. from Deutsche For-
schungsgemeinschaft (DFG: SFB1123-A4) and from the Helmholiz
Alliance ICEMED-Imaging and Curing Environmental Metabolic Dis-
eases (WP 15). The research in this publication was not supported
financially by Novo Nordisk.

AUTHOR CONTRIBUTIONS

S.J. performed the experiments, evaluated the data, and drafted the
manuscript. S.S. performed the experiments, evaluated the data, and
helped composing the manuscript. C.C. made substantial contributions
in the study design, helped with the in vivo experiments, evaluated the
data, and helped draft the manuscript. B.F. and R.D.D. designed,
synthesized, and characterized compounds, made substantial contri-
butions in the study design and interpretation of data, and helped edit
the manuscript. F.N. interpreted histopathological hepatic data. M.H.T.
made substantial contributions in the study design and interpretation of
data and helped edit the manuscript. T.D.M. oversaw the in vivo ex-
periments, evaluated the data, helped draft the manuscript, made
substantial contributions in the study design and interpretation of data,
and helped edit the manuscript. S.M.H. headed the lipoprotein profile
measurements and analysis, oversaw S.S. in this project and mentored
S.J. for the generation of this manuscript. T.D.M. and S.M.H. are the
guarantors of this work and, as such, had full access to all the data in
the study and take responsibility for the integrity of the data and the
accuracy of the data analysis.

ACKNOWLEDGMENTS

We thank Cynthia Striese, Sebastian Cucuruz, Robby Tom, Laura Sehrer, Heidi Hof-
mann, Luisa Miiller, and Christoph Nolte from the Helmholtz Diabetes Center in Munich
for excellent assistance with in vivo mouse experiments. We thank the pathology core
at the Helmholtz Zentrum Miinchen for embedding, cutting and staining liver tissues.
We thank Dave Smiley for expert assistance and support for chemical synthesis.

DUALITY OF INTEREST

No potential conflicts of interest relevant to this article were reported.

MOLECULAR METABOLISM 6 (2017) 440—446 © 2017 The Authors. Published by Elsevier GmbH. This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/

by-nc-nd/4.0/).  www.molecularmetabolism.com

I

MOLECULAR
METABOLISM

APPENDIX A. SUPPLEMENTARY DATA

Supplementary data related to this article can be found at http://dx.doi.org/10.1016/].
molmet.2017.02.002.

REFERENCES

[1] Ng, M., Fleming, T., Robinson, M., Thomson, B., Graetz, N., Margono, C., et al.,
2014. Global, regional, and national prevalence of overweight and obesity in
children and adults during 1980-2013: a systematic analysis for the Global
Burden of Disease Study 2013. Lancet 384:766—781.

Dee, A., Kearns, K., O’Neill, C., Sharp, L., Staines, A., 0'Dwyer, V., et al., 2014.

The direct and indirect costs of both overweight and obesity: a systematic

review. BMC Research Notes 7:242.

Tuomilehto, J., Lindstrom, J., Eriksson, J.G., Valle, T.T., Hamalainen, H.,

llanne-Parikka, P., et al., 2001. Prevention of type 2 diabetes mellitus by

changes in lifestyle among subjects with impaired glucose tolerance. The New

England Journal of Medicine 344:1343—1350.

Wadden, T.A., Berkowitz, R.l., Womble, L.G., Sarwer, D.B., Phelan, S., Cato, R.K.,

et al., 2005. Randomized trial of lifestyle modification and pharmacotherapy for

obesity. The New England Journal of Medicine 353:2111—2120.

Krentz, A.J., Fujioka, K., Hompesch, M., 2016. Evolution of pharmacological

obesity treatments: focus on adverse side-effect profiles. Diabetes, Obesity

and Metabolism 18:558—570.

Schauer, P.R., Bhatt, D.L., Kirwan, J.P., Wolski, K., Brethauer, S.A,,

Navaneethan, S.D., et al., 2014. Bariatric surgery versus intensive medical

therapy for diabetes—3-year outcomes. The New England Journal of Medicine

370:2002—2013.

Hoerger, T.J., Zhang, P., Segel, J.E., Kahn, H.S., Barker, L.E., Couper, S.,

2010. Cost-effectiveness of bariatric surgery for severely obese adults with

diabetes. Diabetes Care 33:1933—1939.

[8] Fuchs, H.F., Broderick, R.C., Harnsberger, C.R., Chang, D.C., Sandler, B.J.,
Jacobsen, G.R., et al., 2015. Benefits of bariatric surgery do not reach obese men.
Journal of Laparoendoscopic & Advanced Surgical Techniques Part A 25:196—201.

[9] Nguyen, D.M., El-Serag, H.B., 2010. The epidemiology of obesity. Gastroen-
terology Clinics of North America 39:1—7.

[10] Pettersson, U.S., Walden, T.B., Carlsson, P.0., Jansson, L., Phillipson, M., 2012.
Female mice are protected against high-fat diet induced metabolic syndrome and
increase the regulatory T cell population in adipose tissue. PLoS One 7:€46057.

[11] Hong, J., Stubbins, R.E., Smith, R.R., Harvey, A.E., Nunez, N.P., 2009. Dif-
ferential susceptibility to obesity between male, female and ovariectomized
female mice. Nutrition Journal 8:11.

[12] Wizemann, T.M., Pardue, M.L., 2001. Exploring the biological contributions to
human health: does sex matter?. Washington (DC): National Academies Press.

[13] Shi, H., Clegg, D.J., 2009. Sex differences in the regulation of body weight.
Physiology& Behavior 97:199—204.

[14] Franconi, F., Brunelleschi, S., Steardo, L., Cuomo, V., 2007. Gender differ-
ences in drug responses. Pharmacological Research 55:81—95.

[15] Martin, R.M., Biswas, P.N., Freemantle, S.N., Pearce, G.L., Mann, R.D., 1998.
Age and sex distribution of suspected adverse drug reactions to newly mar-
keted drugs in general practice in England: analysis of 48 cohort studies.
British Journal of Clinical Pharmacology 46:505—511.

[16] Clayton, J.A., Collins, F.S., 2014. Policy: NIH to balance sex in cell and animal
studies. Nature 509:282—283.

[17] Tschop, M.H., DiMarchi, R.D., 2012. Outstanding Scientific Achievement
Award Lecture 2011: defeating diabesity: the case for personalized combi-
natorial therapies. Diabetes 61:1309—1314.

[18] Tschop, M.H., Finan, B., Clemmensen, C., Gelfanov, V., Perez-Tilve, D.,
Miiller, T.D., et al., 2016. Unimolecular polypharmacy for treatment of diabetes
and obesity. Cell Metabolism 24:51—62.

2

3

=

[5

[6

7

445


http://dx.doi.org/10.1016/j.molmet.2017.02.002
http://dx.doi.org/10.1016/j.molmet.2017.02.002
http://refhub.elsevier.com/S2212-8778(17)30054-6/sref1
http://refhub.elsevier.com/S2212-8778(17)30054-6/sref1
http://refhub.elsevier.com/S2212-8778(17)30054-6/sref1
http://refhub.elsevier.com/S2212-8778(17)30054-6/sref1
http://refhub.elsevier.com/S2212-8778(17)30054-6/sref1
http://refhub.elsevier.com/S2212-8778(17)30054-6/sref2
http://refhub.elsevier.com/S2212-8778(17)30054-6/sref2
http://refhub.elsevier.com/S2212-8778(17)30054-6/sref2
http://refhub.elsevier.com/S2212-8778(17)30054-6/sref3
http://refhub.elsevier.com/S2212-8778(17)30054-6/sref3
http://refhub.elsevier.com/S2212-8778(17)30054-6/sref3
http://refhub.elsevier.com/S2212-8778(17)30054-6/sref3
http://refhub.elsevier.com/S2212-8778(17)30054-6/sref3
http://refhub.elsevier.com/S2212-8778(17)30054-6/sref4
http://refhub.elsevier.com/S2212-8778(17)30054-6/sref4
http://refhub.elsevier.com/S2212-8778(17)30054-6/sref4
http://refhub.elsevier.com/S2212-8778(17)30054-6/sref4
http://refhub.elsevier.com/S2212-8778(17)30054-6/sref5
http://refhub.elsevier.com/S2212-8778(17)30054-6/sref5
http://refhub.elsevier.com/S2212-8778(17)30054-6/sref5
http://refhub.elsevier.com/S2212-8778(17)30054-6/sref5
http://refhub.elsevier.com/S2212-8778(17)30054-6/sref6
http://refhub.elsevier.com/S2212-8778(17)30054-6/sref6
http://refhub.elsevier.com/S2212-8778(17)30054-6/sref6
http://refhub.elsevier.com/S2212-8778(17)30054-6/sref6
http://refhub.elsevier.com/S2212-8778(17)30054-6/sref6
http://refhub.elsevier.com/S2212-8778(17)30054-6/sref6
http://refhub.elsevier.com/S2212-8778(17)30054-6/sref7
http://refhub.elsevier.com/S2212-8778(17)30054-6/sref7
http://refhub.elsevier.com/S2212-8778(17)30054-6/sref7
http://refhub.elsevier.com/S2212-8778(17)30054-6/sref7
http://refhub.elsevier.com/S2212-8778(17)30054-6/sref8
http://refhub.elsevier.com/S2212-8778(17)30054-6/sref8
http://refhub.elsevier.com/S2212-8778(17)30054-6/sref8
http://refhub.elsevier.com/S2212-8778(17)30054-6/sref8
http://refhub.elsevier.com/S2212-8778(17)30054-6/sref9
http://refhub.elsevier.com/S2212-8778(17)30054-6/sref9
http://refhub.elsevier.com/S2212-8778(17)30054-6/sref9
http://refhub.elsevier.com/S2212-8778(17)30054-6/sref10
http://refhub.elsevier.com/S2212-8778(17)30054-6/sref10
http://refhub.elsevier.com/S2212-8778(17)30054-6/sref10
http://refhub.elsevier.com/S2212-8778(17)30054-6/sref11
http://refhub.elsevier.com/S2212-8778(17)30054-6/sref11
http://refhub.elsevier.com/S2212-8778(17)30054-6/sref11
http://refhub.elsevier.com/S2212-8778(17)30054-6/sref12
http://refhub.elsevier.com/S2212-8778(17)30054-6/sref12
http://refhub.elsevier.com/S2212-8778(17)30054-6/sref13
http://refhub.elsevier.com/S2212-8778(17)30054-6/sref13
http://refhub.elsevier.com/S2212-8778(17)30054-6/sref13
http://refhub.elsevier.com/S2212-8778(17)30054-6/sref14
http://refhub.elsevier.com/S2212-8778(17)30054-6/sref14
http://refhub.elsevier.com/S2212-8778(17)30054-6/sref14
http://refhub.elsevier.com/S2212-8778(17)30054-6/sref15
http://refhub.elsevier.com/S2212-8778(17)30054-6/sref15
http://refhub.elsevier.com/S2212-8778(17)30054-6/sref15
http://refhub.elsevier.com/S2212-8778(17)30054-6/sref15
http://refhub.elsevier.com/S2212-8778(17)30054-6/sref15
http://refhub.elsevier.com/S2212-8778(17)30054-6/sref16
http://refhub.elsevier.com/S2212-8778(17)30054-6/sref16
http://refhub.elsevier.com/S2212-8778(17)30054-6/sref16
http://refhub.elsevier.com/S2212-8778(17)30054-6/sref17
http://refhub.elsevier.com/S2212-8778(17)30054-6/sref17
http://refhub.elsevier.com/S2212-8778(17)30054-6/sref17
http://refhub.elsevier.com/S2212-8778(17)30054-6/sref17
http://refhub.elsevier.com/S2212-8778(17)30054-6/sref18
http://refhub.elsevier.com/S2212-8778(17)30054-6/sref18
http://refhub.elsevier.com/S2212-8778(17)30054-6/sref18
http://refhub.elsevier.com/S2212-8778(17)30054-6/sref18
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://www.molecularmetabolism.com

Brief Communication

19

[20]

[21]

[22]

[23]

[24]

[25]

446

Finan, B., Yang, B., Ottaway, N., Smiley, D.L., Ma, T., Clemmensen, C., et al.,
2015. A rationally designed monomeric peptide triagonist corrects obesity and
diabetes in rodents. Nature Medicine 21:27—36.

Yang, Y., Smith Jr., D.L., Keating, K.D., Allison, D.B., Nagy, T.R., 2014.
Variations in body weight, food intake and body composition after long-term
high-fat diet feeding in C57BL/6J mice. Obesity (Silver Spring) 22:2147—
2155.

National Institutes of Health, 2011. National research council (US) committee
for the update of the Guide for the Care and use of laboratory Animals. Guide
for the Care and use of laboratory Animals. hitp://dx.doi.org/10.17226/12910.
Available from: https://www.ncbi.nlm.nih.gov/books/NBK54050/. Accessed 23
January 2017.

Clemmensen, C., Chabenne, J., Finan, B., Sullivan, L., Fischer, K., Kuchler, D.,
etal., 2014. GLP-1/glucagon coagonism restores leptin responsiveness in obese
mice chronically maintained on an obesogenic diet. Diabetes 63:1422—1427.
Matthews, D.R., Hosker, J.P., Rudenski, A.S., Naylor, B.A., Treacher, D.F.,
Turner, R.C., 1985. Homeostasis model assessment: insulin resistance and
beta-cell function from fasting plasma glucose and insulin concentrations in
man. Diabetologia 28:412—419.

Hofmann, S.M., Perez-Tilve, D., Greer, T.M., Coburn, B.A., Grant, E.,
Basford, J.E., et al., 2008. Defective lipid delivery modulates glucose tolerance
and metabolic response to diet in apolipoprotein E-deficient mice. Diabetes 57:
5—12.

Kleiner, D.E., Brunt, E.M., Van Natta, M., Behling, C., Contos, M.J.,
Cummings, 0.W., et al., 2005. Design and validation of a histological scoring
system for nonalcoholic fatty liver disease. Hepatology 41:1313—1321.

[26]

[27]

[28]

[29]

[30]

[31]

[32]

[33]

Morselli, E., Fuente-Martin, E., Finan, B., Kim, M., Frank, A., Garcia-
Caceres, C., et al., 2014. Hypothalamic PGC-1alpha protects against high-fat
diet exposure by regulating ERalpha. Cell Reports 9:633—645.

Lundgren, H., Bengtsson, C., Blohme, G., Lapidus, L., Waldenstrom, J., 1990.
Fasting serum insulin concentration and early insulin response as risk de-
terminants for developing diabetes. Diabetic Medicine 7:407—413.

Spruss, A., Henkel, J., Kanuri, G., Blank, D., Puschel, G.P., Bischoff, S.C.,
et al,, 2012. Female mice are more susceptible to nonalcoholic fatty liver
disease: sex-specific regulation of the hepatic AMP-activated protein kinase-
plasminogen activator inhibitor 1 cascade, but not the hepatic endotoxin
response. Molecular Medicine 18:1346—1355.

Ganz, M., Csak, T., Szabo, G., 2014. High fat diet feeding results in gender
specific steatohepatitis and inflammasome activation. World Journal of
Gastroenterology 20:8525—8534.

Ni, Y., Nagashimada, M., Zhuge, F., Zhan, L., Nagata, N., Tsutsui, A., et al.,
2015. Astaxanthin prevents and reverses diet-induced insulin resistance and
steatohepatitis in mice: a comparison with vitamin E. Scientific Reports 5:
17192.

Giannini, E.G., Testa, R., Savarino, V., 2005. Liver enzyme alteration: a guide
for clinicians. CMAJ 172:367—379.

Yin, D.P., Gao, Q., Ma, L.L., Yan, W., Williams, P.E., McGuinness, 0.P., et al.,
2011. Assessment of different bariatric surgeries in the treatment of obesity
and insulin resistance in mice. Annals of Surgery 254:73—82.

Frank, A.P., Zechner, J.F., Clegg, D.J., 2016. Gastric bypass surgery but not
caloric restriction improves reproductive function in obese mice. Obesity
Surgery 26:467—473.

MOLECULAR METABOLISM 6 (2017) 440—446 © 2017 The Authors. Published by Elsevier GmbH. This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/

by-nc-nd/4.0/).  www.molecularmetabolism.com


http://refhub.elsevier.com/S2212-8778(17)30054-6/sref19
http://refhub.elsevier.com/S2212-8778(17)30054-6/sref19
http://refhub.elsevier.com/S2212-8778(17)30054-6/sref19
http://refhub.elsevier.com/S2212-8778(17)30054-6/sref19
http://refhub.elsevier.com/S2212-8778(17)30054-6/sref20
http://refhub.elsevier.com/S2212-8778(17)30054-6/sref20
http://refhub.elsevier.com/S2212-8778(17)30054-6/sref20
http://refhub.elsevier.com/S2212-8778(17)30054-6/sref20
http://dx.doi.org/10.17226/12910
https://www.ncbi.nlm.nih.gov/books/NBK54050/
http://refhub.elsevier.com/S2212-8778(17)30054-6/sref22
http://refhub.elsevier.com/S2212-8778(17)30054-6/sref22
http://refhub.elsevier.com/S2212-8778(17)30054-6/sref22
http://refhub.elsevier.com/S2212-8778(17)30054-6/sref22
http://refhub.elsevier.com/S2212-8778(17)30054-6/sref23
http://refhub.elsevier.com/S2212-8778(17)30054-6/sref23
http://refhub.elsevier.com/S2212-8778(17)30054-6/sref23
http://refhub.elsevier.com/S2212-8778(17)30054-6/sref23
http://refhub.elsevier.com/S2212-8778(17)30054-6/sref23
http://refhub.elsevier.com/S2212-8778(17)30054-6/sref24
http://refhub.elsevier.com/S2212-8778(17)30054-6/sref24
http://refhub.elsevier.com/S2212-8778(17)30054-6/sref24
http://refhub.elsevier.com/S2212-8778(17)30054-6/sref24
http://refhub.elsevier.com/S2212-8778(17)30054-6/sref24
http://refhub.elsevier.com/S2212-8778(17)30054-6/sref25
http://refhub.elsevier.com/S2212-8778(17)30054-6/sref25
http://refhub.elsevier.com/S2212-8778(17)30054-6/sref25
http://refhub.elsevier.com/S2212-8778(17)30054-6/sref25
http://refhub.elsevier.com/S2212-8778(17)30054-6/sref26
http://refhub.elsevier.com/S2212-8778(17)30054-6/sref26
http://refhub.elsevier.com/S2212-8778(17)30054-6/sref26
http://refhub.elsevier.com/S2212-8778(17)30054-6/sref26
http://refhub.elsevier.com/S2212-8778(17)30054-6/sref27
http://refhub.elsevier.com/S2212-8778(17)30054-6/sref27
http://refhub.elsevier.com/S2212-8778(17)30054-6/sref27
http://refhub.elsevier.com/S2212-8778(17)30054-6/sref27
http://refhub.elsevier.com/S2212-8778(17)30054-6/sref28
http://refhub.elsevier.com/S2212-8778(17)30054-6/sref28
http://refhub.elsevier.com/S2212-8778(17)30054-6/sref28
http://refhub.elsevier.com/S2212-8778(17)30054-6/sref28
http://refhub.elsevier.com/S2212-8778(17)30054-6/sref28
http://refhub.elsevier.com/S2212-8778(17)30054-6/sref28
http://refhub.elsevier.com/S2212-8778(17)30054-6/sref29
http://refhub.elsevier.com/S2212-8778(17)30054-6/sref29
http://refhub.elsevier.com/S2212-8778(17)30054-6/sref29
http://refhub.elsevier.com/S2212-8778(17)30054-6/sref29
http://refhub.elsevier.com/S2212-8778(17)30054-6/sref30
http://refhub.elsevier.com/S2212-8778(17)30054-6/sref30
http://refhub.elsevier.com/S2212-8778(17)30054-6/sref30
http://refhub.elsevier.com/S2212-8778(17)30054-6/sref30
http://refhub.elsevier.com/S2212-8778(17)30054-6/sref31
http://refhub.elsevier.com/S2212-8778(17)30054-6/sref31
http://refhub.elsevier.com/S2212-8778(17)30054-6/sref31
http://refhub.elsevier.com/S2212-8778(17)30054-6/sref32
http://refhub.elsevier.com/S2212-8778(17)30054-6/sref32
http://refhub.elsevier.com/S2212-8778(17)30054-6/sref32
http://refhub.elsevier.com/S2212-8778(17)30054-6/sref32
http://refhub.elsevier.com/S2212-8778(17)30054-6/sref33
http://refhub.elsevier.com/S2212-8778(17)30054-6/sref33
http://refhub.elsevier.com/S2212-8778(17)30054-6/sref33
http://refhub.elsevier.com/S2212-8778(17)30054-6/sref33
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://www.molecularmetabolism.com

	Monomeric GLP-1/GIP/glucagon triagonism corrects obesity, hepatosteatosis, and dyslipidemia in female mice
	1. Introduction
	2. Materials and methods
	2.1. Animals and diet
	2.2. GLP-1/GIP/glucagon triple agonist
	2.3. Evaluation of GLP-1/GIP/glucagon triagonist in females and males in vivo
	2.4. Biochemical analysis
	2.5. Statistics

	3. Results
	3.1. Triagonist treatment normalizes body weight with equal efficiency in DIO female and male mice matched for fat mass
	3.2. Triagonist treatment does not further enhance normal glucose tolerance in DIO female mice in contrast to male mice matched  ...
	3.3. Triagonist treatment improves diet-induced hypercholesterolemia in both sexes with a pronounced effect on steatohepatitis i ...
	3.4. Triagonist treatment normalizes body weight without inducing excessive fat mass loss in male and female mice matched for th ...

	4. Discussion
	5. Conclusion
	Funding
	Author contributions
	Acknowledgments
	Duality of Interest
	Appendix A. Supplementary data
	References


