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''Twincretins'': Two Is Better than One
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Unimolecular Dual Incretins Maximize Metabolic
Benefits in Rodents, Monkeys, and Humans
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We report the discovery and translational therapeutic efficacy of a peptide with potent, balanced co-agonism
at both of the receptors for the incretin hormones glucagon-like peptide-1 (GLP-1) and glucose-dependent insulinotropic polypeptide (GIP). This unimolecular dual incretin is derived from an intermixed sequence of GLP-1 and GIP,
and demonstrated enhanced antihyperglycemic and insulinotropic efficacy relative to selective GLP-1 agonists. Notably, this superior efficacy translated across rodent models of obesity and diabetes, including db/db mice and ZDF
rats, to primates (cynomolgus monkeys and humans). Furthermore, this co-agonist exhibited synergism in reducing
fat mass in obese rodents, whereas a selective GIP agonist demonstrated negligible weight-lowering efficacy. The
unimolecular dual incretins corrected two causal mechanisms of diabesity, adiposity-induced insulin resistance and
pancreatic insulin deficiency, more effectively than did selective mono-agonists. The duration of action of the unimolecular dual incretins was refined through site-specific lipidation or PEGylation to support less frequent administration. These peptides provide comparable pharmacology to the native peptides and enhanced efficacy relative
to similarly modified selective GLP-1 agonists. The pharmacokinetic enhancement lessened peak drug exposure
and, in combination with less dependence on GLP-1–mediated pharmacology, avoided the adverse gastrointestinal
effects that typify selective GLP-1–based agonists. This discovery and validation of a balanced and high-potency
dual incretin agonist enables a more physiological approach to management of diseases associated with impaired
glucose tolerance.

INTRODUCTION
Obesity and its associated comorbidities, especially adult-onset diabetes, are rapidly approaching worldwide epidemic levels. Management of such diseases through changes in life-style typically fails for
multiple reasons. Consequently, a reliable therapeutic intervention
that is less invasive than bariatric surgery is urgently needed. Current
pharmacological antiobesity treatments have often been plagued by
low efficacy and unacceptable side effects. Incretin-based therapy
offers the promise to address both of these limitations. By simultaneously targeting at least two causal mechanisms of obesity-linked diabetes, insulin resistance and insulin deficiency, this approach has
superior potential for the treatment of diabetes and obesity. Further1
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more, the absence of adverse cardiovascular side effects or neuropsychological complications favorably segregates incretin-based
drugs from the more classical small molecule–based approaches.
Incretins are endogenous peptide hormones, with glucagon-like
peptide-1 (GLP-1) and glucose-dependent insulinotropic polypeptide
(GIP) being the most well studied. Both hormones are secreted from
the intestine in response to ingested nutrients and lower postprandial
glucose excursion through insulinotropic actions at pancreatic b cells.
GLP-1 also suppresses appetite, resulting in reduced adiposity (1, 2).
Treatment with GLP-1 receptor (GLP-1R) agonists provides sizable
glycemic benefits without hypoglycemic risk, as well as meaningful improvements in body weight (3). Although currently approved GLP-1R
agonists (exenatide and liraglutide) can convey such metabolic improvements, long-term glucose control is still less than perfect and reductions
in adiposity remain far below that desired by patients and physicians
(4). Increasing the dose to gain greater efficacy is not a viable option for
most patients because GLP-1R agonists are a source of significant gastrointestinal side effects, most notably nausea and vomiting. Therefore, combination therapy appears to be the preferred path to enhanced efficacy
while maintaining an appropriate tolerability and safety profile.
GLP-1 is widely regarded as the incretin of therapeutic utility, whereas
GIP has been discounted for multiple reasons. GIP receptor (GIPR)
agonism is purported to have pro-obesity effects (5–11), and its antihyperglycemic pharmacology is sharply diminished in diabetic patients
(12, 13). Nonetheless, dipeptidylpeptidase IV (DPP-IV) inhibitors increase endogenous levels of both GLP-1 and GIP and serve to improve
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glucose control and insulin sensitivity without weight gain. More recent
evidence shows that overexpression of GIP leads to improved body weight
and glycemic control, contradicting the notion that GIP is obesogenic
(14). Furthermore, genetic impairment of GIP signaling at pancreatic
b cells in pigs demonstrated a pathobiology that replicates the development of adult-onset diabetes in humans, without any apparent change
in body weight (15).
One strategy to enhance the efficacy of GLP-1 agonists includes its
coadministration with other endogenous hormones (16–18). Acute
co-infusion of GLP-1 and GIP in diabetic patients resulted in an enhanced
first-phase insulin secretory response (19). Although coadministration
provides maximal flexibility in a research setting, it is inherently more
complex to develop as a medicine. A single molecule with balanced, mixed
agonism is much simpler for the patient and the prescribing physician. However, the synthetic challenge in identifying single peptides of
optimal balance and proving their unique pharmacology is often a
big technical challenge. We have recently reported the development
of single-molecule peptides that have balanced GLP-1R and glucagon
receptor (GCGR) co-agonism (20). They potently and effectively
reversed diet-induced obesity and insulin resistance in rodents, with
the GLP-1 agonism eliminating the inherent diabetogenic liability of
glucagon agonism. Glycemic improvements in this paradigm are associated with considerable weight loss. The rodent-to-human translation
of these glucagon-based co-agonists remains to be fully characterized,
but recent evidence suggests an appropriate acute tolerability (21). Here,
our goal was to maximize glycemic outcomes through combination
therapy, and we hypothesized that GIP could be recruited as a nonredundant partner with GLP-1 to generate unimolecular dual incretin
agonists of superior efficacy. Ultimately, we envisioned that this incretin
marriage would enhance the metabolic efficacy and therapeutic index
of selective GLP-1 therapy.
We report herein the discovery of unimolecular, dual incretin coagonists with balanced activity at each constitutive receptor and optimized pharmacokinetics. They potently reversed the metabolic syndrome
through synergistic pharmacology, including an enhanced effect on adiposity, hyperglycemia, and dyslipidemia in rodent models of obesity, insulin resistance, and type 2 diabetes, compared to best-in-class selective
GLP-1 agonists. We demonstrate that these GLP-1/GIP co-agonists improve glucose homeostasis through a potent effect on acute glucosestimulated insulin release in rodents, and show that this insulinotropic
effect translates to cynomolgus monkeys and humans, ultimately resulting in improved levels of glycosylated hemoglobin A1c (HbA1c) in type
2 diabetic patients. Unlike GLP-1R mono-agonist therapy, the coagonists did not induce adverse gastrointestinal effects in humans.
Collectively, the discovery and validation of these dual incretin peptides
provides a fresh perspective on GIP pharmacology for treating metabolic
diseases and offers a new direction for enhancing the efficacy of selective GLP-1R agonists to generate better drug candidates for the treatment of type 2 diabetes, obesity, and associated comorbidities.

RESULTS
GLP-1 and GIP analog coadministration enhances
weight-lowering efficacy
To determine whether GLP-1 and GIP coadministration would result
in additive effects on adiposity and glycemia, we compared their equimolar coadministration to individual administration of GLP-1 and GIP

analogs in diet-induced obese (DIO) mice. We chose a dose at which,
compared to vehicle, the GIP analog did not cause significant metabolic
improvements. A comparable dose of a GLP-1 analog decreased body
weight by 15.4% [61.4 ± 1.2 g to 51.9 ± 1.1 g (P < 0.001, n = 8 mice
per group)] (Fig. 1A), reduced food intake (Fig. 1B), and prevented fat
mass accumulation (Fig. 1C). However, coadministration decreased
body weight by 20.8% (62.3 ± 1.4 g to 49.4 ± 1.2 g, P < 0.001) (Fig.
1A), reduced food intake (P < 0.001) (Fig. 1B), and decreased fat mass
(P < 0.001) (Fig. 1C) to a greater extent than either mono-agonist alone.
Coadministration did not, however, potentiate the glucose-lowering
effect of either mono-agonist in ad libitum–fed mice (Fig. 1D), demonstrating that maximal glycemic benefits in these insulin-resistant, nondiabetic mice could be achieved by mono-agonism, at least at the doses
tested here. Collectively, these results demonstrated that the combination of GIP and GLP-1 pharmacology potentiated the benefits of GLP-1
on adiposity despite GIP alone having negligible effects, and served as
the rationale to pursue single-molecule co-agonists of GLP-1 and GIP.
Generating a highly potent peptide with balanced agonism
at both the GLP-1R and GIPR
On the basis of the enhanced efficacy of GLP-1 and GIP coadministration,
we investigated the potential of engineering a single-molecule GLP-1/GIP
co-agonist. The structural similarities between GLP-1 and GIP, coupled
with previous structure-activity insights, guided the rational design of
sequence intermixed peptides of potent and balanced co-agonism. Intermediary candidates were built from a glucagon-based core sequence
with residues incorporated from GLP-1 that were previously shown to impart balanced and potent co-agonism at GCGR and GLP-1R (Table 1,
compound 10) (20). Our present objective was to provide balanced activity at the GLP-1R and GIPR while minimizing activity at the GCGR.
Here, a series of peptide analogs was progressed in a stepwise manner
starting with the previously validated GLP-1/glucagon co-agonist (20).
Each peptide was subsequently tested for its ability to activate human
GLP-1R, GIPR, and GCGR in a cell-based reporter gene assay for cyclic
adenosine monophosphate (cAMP) induction. The full sequences for
each peptide in Table 1 can be found in fig. S1.
Selectivity for the respective incretin receptors was hypothesized to
arise from sequence differences in the middle and C-terminal regions;
thus, GIP-specific residues were introduced to the region between the
lactam bridge at residues 16 and 20 (Table 1, compound 10) (20). However, substitution of GIP-specific residues Ile17, His18, and Gln19 failed to
enhance GIP activity (Table 1, compound 11). We next made selective
modifications to the C-terminal portion of peptide 10. Because exclusion
of the C-terminal portion of native GIP does not influence activity at
the human GIPR, we added the C-terminally extended (Cex) residues
from exendin-4 in an attempt to gain dual incretin activity. This addition further exacerbated GIP activity (Table 1, compound 12), but this
reduction in GIP activity was prevented by substitution with GIPspecific Tyr1 (Table 1, compound 13). Further modification to the C
terminus by substitution with Val23, Asn24, Leu27, and Ala28 substantially increased GIP activity, with only modest changes in glucagon or
GLP-1 activity (Table 1, compound 14). Substitution with GIP-derived
Ile12, along with aminoisobutyric acid (Aib) at position 2, provided an
analog with enhanced incretin activity at the expense of glucagon activity (Table 1, compound 15). In addition to blunting glucagon activity,
Aib at position 2 prevented physiological degradation and inactivation
by DPP-IV. However, peptide 15 was unbalanced at the incretin receptors and retained significant residual glucagon activity. Glucagon activity
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Fig. 1. Incretin coadministration enhances metabolic outcomes and
demonstration of in vivo co-agonism. (A to D) Two-week treatment of
DIO male mice with incretin mono-agonists. Effects on (A) body weight, (B)
cumulative food intake, (C) fat mass, and (D) ad libitum–fed blood glucose
(n = 8) after daily subcutaneous injections of saline (black), a GIP agonist
(Table 1, compound 6, blue), a GLP-1 agonist (Table 1, compound 3, red),
and the coadministration of the GIP and GLP-1 mono-agonists (purple) at a
dose of 3 nmol/kg for each. (E to G) Acute treatment of DIO male mice
with incretin mono- and co-agonists. Effects on intraperitoneal glucose tolerance after a single intraperitoneal injection 15 min before glucose chal-

lenge (n = 8) of saline (black), a GIP mono-agonist (Table 1, compound 6,
blue), a GLP-1 mono-agonist (Table 1, compound 3, red), the coadministration
of the GIP and GLP-1 mono-agonists (light purple/violet), and an engineered
GLP-1/GIP co-agonist (Table 1, compound 18, dark purple/plum) at a dose
of 2 nmol/kg. Glucose tolerance in (E) wild-type DIO mice, (F) GLP-1R−/−
DIO mice, and (G) GLP-1R−/− DIO mice pretreated with a GIPR antagonist
2 hours before glucose challenge at a dose of 2.25 mmol/kg. Data in (A) to
(G) represent means ± SEM. *P < 0.05, **P < 0.01, ***P < 0.001, determined
by analysis of variance (ANOVA) comparing vehicle to compound injections
unless otherwise noted. AUC, area under the curve.

is dependent on lactam-induced helix stabilization in the middle
region of the GLP-1/glucagon co-agonist (20). We therefore removed
the lactam bridge and introduced Aib at position 20. These simultaneous changes induced stabilization of the helix to a lesser degree
than the lactam bond. Additionally, a C-terminal residue (Cys40) was
added to serve as an anchor for subsequent modification with polyethylene glycol (PEG) or fatty acids, as necessary. The resulting analog
(Table 1, compound 16) had balanced and potent activities at the two
incretin receptors and a glucagon activity that was 1% that of native
glucagon. Substitution with GIP-derived residues Glu3 and Lys16 resulted
in an analog with appropriately balanced and potent activity at both
GLP-1R and GIPR, with almost no in vitro glucagon activity (Table 1,
compound 17).
This resulting peptide sequence served as the backbone for engineering the balanced and potent dual incretin co-agonists with optimized
pharmacokinetics. The C-terminal anchor had little effect on receptor

activity and could be substituted with Lys40 to facilitate amide linkage of
a fatty acid (Table 1, compound 18). This peptide served as the unimolecular dual incretin subsequently studied in vivo and compared to
exendin-4. Direct lipidation with a 16-carbon acyl chain (16:0) through
Lys40 resulted in a uniform increase in activity at all three receptors. This
analog has superior potency (>500%) at both incretin receptors, and 2%
of the activity of native glucagon (Table 1, compound 19). It served as the
acylated unimolecular dual incretin in subsequent in vivo studies and
compared to liraglutide. Previously, position 24 was identified as a site
that can facilitate site-specific PEG addition (PEGylation) (20). Here,
Cys24 substitution was confirmed to have a negligible effect on the constitutive receptor activity profile (Table 1, compound 20). Site-specific
40-kD PEGylation at Cys24 reduced receptor activity at all three receptors, but activity at both incretin receptors remained balanced with
subnanomolar potency. This analog also had an activity at GCGR that
was less than 0.02% of native glucagon (Table 1, compound 21). This
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Table 1. In vitro GLP-1R, GIPR, and GCGR activity of peptide analogs.
EC50 values represent the effective peptide concentrations (nM) that stimulate half-maximum activation at the GLP-1R, GIPR, and GCGR. A minimum
of three separate experiments was conducted for each analog at each respective receptor. Relative % activity at each receptor = (native ligand EC50 /

analog EC50) × 100. Underlined residues in peptide 10 represent residues
featuring a side-chain lactam bridge. Peptides 11 to 21 feature the same
sequence as the proceeding analog with the subsequent modification depicted in parentheses, with the exception of peptide 20, which was designed from parent peptide 18. All sequences are found in fig. S1.
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analog served as the PEGylated unimolecular dual incretin used in
subsequent in vivo studies.
A unimolecular dual incretin improves glucose tolerance
through GLP-1R– and GIPR-dependent mechanisms
We confirmed that the balanced in vitro potency of the co-agonist
translated to in vivo activity by comparing the acute effects on glucose
tolerance in wild-type DIO mice versus mice with genetically silenced
GLP-1R signaling, pharmacologically silenced GIPR signaling, or the
combination thereof. In wild-type DIO mice, both GLP-1 and GIP monoagonists and the co-agonist improved glucose tolerance to a similar extent (Fig. 1E). In GLP-1R knockout (GLP-1RKO) mice, the GLP-1 analog
failed to recapitulate the improvements in glucose tolerance observed in
the wild-type mice, whereas the GIP analog, the co-agonist peptide, and
the coadministration of both mono-agonists all similarly improved glu-

cose tolerance (Fig. 1F). This demonstrates that the co-agonist peptide
had in vivo GIP activity, which had a potent effect on improving glycemic
control.
To establish that GLP-1 activity is also present in the co-agonist peptide, we pretreated the GLP-1RKO mice with a GIPR antagonist to generate a GLP-1R and GIPR loss-of-function model, essentially mimicking
dual incretin receptor knockout (DIRKO) mice (22). In this setting, both
of the mono-agonists, individually or in combination, as well as the coagonist peptide failed to improve glucose tolerance (Fig. 1G). The results
of this reductionist approach demonstrated that our co-agonist peptide
had sufficient and comparable in vivo activity at both receptors, in the
context of acute glycemic control, and validated it as a GLP-1/GIP coagonist. Furthermore, the results demonstrated that the co-agonist did
not have additional off-target pharmacology that might contribute to
its glucoregulatory efficacy.
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A unimolecular dual incretin is more effective at improving
systemic metabolism than exendin-4
To determine whether enhanced metabolic improvements can be
gained by chronic treatment with the GLP-1/GIP co-agonist compared
to a GLP-1R mono-agonist alone, we compared escalating doses of
the unacylated/free peptide co-agonist (Table 1, compound 18) to
equimolar doses of exendin-4 in DIO mice. The co-agonist stimulated
a dose-dependent decrease in body weight (Fig. 2A), food intake (Fig.
2B), fat mass (Fig. 2C), and ad libitum–fed blood glucose (Fig. 2D).
The metabolic efficacy of the co-agonist was significantly greater than
that of exendin-4, which had negligible or minimal effects on these
metabolic parameters at the same dose. At the highest dose studied
(30 nmol/kg), the co-agonist decreased body weight by 14.0% [57.6 ±
0.8 g to 49.5 ± 0.9 g (P < 0.001, n = 8 per group)], whereas exendin-4
decreased body weight by only 3.5% (57.8 ± 1.4 g to 55.8 ± 1.4 g, P <
0.001) (Fig. 1A). Additionally, mice treated with this dose of the coagonist displayed reduced food intake, fat mass, and ad libitum–fed
blood glucose compared to exendin-4–treated mice (Fig. 2, B to D). Notably, only 10% of the dose of the co-agonist was required to achieve

modest weight loss comparable to that induced by exendin-4 alone.
Collectively, these results demonstrate that greater metabolic efficacy
can be gained by treatment with a dual incretin agonist compared to a
best-in-class GLP-1 mono-agonist, and that chronic GIP agonism does
not aggravate adiposity when supplemented with GLP-1 agonism.
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An acylated unimolecular dual incretin is more effective
at improving systemic metabolism than liraglutide
To achieve a GLP-1/GIP co-agonist with a more favorable pharmacokinetic profile that allows for less frequent dosing, we acylated the coagonist peptide with palmitic acid (C16:0). We directly acylated the
peptide at a C-terminal lysine residue, which was confirmed to not have
any appreciable influence on the inherent in vitro potency, co-agonism
balance, or selectivity at the GLP-1R, GIPR, or GCGR [EC50 GLP-1R =
0.005 ± 0.001 nM, EC50 GIPR = 0.003 ± 0.001 nM, EC50 GCGR = 1.286 ±
0.103 nM (Table 1, compound 19)].
To determine whether similarly enhanced metabolic improvements
were gained with an acylated GLP-1/GIP co-agonist, we compared escalating doses of the acylated dual incretin (Table 1, compound 19) to
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Fig. 2. Unimolecular dual incretins enhance metabolic outcomes compared to GLP-1R agonists. (A to D) One-week treatment of DIO male mice
with free peptide versions of a GLP-1 mono-agonist and GLP-1/GIP coagonist. Effects on (A) body weight, (B) cumulative food intake, (C) fat mass,
and (D) ad libitum–fed blood glucose (n = 8) after daily subcutaneous injections of saline (black), exendin-4 (red), and a GLP-1/GIP co-agonist (Table 1,
compound 18, purple) at two different doses: 10 nmol/kg (lighter shade) and
30 nmol/kg (darker shade). (E to H) One-week treatment of DIO male mice

with acylated versions of a GLP-1 mono-agonist and GLP-1/GIP co-agonist.
Effects on (E) body weight, (F) cumulative food intake, (G) fat mass, and (H)
ad libitum–fed blood glucose (n = 8) after daily subcutaneous injections of
saline (black), liraglutide (red) at a single dose of 30 nmol/kg, and an acylated
GLP-1/GIP co-agonist (Table 1, compound 19, purple) at three different doses:
3, 10, and 30 nmol/kg (lighter to darker shade). Data in (A) to (H) represent
means ± SEM. *P < 0.05, **P < 0.01, ***P < 0.001, determined by ANOVA comparing vehicle to compound injections unless otherwise noted.
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an acylated GLP-1 analog (liraglutide) in DIO mice. Comparable to the
free peptide co-agonist, the acylated co-agonist decreased body weight
(Fig. 2E), food intake (Fig. 2F), fat mass (Fig. 2G), and ad libitum–fed
blood glucose (Fig. 2H) in a dose-dependent manner. The metabolic improvements evinced by the acylated co-agonist were enhanced compared to
an equimolar dose of liraglutide. At the maximum dose tested (30 nmol/kg),
the acylated co-agonist reduced body weight by 18.8% [48.2 ± 1.5 g to
39.1 ± 1.5 g (P < 0.001, n = 8)], whereas liraglutide decreased body weight
by only 8.8% [47.0 ± 1.2 g to 43.8 ± 0.8 g (P < 0.001, n = 8)] (Fig. 2E).
Furthermore, the acylated co-agonist amplified the effect on food intake
(P < 0.05) (Fig. 2F), fat mass (P < 0.001) (Fig. 2G), and blood glucose (P <
0.05) (Fig. 2H) compared to the equivalent dose of liraglutide. Much like
the unacylated co-agonist, similar metabolic improvements can be achieved
with the acylated co-agonist at 10% of the dose of liraglutide. At 3 nmol/kg,
the acylated co-agonist decreased body weight by 6.8% (48.8 ± 1.1 g to
45.5 ± 1.2 g, P < 0.001) (Fig. 2E) and blood glucose by 71.9 mg/dl (P < 0.001)
(Fig. 2H), which are changes comparable to the improvements induced
by the 10-fold higher dose of liraglutide. This suggested that the difference
was inherent to the peptide and not a function of pharmacokinetics.
To determine whether the potentiated efficacy of the co-agonist could
be sustained with less-frequent chronic dosing, we administered the same
acylated co-agonist or liraglutide as biweekly injections to DIO mice for
4 weeks. Much like daily dosing, biweekly administration of the acylated
co-agonist resulted in a dose-dependent reduction in body weight (Fig. 3A),
food intake (Fig. 3B), and fat mass (Fig. 3C). Furthermore, the biweekly
administration of the acylated co-agonist improved glucose tolerance
(Fig. 3, D and E) and lowered plasma insulin (Fig. 3F) and cholesterol

levels (Fig. 3G). Likewise, this biweekly dosing regimen of the acylated
co-agonist resulted in greater and sustained metabolic improvements compared to a similar dosing pattern of liraglutide. At the higher dose (20 nmol/
kg), the acylated co-agonist decreased body weight by 21.5% [62.3 ± 0.8 g to
48.9 ± 1.3 g (P < 0.001, n = 8 each group)] (Fig. 3A), whereas liraglutide
failed to induce any weight loss compared to vehicle controls. Furthermore,
this dose of the acylated co-agonist significantly decreased cumulative
food intake (Fig. 3B; P < 0.001) and fat mass (Fig. 3C; P < 0.001), improved glucose tolerance (Fig. 3, D and E; P < 0.001), and decreased circulating cholesterol levels (Fig. 3G; P < 0.01) compared to liraglutide, which
failed to induce any improvements in these metabolic parameters.
Given that the co-agonist reduced food intake, anorectic or satiation
mechanisms appeared to contribute to the negative energy balance,
leading to the robust weight loss. However, the co-agonist did not demonstrate any significant effect on energy expenditure, respiratory quotient,
or locomotor activity (fig. S2, A to C). To assess whether the control of
food intake is the sole factor driving the body weight changes, we compared the acylated co-agonist to pair-fed control mice. At the higher dose
(30 nmol/kg), the acylated co-agonist decreased body weight by 24.7%
[51.6 ± 1.7 g to 38.9 ± 1.5 g (P < 0.001 to vehicle, n = 8)], whereas pairfeeding to this dose decreased body weight by only 18.6% (51.5 ± 1.5 g to
41.9 ± 1.4 g, P < 0.001) (fig. S3, A to C). These pair-feeding results demonstrated that the acylated GLP-1/GIP co-agonist targets additional mechanisms that contribute to the benefits in body weight management that
cannot solely be explained by decreased energy intake alone, which suggests
improved feeding efficiency, increased thermogenesis, or malabsorption.
However, extensive genetic profiling of adipose, liver, and muscle tissue

Fig. 3. Less frequent administration of a unimolecular dual incretin
amplifies metabolic outcomes. (A to G) Four-week treatment of DIO male
mice with biweekly doses of acylated versions of a GLP-1 mono-agonist
and a GLP-1/GIP co-agonist. Effects on (A) body weight, (B) cumulative food
intake, (C) fat mass, (D and E) intraperitoneal glucose tolerance (ipGTT), and
plasma levels of (F) insulin and (G) total cholesterol (n = 8) after biweekly

subcutaneous injections of saline (black), liraglutide (red), and an acylated
GLP-1/GIP co-agonist (Table 1, compound 19, purple) at two different
doses: 5 nmol/kg (lighter shade) and 20 nmol/kg (darker shade). Data
in (A) to (G) represent means ± SEM. *P < 0.05, **P < 0.01, ***P < 0.001,
determined by ANOVA comparing vehicle to compound injections unless
otherwise noted.
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did not reveal any changes in gene programs conferring altered inflammation, fatty acid use, lipid handling, or other metabolically relevant pathways (fig. S4, A to C). However, histological analysis of the epididymal
white adipose tissue revealed that chronic treatment with the dual incretin
co-agonist reduced the size of individual adipocytes compared to vehicle
and liraglutide treatment (fig. S2D; P < 0.001).
To determine whether the acylated co-agonist has any additional
off-target pharmacology, particularly residual glucagon activity, that
could be a driving force behind the metabolic efficacy, we measured
plasma markers indicative of chronic glucagon agonism. It is reasonable
to suspect that if the co-agonist had alternative pharmacology contributing to its efficacy, glucagon would be a logical option because the coagonist is a glucagon-based peptide despite negligible in vitro activity.
The same acylated co-agonist did not increase plasma levels of fibroblast growth factor 21 (FGF21) (23) (fig. S2E) or plasma ketone levels
in chronically treated DIO mice (fig. S2F). Additionally, we compared
this acylated co-agonist to an acylated glucagon analog of comparable
in vitro potency in global GLP-1RKO mice. In these mice, the acylated
co-agonist demonstrated a blunted weight-lowering efficacy compared
to the effect seen in wild-type mice. The acylated co-agonist lowered
body weight only by 4.0% [54.0 ± 2.2 g to 51.9 ± 2.6 g (P < 0.01, n =
8 mice per group)] (fig. S5A), whereas the acylated glucagon agonist
decreased body weight by 18.4% [53.9 ± 1.4 g to 44.0 ± 1.5 g (P < 0.001)]
(fig. S5A). This difference in the weight-lowering efficacy argues against
glucagon pharmacology as the basis for the metabolic benefits of the
unimolecular dual incretin. In contrast to the weight-lowering effect, the
glycemic efficacy was still evident with the co-agonist, but not with
the glucagon analog. The acylated co-agonist lowered fasted blood
glucose levels and improved glucose tolerance (fig. S5, D to F) compared to the acylated glucagon, which failed to improve glycemic control despite the robust weight loss, which is a function of its inherent
hyperglycemic effect. Collectively, these results demonstrate that glucagon
pharmacology is not driving the metabolic efficacy of the GLP-1/GIP
co-agonist, and that the pharmacology of unimolecular dual incretins
functions to improve glycemic control beyond the metabolic benefits
indirectly derived from body weight loss.
Less frequent dosing of a PEGylated version of the
co-agonist similarly improves systemic metabolism
To support less frequent dosing, another unimolecular dual incretin with
more pronounced pharmacokinetic enhancement than conferred by acylation was achieved by attachment of a 40-kD PEG polymer to the coagonist. To introduce a site for PEGylation, we introduced a cysteine
residue at the 24th residue because this position was identified to have
little influence on activity (Table 1, compound 21). The site-specific
PEGylation via a maleimide linkage did not appreciably change the
in vitro activity ratio at the three receptors compared to the free and acylated
co-agonists despite a uniform reduction in potency (EC50 GLP-1R = 0.323 ±
0.028 nM, EC50 GIPR = 0.194 ± 0.043 nM, EC50 GCGR = 358.5 ± 44.77 nM).
To determine whether less frequent dosing of the PEGylated coagonist can match the robust efficacy observed in DIO mice with the
acylated co-agonist, we compared equivalent weekly dosing of the acylated co-agonist (Table 1, compound 19) given daily to the PEGylated
co-agonist (Table 1, compound 21) given weekly. Both the acylated and
PEGylated co-agonists exceeded the weight-lowering effect of liraglutide
(Fig. 4A), whereas all three compounds improved food intake, hyperglycemia, and dyslipidemia to comparable levels (Fig. 4, B to I). The
acylated co-agonist lowered body weight by 31.4% [49.2 ± 1.0 g to

33.7 ± 0.6 g (P < 0.001, n = 8)] and the PEGylated co-agonist lowered
body weight by 26.9% (47.5 ± 1.1 g to 34.7 ± 0.8 g, P < 0.001), whereas
liraglutide only lowered body weight by 15.6% (47.5 ± 1.0 g to 40.1 ±
1.0 g, P < 0.001) (Fig. 4A). Both co-agonists also performed equally to
reduce food intake (Fig. 4B), attenuate glucose intolerance (Fig. 4C),
lower fasted blood glucose and plasma leptin (Fig. 4, D and E), and
reduce plasma triglycerides (Fig. 4G). Unlike liraglutide, neither of the
unimolecular dual incretins influenced plasma free fatty acid levels (Fig.
4H), suggesting that GIP counteracts the pharmacology of GLP-1 to
increase circulating free fatty acids. All three compounds also improved
liver function by reversing hepatic steatosis without hepatocellular toxicity, as reflected by the trend to lower serum alanine aminotransferase
(ALT) and aspartate aminotransferase (AST) levels (fig. S6, A to C). Collectively, these results demonstrate that both of the pharmacokinetically
optimized, unimolecular dual incretins improve systemic metabolism, including adiposity, hyperglycemia, and dyslipidemia, in DIO mice. The
weight-lowering effects of these co-agonists are amplified compared to
GLP-1 mono-agonist treatment, whereas blood glucose and lipid profiles
were similarly improved in these nondiabetic mice. Because both of the
co-agonists demonstrate similar pharmacology in DIO mice, they were
each explored further in translational studies that included diabetic models.
Unimolecular dual incretins enhance insulinotropic effects
compared to GLP-1 mono-agonism
To explore the prospect of enhanced insulinotropic efficacy of unimolecular dual incretins, we administered escalating doses of the PEGylated
co-agonist to lean rats to assess the insulin response during a glucose
challenge. Lean rats were used in this acute test to lessen the complications that might arise from prevailing islet failure or peripheral insulin
resistance. Twenty-four hours after administration, the highest dose
(20 nmol/kg) of the PEGylated co-agonist caused a significant reduction in the blood glucose profile compared to vehicle-treated controls
(Fig. 5, A and B). The PEGylated co-agonist caused a dose-dependent increase in first-phase insulin secretion. At the highest dose, the PEGylated
co-agonist significantly increased plasma insulin levels 10 min after the
glucose challenge [6863 ± 727 pg/ml (n = 7, P < 0.001)] (Fig. 5C), which
was also reflected in an increased plasma C-peptide level (Fig. 5D).
To determine whether the co-agonist provides an enhanced insulinotropic effect compared to GLP-1 mono-agonism, we made a similar
comparison using an equimolar dose of the PEGylated co-agonist and
an in vitro–matched PEGylated GLP-1 agonist. At a dose of 10 nmol/kg,
the PEGylated versions of the co-agonist and GLP-1 agonist similarly
improved glucose tolerance compared to vehicle (Fig. 5, E and F) in
these euglycemic lean rats. However, the co-agonist increased acute plasma insulin [7194 ± 931 pg/ml (n = 8, P < 0.05)] (Fig. 5G) and the level
of C-peptide (Fig. 5H) 10 min after glucose challenge, whereas the selective GLP-1 agonist did not change the insulin secretory response at this
time point. Collectively, these results demonstrate that this co-agonist
has a sustained insulinotropic activity after acute administration, and this
activity is enhanced relative to a GLP-1 mono-agonist.
Unimolecular dual incretins enhance antihyperglycemic
efficacy in diabetic rodent models compared to
GLP-1 mono-agonism
Although DIO mice are a model for insulin resistance and glucose
intolerance, they are not overtly hyperglycemic or diabetic. Therefore,
we compared the antihyperglycemic efficacy of both the acylated and
PEGylated co-agonists in db/db mice. We first tested the acute and
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Fig. 4. Acylated and PEGylated versions of the co-agonist both amplify
metabolic outcomes. (A to I) Two-week treatment of DIO male mice with
acylated and PEGylated versions of GLP-1/GIP co-agonists. Effects on (A) body
weight, (B) cumulative food intake, (C) intraperitoneal glucose tolerance, (D)
fasting blood glucose, and plasma levels of (E) leptin, (F) total cholesterol, (G)
triglycerides, (H) free fatty acids, and (I) ketones (n = 8) after daily subcu-

taneous injections of saline (black), liraglutide (red), and an acylated GLP-1/GIP
co-agonist (Table 1, compound 19, dark purple) and weekly subcutaneous injections of a PEGylated GLP-1/GIP co-agonist at an equimolar weekly dose
of 70 nmol/kg (Table 1, compound 21, light purple/violet). Data in (A) to (I)
represent means ± SEM. *P < 0.05, **P < 0.01, ***P < 0.001, determined by
ANOVA comparing vehicle to compound injections unless otherwise noted.

sustained ability of the dual incretins compared to liraglutide to improve glucose tolerance in db/db mice that received the compounds
24 hours before glucose challenge. Acutely, both of the co-agonists (Table 1,
compounds 19 and 21) minimized the glucose excursion after a single
injection, whereas an equimolar dose of liraglutide had no effect relative
to vehicle (Fig. 6A). To test whether this potentiated effect on glycemic
control is sustained after repeated administration, we gave liraglutide
and both co-agonists (Table 1, compounds 19 and 21) to db/db
mice at comparable doses to be consistent with experiments in DIO
mice. At the administered doses, all three peptides prevented the excessive weight gain seen with control mice (Fig. 6B), similarly lowered
fasted blood glucose levels (Fig. 6C), and similarly improved glycemic
control (Fig. 6D), thus demonstrating a sufficient antihyperglycemic
efficacy.
To assess the insulinotropic effect and subsequent effect on glycemic control, we compared both of the co-agonists to liraglutide in di-

abetic ZDF rats. At equivalent weekly doses, liraglutide and the coagonists lowered fasted blood glucose levels with rapid onset and
sustained efficacy (Fig. 6E), but only the co-agonists displayed a superior effect to lower HbA1c and increased glycomark (a measure of 1,5anhydroglucitol) compared to liraglutide (fig. S7, A and B). Furthermore,
all three compounds were all capable of normalizing glucose tolerance
(fig. S7C). However, treatment with both co-agonists required less insulin to normalize glucose tolerance when compared to liraglutide (fig.
S7D). This decrease in insulin demand lessens the secretory burden of
pancreatic b cells and suggests a parallel improvement in insulin sensitivity, as reflected by the improved HOMA-IR score (fig. S7E). Notably,
the superior glycemic control induced by the co-agonists relative to
liraglutide was independent of changes in body weight (fig. S7F), suggesting a direct effect on pancreatic islets. Histological analysis of the
pancreas revealed that the co-agonists preserved proper islet cytoarchitecture (Fig. 6F), as reflected by a preservation of islet area (fig. S7G),
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Fig. 5. Unimolecular dual incretins enhance insulinotropic response.
(A to D) Acute treatment of lean male rats with a PEGylated GLP-1/GIP coagonist. Effects on (A and B) intraperitoneal glucose tolerance and plasma
levels of (C) insulin and (D) C-peptide 10 min after a glucose challenge (n =
8). Plasma analysis was performed 24 hours after the subcutaneous injection
of saline (black) or a PEGylated GLP-1/GIP co-agonist (Table 1, compound 21,
purple) at escalating doses of 2.5, 5, 10, and 20 nmol/kg (lighter to darker
shade). (E to H) Acute treatment of lean male rats with a PEGylated GLP-1

mono-agonist and a PEGylated GLP-1/GIP co-agonist. Effects on (E and F)
intraperitoneal glucose tolerance and plasma levels of (G) insulin and (H)
C-peptide 10 min after a glucose challenge (n = 8). Plasma analysis was performed 24 hours after the subcutaneous injection of saline (black), a PEGylated
GLP-1 mono-agonist (red), or a PEGylated GLP-1/GIP co-agonist (Table 1, compound 21, purple) at a dose of 10 nmol/kg. Data in (A) to (H) represent
means ± SEM. *P < 0.05, **P < 0.01, ***P < 0.001, determined by ANOVA
comparing vehicle to compound injections unless otherwise noted.

proper a/b cell ratio (fig. S7H), as well as glucagon and insulin immunoreactivity (fig. S7, I and J). Together, this improvement in islet cytoarchitecture is paralleled by an improvement in b cell functional capacity,
as reflected by the homeostatic model assessment of fasted insulin to
glucose, otherwise known as the HOMA-b score (fig. S7K). The collective rodent data illustrate two different GLP-1/GIP co-agonists that differ
in duration of action, but each improves hyperglycemia and adiposity
to a comparable level, which is to a greater extent than GLP-1 monoagonists. Consequently, we have two different molecular candidates for
exploring incretin co-agonism in nonhuman primates and humans.

lenge in a comparable fashion to the study conducted in monkeys. Treatment with the PEGylated co-agonist (Table 1, compound 21) decreased
blood glucose (Fig. 8A) and was paralleled by increases in plasma insulin
(Fig. 8B). Collectively, these results demonstrate that the co-agonist can
potentiate glucose-stimulated insulin secretion in humans and can effectively lower blood glucose excursions. Further investigation is required
with a time action–matched GLP-1 agonist to determine whether the
preclinically observed enhanced effect translates to human subjects.
Notably, in contrast to what is observed in humans with acute administration of the best-in-class GLP-1R agonists, treatment with the co-agonist
was not associated with altered gut motility as assessed by measurement of
acetaminophen absorption (Fig. 8C). At all three doses where enhancement of glycemic control was observed, there was no apparent effect
on the levels of acetaminophen in plasma as opposed to the sizable
effect observed with the shorter-acting GLP-1 agonist exendin-4, which
is well recognized for its ability to induce unfavorable stasis of the gut.
This lack of an effect on gastric motility coupled with a potent glycemic
effect demonstrates that the two are not linked pharmacologically.
The initial safety, efficacy, and pharmacodynamics of the PEGylated
co-agonist (Table 1, compound 21) were assessed in 53 patients with type
2 diabetes during a 6-week ascending-dose study. A dose-dependent
increase in plasma concentration of the co-agonist was seen with treatment in the range of 4 to 30 mg. The median time to maximum observed
concentration ranged from 68 to 120 hours, with a mean elimination
half-life ranging from 120 to 141 hours after dose. The baseline HbA1c
levels ranged from 7.36 to 7.88%. There was a dose-dependent decrease
in HbA1c from baseline to day 43, which is 7 days after the sixth and final
weekly dose of drug (Fig. 8D). The mean change from baseline for HbA1c
in patients who received active drug ranged from −0.53% for those receiving 4 mg to −1.11% for the cohort receiving 30 mg, compared to a
decrease of 0.16% in the placebo cohort (Fig. 8D). Treatment up to
30 mg once weekly for 6 weeks was generally safe and well tolerated.
All adverse events were considered to be mild or moderate in intensity.
During the study, no patient experienced an adverse event of vomiting.
Nausea was seen in 1 of 9 patients in the placebo group and in 2 of 12 in

Unimolecular dual incretins enhance insulinotropic effect in
nonhuman primates
To determine whether the enhanced acute insulinotropic effect of the
co-agonist observed in rodents translates to higher mammals, we administered a single injection of liraglutide or the acylated co-agonist
(Table 1, compound 19) to cynomolgus monkeys. Blood glucose and
plasma insulin were measured after an intravenous graded glucose infusion 24 hours after the peptide injection (Fig. 7A). Time-traced blood
glucose levels during the challenge were decreased with liraglutide but
were reduced to an even greater extent by the acylated co-agonist (Fig.
7B). Furthermore, a coordinated increase in plasma insulin (Fig. 7C) and
C-peptide (Fig. 7D) was evident after treatment with liraglutide, and an
even greater response was observed with the acylated co-agonist. Consistent with the enhanced efficacy in rodents, this acute exposure in nonhuman primates demonstrates the ability of a co-agonist to potentiate the
insulin secretory response to a greater extent than liraglutide and warranted a similar investigation in human subjects.
Insulinotropic and antihyperglycemic effects of
unimolecular dual incretins in humans
To determine whether a dual incretin co-agonist similarly enhanced
the glucose-stimulated insulin secretory response in humans, we treated
healthy nondiabetic subjects with escalating doses of the PEGylated coagonist and measured glycemic control during a glucose infusion chal-
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Fig. 6. Unimolecular dual incretins improve glycemic status in diabetic rodents.
(A to D) Acute and 3-week treatment of db/db
mice with acylated and PEGylated versions
of a GLP-1/GIP co-agonist. Effects on (A) intraperitoneal glucose tolerance (n = 8) 24 hours
after the subcutaneous injection of saline (black), liraglutide (red), a PEGylated GLP-1/GIP co-agonist (Table 1, compound 21, light purple/violet), and an acylated
GLP-1/GIP co-agonist (Table 1, compound 19, dark purple/plum) at a dose of 5 nmol/kg. Effects on (B) body weight, (C) fasting blood glucose, and (D) intraperitoneal glucose tolerance (n = 8) after daily subcutaneous injections of saline (black), liraglutide (red), and an acylated GLP-1/GIP co-agonist (Table 1, compound 19, dark purple/plum) at a dose of 20 nmol/kg or after a subcutaneous injection every fourth day of a PEGylated GLP-1/GIP co-agonist (Table 1,
compound 21, light purple/violet) at a dose of 20 nmol/kg (or 35 nmol/kg per week). (E and F) Three-week treatment of ZDF rats with acylated and PEGylated
versions of a GLP-1/GIP co-agonist. Effects on (E) fasted blood glucose (n = 8) after daily subcutaneous injections of saline (black), liraglutide (red), and an acylated
GLP-1/GIP co-agonist (Table 1, compound 19, dark purple/plum) at a dose of 20 nmol/kg or after a subcutaneous injection every fourth day of a PEGylated
GLP-1/GIP co-agonist (Table 1, compound 21, light purple/violet) at a dose of 80 nmol/kg (or 140 nmol/kg per week). Effects on (F) islet morphology and
immunohistochemistry for insulin (green), glucagon (red), and 4′,6-diamidino-2-phenylindole (DAPI) staining (blue). Data in (A) to (F) represent means ± SEM.
*P < 0.05, **P < 0.01, ***P < 0.001, determined by ANOVA comparing vehicle to compound injections unless otherwise noted.

the 30-mg group, but not in any of the other dose groups. Diarrhea was
seen in 2 of 12 in the 30-mg group. The rapid and sizable decreases in
HbA1c without vomiting and only minimal other gastrointestinal-related
adverse effects suggest that the unimolecular dual incretins can be dosed
even more aggressively to achieve superior outcomes.

DISCUSSION
Incretin mimetic therapy has exclusively been focused on the GLP-1
side of the incretin duality. Most of the approaches to optimize GLP-1
agonism for therapeutic purposes have focused on enhancing pharma-
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cokinetics through chemical modifications and formulation strategies
or exploring alternatives to delivery by injection (24). In contrast, our
interest has focused on maximizing efficacy by integrating additional
pharmacology to generate new unimolecular co-agonists (25, 26). GLP-1–
selective agonists provide sizable improvements in glycemic control,

but only a fraction of patients achieve normalization, and most often,
these selective agonists require combination with conventional oral
agents (27). GLP-1 agonist therapy provides modest weight loss well below what is needed for sizeable metabolic improvements and often is
accompanied by dose-limiting, adverse gastrointestinal events (27). Here,

Fig. 7. A unimolecular dual incretin enhances insulinotropic response
in monkeys. (A to D) Graded dextrose infusion in cynomolgus monkeys
treated with an acylated GLP-1/GIP co-agonist. (A) Graded dextrose infusion schedule. Effects on (B) blood glucose, (C) plasma insulin, and (D) plasma C-peptide (n = 4) during an intravenous graded dextrose infusion in lean

cynomolgus monkeys 24 hours after a single subcutaneous injection of saline (black), liraglutide (red), or an acylated GLP-1/GIP co-agonist (Table 1,
compound 19, purple) at a dose of 10 nmol/kg. Data in (A) to (D) represent
means ± SEM. *P < 0.05, **P < 0.01, ***P < 0.001, determined by ANOVA
comparing vehicle to compound injections unless otherwise noted.
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insulin (n = 6) during a graded dextrose infusion in healthy human subjects
72 hours after a single subcutaneous injection of placebo saline (white) and
escalating doses (total of 4, 8, and 16 mg) of a PEGylated GLP-1/GIP co-agonist
(Table 1, compound 21, increasing shades of purple). Effect on the (C) plasma
levels of orally administered acetaminophen (AUC from 0 to 4 hours) in subjects

22
Time (days)

44

treated with a single subcutaneous injection of placebo (white), exendin-4
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PEGylated GLP-1/GIP co-agonist. Change in glycosylated HbA1c (D) during
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we show that a balanced, unimolecular combination of GLP-1R and
GIPR agonism provides greater metabolic efficacy than selective monoagonism in different species from rodents to primates and humans, without apparent gastrointestinal discomfort.
Through a series of chemical changes that yielded a hybridized peptide sequence, a high-potency balanced agonist was identified. The coagonist has native GLP-1 residues at positions 7, 13, 14, 17, 18, 19, 21,
and 28 and GIP-specific residues at positions 1, 10, 12, 15, 16, 23, 24,
and 27 (peptide 18, fig. S1). Examination of the sequence in more detail
revealed that Ile12 was vital for selective GIP activity, whereas Ala18 was
similarly important for GLP-1 activity. The first three residues and
C-terminal amidation were found to be integral for selectivity at the GCGR.
Substitution with Tyr1, Aib2, and Glu3 not only substantially suppressed
glucagon agonism but also served additional purposes—Tyr1 increased
GIP activity, Aib2 protected against DPP-IV cleavage, and Glu3 served as
a key determinant residue conferring enhanced activity and selectivity at
each incretin receptor. Activity at the two incretin receptors was also
increased by Aib20 and the C-terminal extension. These modifications stabilized the helical secondary structure and provided a site for C-terminal
chemical modifications to optimize pharmacokinetics. This balanced coagonist was site-specifically modified by lipidation at Lys40 to generate an
equally potent, longer-acting peptide suitable for once-a-day administration.
PEGylation of the same peptide backbone with a 40-kD polymer at Cys24
lowered in vitro potency but yielded a highly effective, balanced therapeutic with time action suitable for once-a-week administration.
These dual incretin peptides increased insulin sensitivity and glycemic control in metabolically compromised rodent models of diet-induced
obesity at a potency that was consistently enhanced 10-fold relative to
comparably modified best-in-class selective GLP-1R agonists. A single
acylated co-agonist proved more effective than liraglutide when comparatively tested in a graded glucose infusion assay in monkeys. In
healthy human volunteers, the PEGylated analog demonstrated a similar
ability to lower glucose in a dose-dependent fashion via an amplified insulin secretory response without any apparent gastrointestinal discomfort.
Furthermore, the PEGylated co-agonist caused a dose-dependent decrease
in HbA1c levels over time in type 2 diabetic patients, with a maximal decrease of 1.11% from baseline at the highest dose tested (30 mg), demonstrating that the enhanced insulinotropic effect observed in healthy
volunteers leads to a robust antidiabetic effect without adverse gastrointestinal side effects in type 2 diabetic patients. Collectively, the results
indicate the potential for using GIP as an additional element to enhance
the pharmacology of selective GLP-1R agonists by strengthening the inherent efficacy and broadening the therapeutic index. We believe that
the combination of the enhanced efficacy and therapeutic index confers
lower drug exposure as a consequence of lower constitutive receptor
occupancy levels, thus closely resembling a physiological setting and circumventing the dose-limiting nausea complications that restrict current
selective GLP-1R agonists. These clinical results support increases in dose
to further enhance metabolic control and maximize weight loss, which can
only be adequately assessed in longer-term studies. However, more indepth toxicology analysis is warranted. In particular, a survey for altered
capacity to induce formation of pancreatic lesions is justified by recent
reports demonstrating an adverse role of GLP-1 pharmacology (28–30).
Likewise, assessment of potential immunological responses derived from
the foreign modifications introduced in the peptide, notably the Aib substitutions and PEG deposition in target cells, is equally warranted.
The recruitment of GIPR agonism for therapeutic purposes has
been a controversial subject despite its well-recognized presence as

an incretin partner to GLP-1. Although there is well-recognized alignment in GIP and GLP-1 pharmacology at pancreatic b cells (31), the
basis for this skepticism is the belief that GIP pharmacology can promote obesity through lipogenic pathways (5–11, 32–35). Concurrently,
it has been observed that GIP glycemic action is lost to a greater degree
than that of GLP-1 in metabolically compromised human subjects (12, 13).
Finally, preclinical observations with GIPR knockout rodents reported
less weight gain on a high-fat diet challenge and an overall protection
from glycemic disturbances (6, 7), which was also observed with pharmacological GIP antagonism (9–11) and with transgenic ablation of
GIP-producing intestinal K cells (8). However, recent evidence, including the pharmacology of the dual incretins presented here, indicates that the role of GIP in adipocyte biology is unclear.
The improved weight loss in response to adding GIP agonism to
GLP-1 agonism, either in combination or with unimolecular co-agonism,
is encouraging, although somewhat unexpected because of the aforementioned reports. We believe that our results are aligned with more recent
reports of the beneficial metabolic benefits of GIP pharmacology, and that
GIP demonstrates synergism with GLP-1 pharmacology, leading to an
enhancement of these benefits. In particular, the progressive metabolic
derangement in transgenic pigs that have a selective loss of pancreatic
GIPR function occurs despite enhanced endogenous secretion of GLP-1
and despite a lack of fat mass accumulation (15), thus paralleling what is
commonly observed in human disease. Likewise, mice treated with GIP
analogs (36) or with transgenic GIP overexpression (14) are also protected from diet-induced obesity. Regarding a lack of inducible obesity
in GIPR knockout rodents, similar observations were initially reported in
GLP-1RKO rodents (37) despite the well-characterized weight-lowering
pharmacology of GLP-1R agonists. This divergent response highlights
the difficulties in using genetic loss-of-function models as predictors
of pharmacological action and subsequent therapeutic success. Additionally, the purported GIP antagonist used to classify GIPR signaling
as a target for attenuation in metabolic diseases has been characterized
as a full yet weak agonist (38). We believe that there is a metabolic benefit
in GIP pharmacology, and the previous concerns were incorrect. We observe that its supplementation with GLP-1 pharmacology leads to
enhanced metabolic benefits in rodents that translate to acute glycemic
benefits in primates. These collective results set the stage for clinical studies
of extended duration where synergy with GLP-1 in reducing body
weight can be explored. In such a setting, the improved glycemic control obtainable through GLP-1R agonism should restore GIP responsiveness and provide enhanced pharmacological benefit in a manner
not possible through selective GIP agonism.
Through pharmacological and genetic loss-of-function models, we
have demonstrated that each incretin constituent of the co-agonist is
essential to achieve superior metabolic efficacy. We have yet to determine at a molecular level exactly how GLP-1 and GIP synergism results in an amplified metabolic response. Coordinated alterations in
the physiology and hormonal sensitivities of metabolically active tissues may contribute to the negative energy balance; however, massive
screening of metabolically relevant gene programs in liver, muscle, and
adipose tissue did not reveal any unique insights to explain the beneficial
interactions within the co-agonist. We speculate that the GLP-1 action
can potentially alleviate the “brake” on GIP signaling that is evident
within metabolic disease, thereby facilitating GIP to function at full metabolic capacity in concert with GLP-1. Herein, the coadministration of
GLP-1 and GIP behaves similarly to GLP-1 mono-agonism through
the first week of treatment, suggesting that GLP-1 pharmacology is
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dominating the effect or that GIP pharmacology has limited efficacy,
presumably due to a degree of resistance. However, after the first week,
the GLP-1 effect begins to plateau, whereas the coadministration
continues to drive weight loss. This body weight phenomenon is analogous to exendin-4 alone compared to coadministration with leptin (16),
in which the weight loss driven by coadministration is enhanced only after
leptin responsiveness is restored by adjunctive exendin-4 action.
Synergism at the cellular and molecular levels may be governing the
amplified responses. We speculate that our unimolecular GIP/GLP-1
co-agonists could be inducing lateral interactions between the two constitutive receptors within the same cell, thus allosterically modulating
the neighboring receptor’s response to create a unique pharmacological
outcome. Endogenous GLP-1 and GIP are reported to have opposing
functions on receptor heterodimerization (39). Through actions mediated
at the GIPR, cross-reactive GLP-1 binding promotes heterodimerization
of the two receptors, whereas GIP antagonizes this response by displacing
the bound GLP-1 to promote receptor dissociation (39). Much like the
potential lipogenic effect of native GIP (36), it is suggested that these differences in dimer promotion between GLP-1 and GIP are derived from
sequence differences within the C-terminal region (39). We speculate that
the difference in the C-terminal sequence of the co-agonist compared to
the native hormones, in combination with the high binding affinity at the
GIPR, facilitates heterodimerization and maximizes in parallel the GLP-1
and GIP response. Together, this suggests that the cellular and molecular responses may be governed by the specific engineering of the dual
incretins. The continued pursuit of a definitive molecular mechanism is
a sizable, ongoing undertaking justified by the in vivo pharmacological
experiments presented here.
Given that the co-agonist peptides have their origin in a glucagonbased sequence, we wondered whether residual glucagon agonism could
be contributing to the metabolic efficacy despite confirmation of negligible in vitro glucagon activity. We concluded that glucagon agonism
is not contributing to the in vivo pharmacology, because the dual incretin
did not increase levels of circulating FGF21, an activity associated with
the weight-lowering capacity of chronic glucagon agonism (23). Additionally, experiments in loss-of-function models for the GLP-1R and
GIPR show that the co-agonist does not have the diabetogenic effects
of acute glucagon, the weight-lowering effects of chronic glucagon pharmacology, or a glucagon-secretagogue action arising from GIP agonism
(19, 40). Furthermore, these results in loss-of-function models indicate
that other off-target pharmacology outside of glucagon is not apparent
in the co-agonist. Although we did not observe a glucagon-induced
diabetogenic effect with the co-agonist in the GLP-1RKO mice, there
was a powerful antihyperglycemic effect attributable to GIP agonism.
Whether the response is exaggerated in these mice because of a compensatory mechanism arising from germ-line GLP-1RKO is uncertain.
Although the exact functional and molecular underpinnings for metabolic benefits achieved by GLP-1/GIP synergism remain to be elucidated,
the considerable metabolic benefits resulting from their combination
are repeatable and certainly not the result of glucagon agonism.
In summary, we present a series of translational studies highlighting the optimization of molecular potency and time action preclinically to
achieve substantial clinical efficacy without gastrointestinal discomfort.
We demonstrate that unimolecular dual incretin co-agonists have enhanced insulinotropic activity to improve glycemic and body weight control in rodents. We demonstrate that this potentiated effect translates
to nonhuman primates and functions with improved therapeutic index
and efficacy in type 2 diabetic humans. The unique molecular pathway

by which the metabolic improvements are derived is not known but is
distinct from our previous report pertaining to glucagon agonism.
These results highlight the strengths of this single-molecule combination therapy and broaden our perspective on how to achieve more effective treatments for chronic diseases. Together with the concept of
single-molecule GLP-1R/GCGR co-agonism (20) and GLP-1/estrogen
receptor co-agonism (25), the data presented here make it tempting
to speculate that further advances in unimolecular poly-agonism might
provide even greater potential for the treatment of metabolic diseases.

MATERIALS AND METHODS
Rationale and design of study
In vivo pharmacology studies were designed to assess the metabolic efficacy, most notably adiposity and glycemic endpoints, and safety of
peptide analogs designed and confirmed to have co-agonistic properties
at the GLP-1R and GIPR.
Randomization, replication, and outliers
In vitro receptor activation profiling of each analog was carried out in
a minimum of three independent experiments. In vivo rodent pharmacology studies were performed in C57BL/6 mice, db/db mice, or
ZDF rats in groups of six or more per treatment and were randomized
before study initiation on the basis of body weight, body composition,
and ad libitum–fed blood glucose. In vivo rodent pharmacology studies
were validated in independent repeat follow-up studies. In vivo primate
pharmacology studies were performed in cynomolgus monkeys in
groups of four per treatment. Studies in healthy human subjects were
placebo- and positive-controlled and single-blinded in male and female
(non-childbearing potential) volunteers aged 18 to 55 years, which were
preselected on the basis of a physical examination. The study in diabetic
human subjects was placebo-controlled and performed in male and female volunteers aged 18 to 70 years with a diagnosis of type 2 diabetes
for at least 3 months but no longer than 10 years. All data points were
included in the analyses, and no outliers were excluded in calculations
of means and statistical significance.
Peptide synthesis
Peptides were synthesized by solid-phase peptide synthesis methods using in situ neutralization for both butoxycarbonyl (Boc)– and
9-fluorenyl methoxycarbonyl (Fmoc)–based chemistries. For Boc-based
neutralization peptide synthesis, 0.2 mmol of 4-methylbenzhydrylamine
(MBHA) resin (Midwest Biotech) was used on a highly modified Applied
Biosystems 430A peptide synthesizer by standard Boc methods using
3-(diethoxyphosphoryloxy)-(1–3)-benzotriazin-4 (3H)-one (DEPBT)/
N,N-diisopropyl ethylamine (DIEA) for coupling and trifluoroacetic
acid (TFA) for deprotection of N-terminal amines. Peptidyl resins were
treated with hydrofluoric acid (HF)/p-cresol (10:0.5, v/v) at 0°C for 1 hour
with agitation. HF was removed in vacuo, and the cleaved and deprotected peptide in diethyl ether was precipitated. For Fmoc-based neutralization peptide synthesis, 0.1 mmol of Rink MBHA resin (Novabiochem)
was used on an Applied Biosystems 433A peptide synthesizer by standard Fmoc methods using diisopropylcarbodiimide (DIC)/6-chloro-1hydroxybenzotriazole (Cl-HOBt) for coupling and 20% piperidine/
dimethylformide for deprotection of N-terminal amines. Completed
peptidyl resins were treated with TFA/triisopropylsilane (TIS)/anisole
(9:0.5:0.5, v/v/v) for 2 hours with agitation. After removal of the ether,
the crude peptide was dissolved in aqueous buffer containing at least
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20% acetonitrile (ACN) and 1% acetic acid (AcOH) before lyophilization. Peptide molecular weights were confirmed by electrospray
ionization (ESI) or matrix-assisted laser desorption/ionization timeof-flight (MALDI-TOF) mass spectrometry and character-confirmed
by analytical reversed-phase high-performance liquid chromatography
(HPLC) in 0.1% TFA with an ACN gradient on a Zorbax C8 column
(0.46 × 5 cm).
Peptide purification
After cleavage from the resin, crude extracts were purified by semipreparative reversed-phase HPLC in 0.1% TFA with an ACN gradient on a
Vydac C8 column (2.2 × 25 cm). Preparative fractions were analyzed for
purity by analytical reversed-phase HPLC using the conditions listed
above. Peptide molecular weights were confirmed by ESI or MALDI-TOF
mass spectrometry. Purified peptides were lyophilized, aliquoted,
and stored at 4°C.
PEGylation of peptides
Purified peptides were mixed at a 1:1 molar ratio with methoxy PEG
maleimido-propionamide-40K (Chirotech) in 7 M urea and 50 mM
tris (pH 8.0). Reaction progress was monitored by analytical reversedphase HPLC, with free peptide being consumed within 1 hour. The
reaction was quenched in 0.1% (v/v) TFA, purified, and characterized.
GLP-1R, GIPR, and GCGR activation
Each peptide was individually tested for its ability to activate the GLP-1R,
GIPR, or GCGR through a cell-based luciferase reporter gene assay
that indirectly measures cAMP induction. Human embryonic kidney
(HEK) 293 cells were cotransfected with each individual receptor complementary DNA (cDNA) (zeocin selection) and a luciferase reporter
gene construct fused to a cAMP response element (CRE) (hygromycin
B selection). Cells were seeded at a density of 22,000 cells per well and
serum-deprived for 16 hours in Dulbecco’s modified Eagle’s medium
(HyClone) supplemented with 0.25% (v/v) bovine growth serum (HyClone).
Serial dilutions of the peptides were added to 96-well cell culture–treated
plates (BD Biosciences) containing the serum-deprived, cotransfected
HEK293 cells, and incubated for 5 hours at 37°C and 5% CO2 in a humidified environment. To stop the incubation, we added an equivalent
volume of steadylite HTS luminescence substrate reagent (PerkinElmer) to
the cells to induce lysis and expose the lysates to luciferin. The cells were
agitated for 5 min and stored for 10 min in the dark. Luminescence was
measured on a MicroBeta-1450 liquid scintillation counter (PerkinElmer).
Luminescence data were graphed against concentration of peptide, and
EC50 values were calculated with Origin software (OriginLab).
Animals
DIO mice and rats. C57BL/6 mice (Jackson Laboratories) were
fed a diabetogenic diet (Research Diets), which is a high-sucrose diet
with 58% kcal from fat. DIO mice were single- or group-housed on a
12:12-hour light-dark cycle at 22°C with free access to food and water.
Mice were maintained under these conditions for a minimum of 16 weeks
before initiation of pharmacological studies and were between the ages
of 6 and 18 months. Wistar rats (Harlan) were fed a standard chow
diet and single-housed on a 12:12-hour light-dark cycle at 22°C with
free access to food and water. Rats for the acute studies were between
the ages of 5 and 7 months.
GLP-1RKO mice. GLP-1RKO and wild-type littermates were bred
in-house and fed the aforementioned diabetogenic diet.

db/db mice. Six-week-old male db/db mice (Jackson Laboratories)
were housed four per cage and provided access to standard chow diet
and water ad libitum. The mice were 9 weeks old when used for the indicated studies. The mice were randomized by ad libitum–fed blood glucose and body weight and were double-housed for the study.
ZDF rats. Seven-week-old male ZDF rats (Charles River Laboratories)
were fed a special diet (Purina PMI 5008) and housed one per cage
at room temperature (~21°C) and a relative humidity of 55 to 65%.
A 12-hour light-dark cycle was maintained in the rooms, with all tests
being performed during the light phase. Access to food and water was
ad libitum. After 2 weeks of acclimatizing, measurement of fasting
blood glucose levels for randomization was performed by tail puncture
in conscious animals. ZDF rats were distributed into groups (n = 8 per
group) according to body weight and fasting glucose levels.
All rodent studies were approved by and performed according to
the guidelines of the Institutional Animal Care and Use Committee of
the University of Cincinnati and F. Hoffmann–La Roche Ltd.

Rodent pharmacological and metabolism studies
Compounds were administered either by a single intraperitoneal injection for acute studies or via repeat subcutaneous injections at the
indicated doses for chronic studies with the indicated durations. Body
weights and food intake were measured every other day after the first
injection. Fasted blood glucose was measured upon study initiation
and termination after 6 hours of fasting.
Body composition measurements
Whole-body composition (fat and lean mass) was measured with nuclear magnetic resonance technology (EchoMRI).
Energy balance physiology measurements
Energy intake, energy expenditure, and home cage activity were assessed
with a combined indirect calorimetry system (TSE Systems). O2 consumption and CO2 production were measured every 45 min for a total
of 120 hours (including 12 hours of adaptation) to determine the respiratory quotient and energy expenditure. Food intake was determined
continuously for 120 hours at the same time as the indirect calorimetry
assessments by integration of scales into the sealed cage environment.
Home cage locomotor activity was determined using a multidimensional
infrared light beam system, with beams scanning the bottom and top
levels of the cage, and activity being expressed as beam breaks.
Blood parameters
Blood was collected from tail veins after a 6-hour fast or after euthanasia,
using EDTA-coated microvette tubes (Sarstedt), immediately chilled on
ice, and centrifuged at 5000g and 4°C, and plasma was stored at −80°C.
Plasma insulin and C-peptide were quantified by a radioimmunoassay
from LINCO Research (Sensitive Rat Insulin RIA). Plasma FGF21 and
leptin were quantified by enzyme-linked immunosorbent assays (Millipore
and ALPCO, respectively). Plasma ketones, triglycerides, free fatty acids,
cholesterol, ALT, and AST were measured by enzymatic assay kits
(Thermo Electron). All assays were performed according to the manufacturers’ instructions.
Glucose tolerance test
For the determination of glucose tolerance, DIO mice were subjected
to 6 hours of fasting and injected intraperitoneally with glucose (2 g/kg)
[20% (w/v) D-glucose (Sigma) in 0.9% (w/v) saline]. The db/db mice
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were subjected to 6 hours of fasting and injected intraperitoneally with
glucose (1 g/kg). Tail blood glucose levels were measured with a
handheld glucometer (TheraSense FreeStyle) before (0 min) and at
15, 30, 60, 90, and 120 min after injection. For ZDF rats, oral glucose
tolerance was assessed in six rats per group after an overnight fasting period (16 hours), and blood glucose was measured before oral glucose
challenge (2 g/kg) and subsequently at 15, 30, 60, and 120 min after glucose challenge. Blood glucose was monitored with the Accu-Check
glucometer system.
Histopathology and immunohistochemistry
The methodology has been described in detail elsewhere (41, 42). In brief,
tissue samples were fixed in 10% neutral-buffered formalin for 24 hours,
dehydrated, and subsequently embedded into paraffin. The following immunofluorescence stainings on 4-mm tissue sections were carried out
to assess islet morphology: anti-insulin (DAKO), anti-glucagon (R&D
Systems), and DAPI (DAKO), followed by respective secondary fluorescent
antibodies (Invitrogen). Digital imaging fluorescence microscopy of the
pancreas was performed with a scanning platform (MetaSystems) with
a Zeiss Imager Z.2 microscope (Carl Zeiss MicroImaging Inc.). Quantitative image analysis of islet morphology was performed with Definiens
Architect XD (Definiens AG).
Graded dextrose infusion in cynomolgus monkeys
Twelve non-naïve male monkeys were selected from a colony, singlehoused, maintained on a standard 12:12-hour light-dark cycle at 22°C
with free access to a standard chow diet (Harlan) and water, and grouped
according to matched body weights (5 kg) into three different treatment groups (n = 4). Twenty-four hours before the graded dextrose
infusion, the monkeys were administered either saline or the peptides
via a single subcutaneous injection. Monkeys from all test groups were
fasted for 16 hours before initiation of the graded dextrose infusion.
Thirty minutes before the dextrose infusion, the monkeys were sedated
with Telazol (intramuscularly, 7 mg/kg), and an intravenous catheter
for the dextrose infusion was placed in the cephalic vein. Baseline blood
samples were obtained from the femoral artery or vein 20, 10, and 0 min
before the infusion of dextrose. At 0 min, an infusion of a dextrose solution at 5 mg/kg per minute was initiated, and blood was collected after
10 and 20 min. Just after the 20-min blood sample was collected, the
dextrose infusion rate was increased to 10 mg/kg per minute, and blood
samples were again collected after 10 and 20 min of infusion at that rate
(identified as 30 and 40 min). Just after the 40-min blood sample was collected, the dextrose infusion rate was increased to 25 mg/kg per
minute, and blood was collected after 10 and 20 min of infusion
at that rate (identified as 50 and 60 min). Blood was collected in
EDTA- and aprotinin-containing (250 kallikrein inhibitory units/ml)
tubes. Glucose, insulin, and C-peptide were measured in plasma, which
was prepared from each of the blood samples described above. Plasma
samples were provided to Millipore to measure compound concentration. Insulin was measured by a paramagnetic particle, chemiluminescent immunoassay (Beckman Coulter Access 2), and glucose was
measured by the hexokinase method (Roche Hitachi 917). If necessary
to complete the experiment, a booster anesthesia of ketamine (5 mg/kg)
was administered.
All procedures in this protocol are in compliance with the U.S. Department of Agriculture’s Animal Welfare Act (9 CFR Parts 1, 2, and 3);
the Guide for the Care and Use of Laboratory Animals, Institute of Laboratory Animal Resources, National Academy Press, Washington, DC,

1996; and the National Institutes of Health, Office of Laboratory Animal
Welfare. Whenever possible, procedures in this study are designed to
avoid or minimize discomfort, distress, and pain to animals.
Graded dextrose infusion in human subjects
A randomized, placebo- and positive-controlled, sequential, two-part,
single-blind study in healthy human volunteers was performed. The population for this study was males 18 to 55 years of age, inclusive, and
females of non-childbearing potential 18 to 55 years of age, inclusive.
Subjects were in good health on the basis of medical history, physical
examination, 12-lead echocardiogram (ECG), and routine safety laboratory tests (blood chemistry, hematology, and urinalysis). Subjects had a
body mass index of 20 to 30 kg/m2, inclusive, were nonsmokers or had
quit smoking >6 months before screening, and had negative alcohol and
drug screens.
Part 1 served as the positive control for the study to determine whether effects on gastric emptying and insulin secretion rates were observed
after treatment with exenatide. Part 2 of the study was designed to determine whether effects on gastric emptying and insulin secretion rates were
observed after treatment with the GLP-1/GIP co-agonist. The study included
a screening period of up to 21 days, a 3-day treatment period (part 1) or a
7-day treatment period (part 2), and one outpatient visit (part 2 only).
In part 1 of the study, after an overnight fast (≥10 hours), subjects
(n = 6) received two subcutaneous injections of placebo (saline) on
day 1 (2 hours apart, −120 and 0 min) in the abdomen. Body weight
was measured at −120 min to calculate the graded glucose infusion,
and baseline blood samples were drawn at −120, −15, and −10 min. At
−10 min, subjects ingested a 1000-mg acetaminophen elixir with 240 ml
of water. At 0 min, a graded glucose infusion (20% dextrose) was initiated, and the second subcutaneous injection of placebo was administered, and blood samples were drawn. Each level of the graded
dextrose infusion lasted 30 min for a total of 2.5 hours and sequential
rates of 2, 4, 6, 8, and 12 mg/kg per minute. Blood samples for measuring glucose, insulin, and C-peptide were subsequently drawn every
10 min for the duration of the infusion. Blood samples for acetaminophen
concentration determination were drawn at −10, 30, 60, 90, 120, 150,
180, 240, 300, and 480 min, and an ECG was conducted at 210 min. On
day 2 of part 1 of the study, the same protocol was followed, but instead
of placebo injections, subjects received subcutaneous injections of exenatide (5 mg each, 2 hours apart) in the abdomen. On day 3, blood samples
were drawn for safety tests, and an ECG was performed. In addition to
the clinical laboratory safety assessments and ECGs, subjects were
monitored for nausea events and severe hypoglycemia (≤70 mg/dl).
All subjects were released from the investigational site on day 3, contacted via telephone on day 14 for a survey of adverse events, and subsequently discharged from the study.
Concurrently, a similar protocol was followed for part 2 of the study.
However, instead of two subcutaneous injections, all subjects (n = 18)
received a single subcutaneous injection of placebo (saline) in the abdomen 120 min before the dextrose infusion on day 1. The same graded
dextrose infusion and blood drawing schedule was followed as outlined
above. After an overnight fast, subjects (n = 6 per group) received a single
subcutaneous injection of a GLP-1/GIP co-agonist in the abdomen on
day 2, at a total dose of 4, 8, or 16 mg. Blood was drawn at 0 min for
glucose, insulin, and C-peptide analysis. On day 5 (72 hours after dosing) and after an overnight fast, blood was drawn at −15 min before dextrose infusion for baseline plasma parameter analysis, and the same
graded dextrose infusion was performed as outlined above. All subjects
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in part 2 remained at the investigational site until day 7 with daily blood
sample collection for safety tests. All subjects were released from the investigational site on day 7, contacted via telephone on day 14 for a survey
of adverse events, subjected to an outpatient visit on day 28, and subsequently discharged from the study.
Initial assessment in type 2 diabetic patients
A randomized, placebo-controlled, ascending-dose chronic study to
assess the safety, tolerability, pharmacokinetics, and pharmacodynamics of the PEGylated GLP-1/GIP co-agonist in type 2 diabetic patients was conducted. After a 2-week single-blind lead-in period,
patients received either placebo or once-weekly subcutaneous injections
of the PEGylated co-agonist for 6 weeks. Most of the studies were conducted on an outpatient basis except for the 4 days after the first and last
dose of study drug. The first cohort of patients received 4 mg or matching
placebo; the subsequent cohorts received 12, 20, and 30 mg or matching
placebo. Each subsequent cohort was dosed after the safety of the previous cohort was assessed to be adequate. The population for this study was
male and female patients 18 to 70 years of age, inclusive, with a diagnosis
of type 2 diabetes ≥3 months and ≤10 years and treated with a stable
dose of metformin. Patients were to have an HbA1c of ≥6.5% and ≤10.5%,
a fasting plasma glucose measurement of >110 and ≤240 mg/dl, and a
body mass index of ≥25 and ≤42 kg/m2. Patients were to be without
acute or chronic medical conditions that would preclude participation
in the study. Safety was assessed on the basis of adverse events, clinical
laboratory assessments, physical examination, vital signs, and 12-lead
ECGs. Blood samples were taken for HbA1c at screening and at days 1,
22, and 43. Patients were instructed to obtain and record home capillary
glucose values six times per week. Detailed pharmacokinetic assessments
were done after the first and sixth dose of drug. A total of 53 patients were
randomized to the study: 9 patients to placebo, 8 to 4 mg, 8 to 12 mg, 14
to 20 mg, and 14 to 30 mg. A total of 50 patients were in the primary safety
and efficacy analyses. All data were analyzed with summary statistics.
Both of the above studies have been performed in accordance with
International Conference on Harmonization E6 Guidance: “Good Clinical Practice: Consolidated Guidance” and applicable regulatory requirements at the Profil Institute for Clinical Research Inc. and Medpace Inc.
Patients signed an informed consent form before any study procedures
were performed. Patients were to meet all of the inclusion and none of
the exclusion criteria to be eligible for the study participation.
Statistical analyses
Unless indicated otherwise, all statistical analyses were performed with
GraphPad Prism. The analysis of the results obtained in the in vivo experiments was performed with one-way ANOVAs followed by Dunnett’s
tests. P values lower than 0.05 were considered significant. The results
are presented as means ± SEM of six to eight replicates per group. Receptor activation data are presented as means ± SD.
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Glucagon
GIP
GLP-1

HSQGTFTSDYSKYLDSRRAQDFVQWLMNT-OH
YAEGTFISDYSIAMDKIHQQDFVNWLLAQKGKKNDWKHNITQ-OH
HAEGTFTSDVSSYLEGQAAKEFIAWLVKGRG-OH

Exendin-4
Liraglutide

HGEGTFTSDLSKQMEEEAVRLFIEWLKNGGPSSGAPPPS-NH2
HAEGTFTSDVSSYLEGQAAKaEFIAWLVRGRG-OH

Peptide 3
Peptide 6
Peptide 7
Peptide 9

HAEGTFTSDVSKYLEEQAAKEFIAWLVKGGPSSGAPPPSK-NH2
YXEGTFISDYSIAMDKIHQQDFVNWLLAQKGKKNDWKHNITQ-NH2
YXEGTFISDYSIAMDKIHQQDFVNWLLAQGPSSGAPPPSKb-NH2
HXQGTFISDKcSKYLDXRAAQDFVQWLMDT-OH

Peptide
Peptide
Peptide
Peptide

10
11
12
13

HSQGTFTSDYSKYLDEQAAKEFIAWLMNT-NH2
HSQGTFTSDYSKYLDEIHQKEFIAWLMNT-NH2
HSQGTFTSDYSKYLDEQAAKEFIAWLMNGGPSSGAPPPS-NH2
YSQGTFTSDYSKYLDEQAAKEFIAWLMNGGPSSGAPPPS-NH2

Peptide
Peptide
Peptide
Peptide
Peptide
Peptide
Peptide

14
15
16
17
18
19
20

YSQGTFTSDYSKYLDEQAAKEFVNWLLAGGPSSGAPPPS-NH2
YXQGTFTSDYSIYLDEQAAKEFVNWLLAGGPSSGAPPPS-NH2
YXQGTFTSDYSIYLDEQAAXEFVNWLLAGGPSSGAPPPSC-NH2
YXEGTFTSDYSIYLDKQAAXEFVNWLLAGGPSSGAPPPSC-NH2
YXEGTFTSDYSIYLDKQAAXEFVNWLLAGGPSSGAPPPSK-NH2
YXEGTFTSDYSIYLDKQAAXEFVNWLLAGGPSSGAPPPSKb-NH2
YXEGTFTSDYSIYLDKQAAXEFVCWLLAGGPSSGAPPPSK-NH2

Peptide 21

YXEGTFTSDYSIYLDKQAAXEFVC*WLLAGGPSSGAPPPSK-NH2

X=aminoisobutyric acid
=lactam
Ka=Lys-γE-C16 acyl
Kb=Lys-C16 acyl
Kc=Lys-γEγE-C16 acyl

C*=Cys-40kDa PEG

Supplemental Figure 1. Sequences of native hormones and engineered analogs.
Sequence comparison of native glucagon, GIP, GLP-1, exendin-4, liraglutide and the
engineered analogues leading to the GLP-1/GIP co-agonists (Table 1) with residues
originating from glucagon highlighted in black, from GIP in blue, and from GLP-1
and/or exendin-4 in red. Foreign residues are highlighted in purple. Peptides 10-15
feature a 21-atom lactam macrocyclization between side chain residues of E16 and
K20,and is highlighted by a bracket between these residues. Aminoisobutyric acid is
denoted as X. Lysine with a γE -C16 acyl attached through the side chain amine is
denoted as Ka. Lysine with a C16 acyl attached through the side chain amine is
denoted as Kb. Lysine with a γEγE-C16 acyl attached through the side chain amine is
denoted as Kc. Cysteine with a 40 kDa PEG attached through the side chain free
sulfhydryl is denoted as C*.
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Supplemental Figure 2. Indirect calorimetry analysis in DIO mice. Four-week
treatment of diet-induced obese male mice with bi-weekly doses of acylated versions
of a GLP-1 mono-agonist and a GLP-1/GIP co-agonist. Effects on (A) energy
expenditure, (B) locomotor activity, and (C) respiratory quotient (n = 8) during the
last week of treatment. Effects on (D) epididymal white adipocytes, (E) plasma
FGF21, (F) plasma ketones, and (G) relative expression of lpl in epididymal white
adipose tissue (eWAT) from mice treated with vehicle (black), liraglutide (red), or an
acyl GLP-1/GIP co-agonist (Table 1, compound 19, purple). Data in (A–G) represent
means ± s.e.m. *P < 0.05, ** P < 0.01, *** P < 0.001, determined by ANOVA
comparing vehicle to compound injections unless otherwise noted.
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Supplemental Figure 3. Pair-feeding comparison in DIO mice. One-week
treatment of diet-induced obese male mice with daily doses of an acylated GLP-1/GIP
co-agonist compared to a pair-feeding control. Effects on (A) body weight, (B) food
intake, and (C) ad libitum blood glucose (n = 8) following daily subcutaneous
injections of saline (black), an acylated GLP-1/GIP co-agonist (Table 1, compound
19, purple) at a dose of 30 nmol/kg body weight compared to vehicle-treated mice
that were pair-fed to co-agonist treated group (dotted purple). Data in (A–C) represent
means ± s.e.m. *** P < 0.001, determined by ANOVA comparing vehicle to
compound injections unless otherwise noted.
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Supplemental Figure 4. Genomic profile of white adipose tissue, liver, and
quadriceps. Four-week treatment of diet-induced obese male mice with bi-weekly
doses of acylated versions of a GLP-1 mono-agonist and a GLP-1/GIP co-agonist.
Effects on metabolically-relevant gene expression in (A) epididymal white adipose
tissue, (B) liver, (C) and quadriceps (n = 8) following bi-weekly subcutaneous
injections of saline (black), liraglutide (red), and an acylated GLP-1/GIP co-agonist
(Table 1, compound 19, purple) at 20 nmol per kg body weight. Data in (A–C)
represent means ± s.e.m. *P < 0.05, ** P < 0.01, *** P < 0.001, determined by
ANOVA comparing vehicle to compound injections unless otherwise noted.
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Supplemental Figure 5. Comparison in GLP-1RKO mice. One-week treatment of
diet-induced obese GLP-1RKO male mice with daily doses of an acylated GLP-1/GIP
co-agonist. Effects on (A) body weight, (B) food intake, and (C) fat mass, (D) fasted
blood glucose, and (E–F) intraperitoneal glucose tolerance (n = 8) following daily
subcutaneous injections of saline (black), an acylated GLP-1/GIP co-agonist (Table 1,
compound 19, purple), or an acylated glucagon analogue (Table 1, compound 923,
green) at a dose of 30 nmol/kg body weight. Data in (A–F) represent means ± s.e.m.
*P < 0.05, ** P < 0.01, *** P < 0.001, determined by ANOVA comparing vehicle to
compound injections unless otherwise noted.
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Supplemental Figure 6. Effects on hepatic damage and steatosis in DIO mice.
Two-week treatment of diet-induced obese male mice with acylated and PEGylated
versions of GLP-1/GIP co-agonists. Effects on (A) plasma ALT, (B) plasma AST, and
(C) hepatic steatosis (n = 8) following daily subcutaneous injections of saline (black),
liraglutide (red), and an acylated GLP-1/GIP co-agonist (Table 1, compound 19, dark
purple); and weekly subcutaneous injections of a PEGylated GLP-1/GIP co-agonist at
an equimolar weekly dose of 70 nmol per kg body weight (Table 1, compound 21,
light purple/violet). Data in (A–I) represent means ± s.e.m. ** P < 0.01, *** P <
0.001, determined by ANOVA comparing vehicle to compound injections unless
otherwise noted.
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Supplemental Figure 7. Effects on glycemia and islet cytoarchitecture in ZDF
rats. Glycemic and islet benefits following 3 weeks of treatment in ZDF rats. Effects
on (A) HbA1C, (B) glycomark, (C) intraperitoneal glucose tolerance, (D) insulin
secretion during i.p. glucose challenge, (E) HOMA-IR score, (F) body weight, (G)
area of islet cross-section, (H) percent α-cell and β-cell area per islet cross-section, (I)
glucagon and (J) insulin staining intensity, and (K) HOMA-β score (n = 8) following
daily subcutaneous injections of saline (black), liraglutide (red), and an acylated GLP1/GIP co-agonist (Table 1, compound 19, dark purple/plum) at a dose of 20 nmol per
kg body weight; or following a subcutaneous injection every fourth day of a
PEGylated GLP-1/GIP co-agonist (Table 1, compound 21, light purple/violet) at a
dose of 80 nmol per kg body weight (or 140 nmol per kg body weight per week) in
ZDF rats. Data in (A–K) represent means ± s.e.m. *P < 0.05, ** P < 0.01, *** P <
0.001, determined by ANOVA comparing vehicle to compound injections unless
otherwise noted.

