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The identification of leptin as amediator of bodyweight regulation providedmuch initial excitement for the treatment of obesity.
Unfortunately, leptin monotherapy is insufficient in reversing obesity in rodents or humans. Recent findings suggest that amylin
is able to restore leptin sensitivity and when used in combination with leptin enhances body weight loss in obese rodents and
humans. However, as the uniqueness of this combination therapy remains unclear, we assessed whether co-administration of
leptin with other weight loss-inducing hormones equally restores leptin responsiveness in diet-induced obese (DIO) mice. Accord-
ingly, we report here the design and characterization of a series of site-specifically enhanced leptin analogs of high potency and
sustained action that, when administered in combination with exendin-4 or fibroblast growth factor 21 (FGF21), restores leptin
responsiveness in DIO mice after an initial body weight loss of 30%. Using either combination, body weight loss was enhanced
compared with either exendin-4 or FGF21 monotherapy, and leptin alone was sufficient to maintain the reduced body weight.
In contrast, leptin monotherapy proved ineffective when identical weight loss was induced by caloric restriction alone over a
comparable time. Accordingly, we find that a hypothalamic counter-regulatory response to weight loss, assessed using changes
in hypothalamic agouti related peptide (AgRP) levels, is triggered by caloric restriction, but blunted by treatment with exendin-4.
We conclude that leptin re-sensitization requires pharmacotherapy but does not appear to be restricted to a unique signaling
pathway. Our findings provide preclinical evidence that high activity, long-acting leptin analogs are additively efficacious when
used in combination with other weight-lowering agents. Copyright © 2012 European Peptide Society and JohnWiley & Sons, Ltd.

Supporting information can be found in the online version of this article.
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Introduction

The regulation of energy homeostasis is controlled by complex
central and peripheral signaling systems and depends on
constant signal integration. This integrative system uses afferent
hormonal and nutrient signals to modulate food intake and
energy utilization [1]. Among the many regulators of energy
homeostasis, the adipocyte hormone leptin is considered to be
a key modulator. Since its discovery in 1994 [2], leptin has been
intensely studied in the treatment of obesity [3–5]. Leptin is effec-
tive in inducing weight loss in obese congenitally leptin-deficient
mice [6] and humans [4,5]. However, in rodent models of diet-
induced obesity [7–9] or in obese humans [3], leptin has little
efficacy [10]. Administration of higher doses of native leptin or
analogs with sustained pharmacokinetics failed to enhance
weight loss and increased adverse effects [11]. Recently, co-
administration of leptin and the pancreatic hormone amylin
383–393 Copyright © 2012 European Peptide Society and John Wiley & Sons, Ltd.
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was shown to synergistically decrease body weight in rodents
and humans, implying that the latter had unique ability to restore
leptin sensitivity [12–14]. However, as the uniqueness of this
combination therapy remains unclear, we here assessed whether
co-administration of leptin with other weight loss-inducing
hormones, such as exendin-4 (Ex4) or fibroblast growth factor
21 (FGF21), equally restores leptin responsiveness in diet-induced
obese (DIO) mice. To further investigate combination leptin ther-
apy, an analog of superior pharmaceutical properties, relative to
native leptin, was pursued. The duration of native leptin in vivo
action is limited, and the molecule is biophysically prone to self-
association. It was expected that both of these limitations could be
addressed through site-specific PEGylation of the molecule, as this
formof chemicalmodification is well recognized to enhance biophy-
sical characteristics while extending the time action of native pro-
teins [15]. We utilized knowledge of the chemical structure of leptin
[16] to identify structural sites suitable for PEGylation, with the goal
of enhancing biophysical characteristics while preserving biological
function. The site-directed placement of a novel amino acid, termed
ReCode™ (reconstituting chemically orthogonal directed engineer-
ing) utilizes a tRNA that has been modified to recognize the UAG
(amber) codon and an evolved aminoacyl tRNA synthetase (O-RS).
This synthetase activates the cognate tRNA (O-tRNA) with a novel
amino acid that has unique chemical attributes, as compared with
those found in the naturally occurring 20 amino acids. In this way,
the placement site of the UAG codon determines the specific loca-
tion of the novel amino acid in the protein [17]. The O-tRNA and
O-RS are designed to function in the context of a living cell without
cross-talk with the endogenous tRNAs, aminoacyl tRNA synthetases
[18]. The protein containing the site-specific novel amino acid can
then be modified with complete chemical specificity [19]. A set of
leptin analogs containing single para-acetylphenylalanine (pAF) sub-
stitutions was selected based on the crystal structure of the native
hormone. These analogs were then conjugated to an amino-oxy
functionalized PEG polymer, resulting in stable, site-specific, and
monosubstituted PEGylated protein analogs.
These PEGylated leptin analogs demonstrated differential

in vitro and in vivo pharmacology when evaluated as single
agents. Furthermore, this pharmacology was dependent on the
site of PEGylation. We next explored the pharmacology of the best
PEGylated leptin analog in combination with the pharmacologic
agents Ex4 and FGF21, and with caloric restriction. We have
chosen Ex4 and FGF21 for the combination with PEG-leptin, as
both hormones effectively promote a major body weight loss in
rodent models of DIO [20–22] and as, at present, there is no known
clear overlap in signaling between these hormones and amylin.
Methods

Generation of Novel PEG-Leptin Variants

Amber-codon containing leptin variants were grown in lysogeny
broth (LB) medium, cells were lysed, and inclusion bodies (IBs) were
purified using successive washes with IB buffer 1 (50mM Tris, pH 8.0;
100mM NaCl; 1mM EDTA; 1% Triton X-100) and IB buffer 2 (IB buffer
1 without Triton X-100). Thewashed IBswere solubilizedwith 20mM

Tris, pH 8.0, containing 8M urea and 10mM ß-mercaptoethanol
(15ml/g of IBs). The solubilized IBs were diluted 1 : 20 with 50mM

glycine, pH 9.0; 1 M urea; 0.2mM cysteine; and 2.0mM cystine to
refold at 4 �C for 1–3days. The refolded leptin was loaded onto a
Super Q650M column (Tosoh Bioscience, South San Francisco, CA,
USA) equilibrated with 20mM Tris, pH 8.0. Protein was eluted using
wileyonlinelibrary.com/journal/jpepsci Copyright © 2012 European Pe
0–250mM NaCl gradient in the running buffer over a 20 column
volume (CV). Monomeric leptin was loaded onto MEP column (Pall
Corporation, Covina, CA, USA) equilibrated with 10mM Tris, pH 8.0.
Elution was performed with 50mM sodium acetate, pH 4.0. Eluate
was concentrated to 2mg/ml using 5 kDa MWCO membrane filter
(Millipore, Bellerica, MA, USA) and pH adjusted to 4.0 with 10%
acetic acid. PEG was added to the protein sample at 12 : 1 PEG-to-
protein ratio, and the reaction was allowed to continue for 3days
at 28 �C. The PEGylation reaction was diluted 1 : 5 with water,
clarified using 0.22mm filter (Millipore) and loaded onto an SP HP
column (GE Healthcare, Pittsburgh, PA, USA) equilibrated with
10mM sodium acetate buffer, pH 4.0. PEGylated leptin was eluted
with a liner gradient of 0–250mM NaCl in 10mM sodium acetate,
pH 4.0, over 20 CV. Main peak was pooled and diafiltered using
10 kDa MWCO (Millipore) into phosphate-buffered saline (PBS) at a
final concentration of ~1mg/ml. The purity of PEGylated leptin
variants was analyzed using reverse phase HPLC (RP-HPLC) and size
exclusion-HPLC (SEC-HPLC)(Figure S1).

Biacore Assessment of Affinity

The leptin receptor was immobilized on CM5 to a density of
1200 response units (RUs) according to the manufacturer instruc-
tions (Biacore Inc./GE Healthcare, Pittsburgh, PA, USA). Solutions
of leptin (0.1–300 nM) in HBS-EP (0.1M HEPES, pH 7.4, 0.15M NaCl,
3mM EDTA, 0.005% surfactant p20 buffer (Biacore Inc.) were
injected over both flow cells at 25 �C and flow rate of 50ml/min
for 180 sec, followed by a 12-min dissociation phase. Receptor-
binding surface was regenerated with 20 ml glycine, pH 2.0, and
analyzed using the BiaEvaluation 4.0 software (Biacore Inc.).

In Vitro Activity Assay

A luciferase stable reporter cell line was developed to assess the
biological activity of the PEG-leptin molecules. The human leptin
receptor cDNA clone (Origene, Rockville, MD, USA) was inserted
into pcDNA3.1 (Invitrogen, Carlsbad, CA, USA). HEK 293 cells were
stably transfected with two plasmids: one containing the firefly lu-
ciferase reporter gene under control of a STAT3 response element
and the other encoding OB-Rb, which was expressed on the cell
surface. The biological activity was based on the half maximal
effective concentration (EC50) of a 4-PL sigmoidal curve relative
to the EC50 of a recombinant human leptin reference standard.
Assays were repeated 2–4 times to ensure reproducibility.

Immunohistochemistry of Hypothalamic AgRP

Mice were treated for 4days via once daily subcutaneous (sc) injec-
tions of either saline or Ex4 (0.5mg/kg/day). Mice were perfused 8h
after treatment with saline and 4% paraformaldehyde. Brains were
sunk in 30% sucrose and cut into 30mm thickness. Hypothalamic
sections were incubated overnight with guinea pig anti-AGRP anti-
body (1 : 1000 dilution; Abcam, Cambridge, MA, USA). After incuba-
tions with 1 : 400 biotinylated horse-anti guinea pig secondary
antibody, ABC reagent (Vector Laboratories, Burlingame, CA, USA),
and visualized using 1% diaminobenzidine, sections were mounted
and relative densitometry of AGRP-immunoreactivity of cells and
fibers were measured using ImageJ (NIH,Bethesda, Maryland, USA).

Immunohistochemistry of Hypothalamic pSTAT3

Mice were fasted for 6 h and administered a sc injection of
0.5mg/kg 40K PEG G111 or saline. After 30min, mice were anes-
thetized and perfused with saline and 4% paraformaldehyde.
ptide Society and John Wiley & Sons, Ltd. J. Pept. Sci. 2012; 18: 383–393
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Brains were fixed in 30% sucrose, and hypothalamic and brain-
stem sections were incubated overnight with rabbit anti-pSTAT3
antibody (1 : 1000 dilution; Cell Signaling Technologies, Danvers,
MA, USA). After incubations with 1 : 400 biotinylated goat-anti
rabbit secondary antibody, ABC reagent (Vector Laboratories),
and 1% diaminobenzidine, pSTAT3 was visualized using light
microscopy.

In Vivo Efficacy Studies

Nine-week-old C57/BL6 mice (Jackson Laboratories, Bar Harbor,
ME, USA) were kept at ambient temperature (23 �C) with constant
humidity and a 12 h light–dark cycle. Mice had free access to
water and were fed ad libitum with either a regular chow diet
(Teklad LM-485, 5.6% fat) or a high-fat diet (HFD) (58% kcal fat;
Research Diets Inc., New Brunswick, NJ, USA). All procedures were
approved by the Institutional Animal Care and Use Committee of
Ambrx, Inc. or the University of Cincinnati and were performed
according to the ‘Principles of laboratory animal care’ (NIH publi-
cation no. 85–23, revised 1985; http://grants1.nih.gov/grants/
olaw/references/phspol.htm).

In Vivo Evaluation of PEG-Leptin Variants

Eight-week-old to 10-week-old female ob/obmice (Jackson Labora-
tories) were treatedwith a single sc injection of a PEG-leptin variant,
recombinant human leptin (R&D Systems, Minneapolis, MN, USA)
or vehicle control as indicated. Notably, indicated concentrations
for PEG-leptin variants refer to the leptin protein only and does
not include the molecular weight of the PEG. For pharmacokinetic
evaluation, jugular vein-catheterized, male Sprague Dawley rats
(Charles River Laboratories, Wilmington, MA, USA) were treated
with a single sc injection of a PEG-leptin variant or recombinant
human leptin (0.1mg/kg). Serum concentrations of PEG-leptin
analogs were analyzed by a bridging ELISA. Pharmacokinetic
evaluations were performed using non-compartmental modeling
and WINNONLIN (v 5.0.1; Pharsight Corporation Sunnyvale, CA, USA).
Figure 1. A model of leptin depicted as a ribbon and semitransparent sur-
face diagram. The structure of the protein is based upon the crystal structure
A1X8 [16]. The dark blue surface areas are theoretical receptor-binding
regions. The specific pAF sites are represented as orange spheres. (A) The
figure was generated using the PyMOL Molecular Graphics System, Version
1.5.0.1 Schrödinger, LLC, Portland, OR, USA. (B) Leptin (D108pAF) contains a
biosynthetically incorporated, chemically reactive, carbonyl group at amino
acid 108 (orange) that provides a single, unique covalent site for attachment
of an oxyamino-derivatized poly(ethylene) glycol (PEG).
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Results

Leptin Structural Modeling

A leptin protein model was constructed based upon its known
crystal structure, with putative receptor-binding sites deduced
from meta-analysis of published mutagenesis studies [16]
(Figure 1A). The resulting model disclosed putative binding sur-
faces for the leptin receptor, as well as areas distal to these critical
surfaces. Based upon this model, sites were selected that would
minimize disruption of secondary structure and would not inter-
fere with binding (H46, W100, E105, D108, and G111), as well as
one that was anticipated to disrupt receptor binding (S120).

Production of PEG-Leptin Variants

On the basis of the aforementioned modeling, a set of six leptin
analogs, plus wild-type recombinant human leptin (‘rh leptin’),
was produced with the novel amino acid, pAF site-specifically
positioned by application of ReCode™ methodology. The
synthetic chemistry for coupling the amino-oxy functionalized
PEGylated polymers to the pAF has previously been reported
for analogous derivatization of two other unrelated proteins:
growth hormone [19] and FGF21 [23] (Figure 1B). The analytical
J. Pept. Sci. 2012; 18: 383–393 Copyright © 2012 European Peptide Society a
characterization of the reaction products as purified PEGylated
leptin analogs is shown in Figure S1. These proteins once
chromatographically purified were mono-PEGylated and charac-
terized by in vitro biochemical methods and animal studies [19].

In Vitro Assessment of PEG-Leptin Activity

Receptor-binding potency for all of the pAF-leptin variants,
before selective conjugation with a single 30K PEG, was pre-
served (Table 1). As expected, mono-conjugation with 30K PEG
caused a reduction in binding affinity of approximately 10-fold
to 40-fold, indicating that site selection is of vital importance
and function must be assessed in the final PEGylated form.

The in vitro biological character of the PEGylated variants was
further assessed using a luciferase reporter assay (Table 2). The
remaining 30K PEGylated proteins were less active than native
nd John Wiley & Sons, Ltd. wileyonlinelibrary.com/journal/jpepsci
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Table 1. Biacore-derived affinities (Kd) of wild-type and 30K PEG-
leptin variants

Variant Kd of variant Kd of variant with 30K PEG

Wild type 0.7 Not applicable

30K PEG H46 0.5 11

30K PEG W100 0.5 12

30K PEG E105 0.9 10

30K PEG D108 0.6 Not applicable

30K PEG G111 0.7 27

Table 2. In vitro activity of wild-type leptin, 30K PEG-leptin variants,
and selected 40K PEGl-leptin variants

Compound In vitro potency; EC50 (ng/ml)

Wild-type leptin 1.8

30K PEG H46 20

30K PEG W100 3.2

30K PEG E105 34

30K PEG D108 20

30K PEG G111 6.4

30K PEG S120/T121A Not activea

40K PEG H46 62

40K PEG G111 13

aActivity was assessed using a luciferase reporting system using a HEK
293 background.

Figure 2. Evaluation of systemic exposure and weight loss efficacy of 40K or
leptin variants and rh leptin in male Sprague Dawley rats. Change in (B) bod
single sc injection (0.5mg/kg) of rh leptin, 30K PEG-leptin variants, or vehicle c
ob/ob mice treated with a single sc injection (0.5mg/kg) of 40K PEG G111, 4
(% to baseline) of ob/obmice treated with single sc injection (0.5mg/kg) of 40
group). Values represent means� standard error of the mean.
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leptin (unPEGylated) by 1.3-fold to 22-fold, indicating substantial
differences in biological activity based solely on the site of
PEGylation. As expected from the molecular model, cell signaling
demonstrated the S120 analog to be distinctly different and
inactive because of its placement in the binding site of leptin’s
receptor. The H46 and G111 variants were further evaluated as
40K PEG conjugates. Both of these leptin analogs demonstrated
a twofold to threefold further loss in activity than observed for
the homologous 30K variants, indicating that PEG size is also an
important factor in determining in vitro potency.

Pharmacokinetic Evaluation of PEG-Leptin Variants

To evaluate the pharmacokinetic properties of these PEG-leptin
variants, male Sprague Dawley rats were treated with a single
sc injection of rh leptin or a 30K PEG-leptin variant at an identical
protein dose of 0.1mg/kg. All 30K PEG-leptin variants showed
comparable serum concentrations and a significantly greater sys-
temic exposure as compared with native hormone (Figure 2A).

In Vivo Evaluation of PEG-Leptin Molecules

Biological activity in a leptin-sensitive animal model was assessed
using a single sc administration of PEG-leptin variants (0.5mg/kg)
to leptin deficient ob/ob mice. The rh leptin and the pre PEG H46
analog had no appreciable effect on animal weight as com-
pared with vehicle control. In contrast, single sc doses of 30K
PEG variants produced significant decreases in body weight,
30K PEGylated leptin variants. (A) Serum concentrations of 30K PEGylated
y weight (% to baseline) and (C) food intake of ob/ob mice treated with a
ontrol (PBS, n=5 per group). (D) Change in body weight (% to baseline) of
0K PEG H46, or vehicle control (PBS, n=5 per group). (E) Change in body
K PEG G111, ranging from 0.037 to 3.0mg/kg versus control (PBS, n=5 per

ptide Society and John Wiley & Sons, Ltd. J. Pept. Sci. 2012; 18: 383–393
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with a maximum decrease observed at 3 days post-treatment
(Figure 2B). The greatest weight loss was observed in mice trea-
ted with the 30K PEG G111 and H46, and the loss appeared to
be mediated by a decrease in food consumption (Figure 2C). To
evaluate the in vivo site of action, a single sc dose of 40K PEG
G111 (0.5mg/kg) was administered to C57/BL6 mice. Immunohis-
tochemical analysis showed increased pSTAT3 immunoreactivity
in the ventromedial arcuate nucleus when compared with vehicle
controls (Figure S2), suggesting in vivo activity at key target sites.
Evaluation of PEG Size and Optimal Concentration of
PEG-Leptin Molecules

The two most potent variants as determined by both in vivo and
in vitro activity, PEG G111 and H46, were similarly tested as 40K
PEG analogs to assess the impact of additional PEG size on
weight loss in ob/ob mice. The 40K PEG G111 maintained superi-
ority relative to PEG H46, but the magnitude of the weight loss
after 3 days was similar to that seen in the homologous 30K
PEG conjugate (Figure 2D). However, both 40K PEG variants
caused further weight loss over 7 days, probably because of the
increased terminal half-life and systemic exposure. Pharmacoki-
netics of the PEG H46 and G111 mutants were comparably tested
as 40K PEG conjugates. We observed extended duration of action
with calculated terminal half-lives of 45.5� 4.0 and 41.1� 3.2 h,
respectively, as compared with native hormone having a terminal
half-life of 0.5 h. As a result, the 40K PEG G111 variant was
deemed most efficacious and utilized in subsequent pharmacol-
ogy studies. Dose dependency was demonstrated in a range
from 0.037 to 3.0mg/kg for the 40K PEG G111 variant (Figure 2E).
Increasing efficacy was observed with increased dose, and the
greatest effect was recorded at 7–9 days post-treatment.
Figure 3. Evaluation of weight loss efficacy of the PEGylated leptin variants
chow-fed C57BL/6 mice (mean body weight 26.96� 0.14 g, n=8 per treatme
five PEG-leptin analogs or vehicle control (PBS) or which have been injected
of the mean. Asterisks indicate significant difference of PEG-leptin from rh le

J. Pept. Sci. 2012; 18: 383–393 Copyright © 2012 European Peptide Society a
Long-Acting Leptin Analogs in Lean Animals

Single sc injections (0.5mg/kg) of five PEG-leptin analogs in lean,
chow-fed C57BL/6 J mice also caused significant decreases of
body weight relative to vehicle treatment within the first 3 days
after the injection (Figure 3). The greatest weight loss was observed
in mice treated with 40K PEG H46, W100, or G111 (Figure 3). Note-
worthy, no changes in ad libitum levels of blood glucose were
observed between any of the treatment groups (Figure S3).

We also tested whether 40K PEG G111 could prevent diet-
induced weight gain in lean mice when switched from a regular
chow to a HFD, coincident with initiation of treatment. Neither
once weekly treatment with 40K PEG G111 (0.5mg/kg) nor daily
treatment with rh leptin (1mg/kg/day) prevented weight gain
when mice were fed a HFD, confirming the widely reported,
rapid, and powerful leptin resistance-inducing effect of HFD
exposure [24].
Exendin-4, but not Matched Caloric Restriction, Restores
Leptin Sensitivity in Diet-Induced Obese Mice

As several lines of evidence indicates that HFD exposure by itself,
even in lean animals, rapidly induces leptin resistance independent
of body weight change [24,25] and caloric intake [26], we assessed
the effect of combined treatment with Ex4 (0.5mg/kg/day) and 40K
PEG G111 (3mg/kg/day) in DIOmice that had either been switched
from HFD to chow at the beginning of the therapeutic intervention
(Figure 4), or which have been maintained on HFD throughout the
study (Figure S4). The intention of this experimental design was to
eliminate the leptin resistance-promoting effect of high dietary
lipids.

After 18 days of treatment, the vehicle control group switched
to chow showed a 15% loss of body weight attributable to the
in lean C57BL/6 mice. Body weight (% to baseline) of 11-week-old male
nt group) injected with either a single sc injection (0.5mg/kg) of one of
daily with rh leptin (1mg/kg). Values represent means� standard error

ptin; *, p< 0.05; **, p< 0.01; ***, p< 0.001.

nd John Wiley & Sons, Ltd. wileyonlinelibrary.com/journal/jpepsci
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Figure 4. Effects of Ex4 and 40K PEG G111 in obese male C57/BL6 mice switched to regular chow diet at treatment initiation. (A) Body weight, (B) fat
mass, (C) cumulative food intake, and (D) glucose tolerance of mice treated for 18 days via twice daily sc injections with either Ex4 (0.5mg/kg/day, n=8),
40K PEG G111 (3mg/kg/day, n=8), Ex4/40K PEG G111 (n=16), or vehicle control (PBS, n=8). (E) Body weight, (F) change in fat mass, (G) cumulative food
intake, and (H) glucose tolerance of mice that were treated for 18 days with the Ex4/PEG G111 combination and that were continued on vehicle or 40K
PEG G111 monotherapy for additional 18 days. Asterisks in panels A–D indicate significant difference of Ex4/40K PEG G111 combination therapy from
Ex4 monotherapy; *, p< 0.05; **, p< 0.01; ***, p< 0.001. Values represent means� standard error of the mean.
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change in diet alone (Figure 4A). The PEG-leptin monotherapy
had no further beneficial effects on body weight, fat mass, food
intake, or glucose tolerance (Figure 4A, B, C, and D). On the
contrary, both Ex4 and the Ex4/PEG-leptin combination treat-
ment showed significantly greater decreases in body weight than
control or PEG-leptin alone. Ex4/PEG-leptin combination therapy
caused a sizable 41.2� 2% weight loss after 18 days of treatment,
versus 29.3� 1.9% with Ex4 alone. Weight loss in the combination
therapy was accompanied by significantly greater loss of body fat
mass (94.5� 3.0% vs 83.7� 3.7%, p< 0.05; Figure 4B) and a
significantly lower food intake, as compared with the Ex4 mono-
therapy (p< 0.001; Figure 4C). Interestingly, the additional weight
loss caused by the addition of PEG-leptin only emerged after the
mice had lost approximately ~28% of their initial body weight.
Evaluation of glucose tolerance on day 18 revealed an improved
glucose clearance in Ex4-treated mice (compared with vehicle
controls) that was further enhanced by combination with PEG-
leptin (Figure 4D). To confirm that leptin responsiveness was re-
stored after treatment with the combination of Ex4 and PEG-lep-
tin, we switched the mice that were treated with the Ex4/PEG-
leptin combination to either vehicle or PEG-leptin monotherapy
for additional 18 days (Figure 4E–H). In this second phase, the
mice that were continued on PEG-leptin alone maintained a
lower body weight, decreased food intake, and decreased fat
mass without any changes in glucose tolerance compared with
mice continued on vehicle control, thus indicating that leptin
responsiveness was restored in these mice (Figure 4E–H). In
accordance to previous data showing that HFD exposure itself
rapidly induces leptin resistance, we observed no difference in
body weight, fat mass, food intake, or glucose tolerance between
mice treated with the Ex4 or the combination with PEG-leptin in
mice that were maintained on HFD (Figure S4).
wileyonlinelibrary.com/journal/jpepsci Copyright © 2012 European Pe
Next, we evaluated whether similar levels of leptin responsive-
ness could be restored by weight loss resulting from caloric
restriction alone. Again, obese male C57/BL6J mice were either
switched from HFD to regular chow diet at the start of treatment
(Figure 5) or were maintained on HFD throughout the study
(Figure S5). Identical levels of weight loss of ~28% were then
achieved by either treatment with Ex4 (n= 16, 0.5mg/kg/day,
twice daily sc injection) or by caloric restriction (n=16) following
similar time courses. After achieving a ~28% weight loss, mice
were treated via twice daily sc injections with vehicle control
(PBS, n=8) or 40K PEG G111 (3mg/kg/day, n= 8). As with our
previous observations, leptin responsiveness was restored after
Ex4-induced weight loss. This restoration of sensitivity was
marked by a significantly greater decrease of body weight
(p< 0.001; Figure 5A), fat mass (p< 0.01; Figure 5B) and food
intake (p< 0.01; Figure 5C), and by an improvement of glucose
tolerance (Figure 5D) in the PEG-leptin–treated mice as opposed
to those randomized to vehicle. In contrast, when weight loss
was induced solely by caloric restriction, PEG-leptin did not addi-
tionally decrease body weight, fat mass, food intake, or improve
glucose tolerance relative to vehicle treatment (Figure 5E–H).

We also found in DIO mice that 4days of similar Ex4 treatment
(0.5mg/kg/day), but not matched caloric restriction (pair-feeding),
decreased hypothalamic AgRP expression (Figure 6). These findings
are consistent with increased leptin sensitivity and are a hallmark of
increased CNS melanocortinergic tone. As a supplementary study,
it was observed that, in mice maintained on HFD, after Ex4-induced
or caloric restriction-induced weight loss, there was no effect of
PEG-leptin monotherapy on body weight, fat mass, food intake,
or glucose tolerance. However, combination of PEG-leptin and
Ex4 still led to significantly more weight loss than Ex4 treatment
alone (Figure S5).
ptide Society and John Wiley & Sons, Ltd. J. Pept. Sci. 2012; 18: 383–393



Figure 5. Differential outcome of pharmacologic-induced and caloric restriction-induced weight loss in the effects of Ex4 and 40K PEG G111. Obese
male C57/BL6J mice were switched to regular chow diet at treatment initiation. A weight loss of ~28% was then achieved using either treatment with
Ex4 (n=16, 0.5mg/kg/day, twice daily sc injection) or by caloric restriction (n=16). After achieving a ~28% weight loss, mice were treated via twice daily
sc injections with vehicle control (PBS, n=8) or 40K PEG G111 (3mg/kg/day, n=8). Body weight, fat mass, cumulative food intake, and glucose tolerance
of mice treated with vehicle (open circle) or 40K PEG G111 (closed circle) following Ex4-induced (A–D) or caloric restriction-induced (E–H) weight loss.
Values represent means� standard error of the mean. Asterisks indicate *, p< 0.05; **, p< 0.01; ***, p< 0.001.
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To explore whether other pharmacologic agents could also
enhance leptin efficacy, we assessed the effect of combining
FGF21 (2mg/kg/day) and 40K PEG G111 (3mg/kg/day) treatments
in DIOmice. Again, mice were either switched from HFD to chow at
treatment initiation (Figure 7) or were maintained on HFD through-
out the study (Figure S6). Similar to the combination with Ex4, the
FGF21/PEG-leptin combination therapy elicited greater body
weight loss than FGF21 alone (body weight loss at day 18:
39.9� 1.82% and 31.8� 0.8% compared with 23.4� 2.1% in vehi-
cle controls; Figure 7A). Again, this effect was only observed inmice
switched from HFD to chow at the beginning of the treatment but
not in mice maintained on HFD (Figure S6). Notably, the decreased
body weight of the FGF21/PEG-leptin–treated mice was primarily
because of loss of fat mass with a lesser degree of lean mass loss
(Figure 7B and C) and was associated with a small decrease in food
intake (Figure 7D). These findings correlated with improved glu-
cose tolerance after combination therapy as compared with both
vehicle treatment and FGF21 monotherapy (Figure 7E).
Intriguingly, restoration of leptin responsiveness appeared after a
weight loss of ~28%, in a manner apparently identical to that
previously found with Ex4/PEG-leptin.
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Discussion

Despite its initial promise, leptin has failed to induce significant
weight loss or to confer significant beneficial metabolic effects
as a therapy for the most common forms of human obesity
[3,7–9]. Reports of the co-administration of leptin with amylin
have restored interest, but uncertainty remains regarding the
uniqueness of this particular combination’s efficacy [12,13]. We
questioned whether co-administration of leptin with other
weight loss-inducing hormones might equally restore leptin
responsiveness in DIO mice. Our work simultaneously focused
on application of a novel approach in protein engineering
J. Pept. Sci. 2012; 18: 383–393 Copyright © 2012 European Peptide Society a
to identify a leptin analog more suitable for use in chronic
in vivo studies.

Startingwith a single sitemutation that rendered the protein less
prone to self-association and more amenable to crystallization, we
built a model that informed the selection of pointmutations distant
from the putative receptor-binding site. Five leptin analogs were
biosynthesized using Recode technology [17] to incorporate a
single chemically unique amino acid, which was then PEGylated
in high yield without modification of any other native sites. The
in vitro characterization of these leptin analogs demonstrated the
power of the model to predict a single modification that would
be inactive, as well as five sites that retained high potency as specif-
ically conjugated PEG-analogs. Increasing the PEG-size to 40K on
the two 30K-PEG analogs that demonstrated the best in vivo po-
tency, reduced the in vitro activity comparably while further
sustaining the duration of action. Overall, the in vivo characteriza-
tion identified 40KG111 as the preferred analog with much
enhanced potency and duration of action relative to the native
hormone. Although we have demonstrated hypothalamic penetra-
tion and signaling by a select PEGylated leptin analog, it is unclear
whether all of these activities are centrally mediated.

The use of the human leptin receptor for in vitro study coupled
with rodent pharmacology is an imperfect match, despite the
high homology and demonstrated activity of human leptin in
rodents. A more optimal match between in vitro and in vivo effi-
cacy is theoretically possible through the use of rodent-sourced
leptin receptors. Nonetheless, our intent was twofold: to demon-
strate that the site of derivatization can generate differential
pharmacology and to select a leptin analog suitable for human
study. These results show that the exact site of chemical modifi-
cation can sizably alter the biological activity, even within a
restricted set of structurally preselected analogs. Confirmation
that the G111 analog is the optimal analog for use in humans
through preclinical animal testing is virtually not possible, and
advanced testing in monkeys is a preferred next step to confirm-
ing suitability for human study. It should also be noted that there
are inconsistencies within the two in vitro measurements that we
nd John Wiley & Sons, Ltd. wileyonlinelibrary.com/journal/jpepsci



Figure 6. AgRP immunoreactivity in the arcuate nucleus of mice fed for 8months with either chow or HFD. Mice were treated for 4 days via once daily
sc injections of either (A, B, and D) saline or (C) Ex4 (0.5mg/kg/day). (D) As additional controls, n=6 HFD-fed saline-treated mice were caloric restricted to
match the body weight of the Ex4-treated mice (n=6 each group). (E) Densitometry of AgRP immunoreactivity and (F) body weight of mice treated with
either saline or Ex4; *, p< 0.05; **, p< 0.01; ***, p< 0.001. Values represent means� standard error of the mean. Scale bar in panels A–D is 200mm.
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attribute to the differences in the experimental assay conditions.
Finally, the protein kinase measurements are one dimension
where differences dependent upon PEGylation site were noted,
but it should be recognized that systemic concentration may
not be consistent with exposure at the CNS receptor sites.
Despite the enhanced pharmaceutical properties of 40K PEG

G111, monotherapy still failed to effectively treat diet-induced
obesity in mice exposed to HFD. This deepens the established
conviction that monotherapy is insufficient to improve leptin
responsiveness in common dietary forms of obesity and that suc-
cess with leptin will depend on an additional agent. Conse-
quently, we directed our attention on the opportunity to evaluate
combinatorial therapy with established weight loss-inducing hor-
mones that signal by mechanisms distinct from amylin.
wileyonlinelibrary.com/journal/jpepsci Copyright © 2012 European Pe
Exendin-4 is a long-acting glucagon-like peptide 1 (GLP-1)
receptor agonist, which was originally isolated from the saliva
of the Gila monster (Heloderma suspectum) [27,28]. Albeit best
known for their glucose lowering effects [27,29,30], GLP-1 recep-
tor agonists are well-known to suppress food intake and to
increase energy expenditure through centrally regulated
mechanisms [31,32]. Although the molecular pathways underly-
ing the effect of GLP-1 on food intake are not yet fully under-
stood, c-FOS expression is increased following GLP-1 receptor
activation in the lateral parabrachial nucleus, the nucleus of the
solitary tract, the area postrema (AP), and the paraventricular
nucleus of the hypothalamus [33,34]. Noteworthy, amylin also
increases c-FOS expression in the AP, suggesting a possible
shared pathway. However, although lesions of the AP completely
ptide Society and John Wiley & Sons, Ltd. J. Pept. Sci. 2012; 18: 383–393



Figure 7. Effects of FGF21 and 40K PEG G111 in obese male C57/BL6 mice switched to regular chow diet at treatment initiation. (A) Body weight, (B) fat
mass, (C) lean tissue mass, (D) cumulative food intake, and (E) glucose tolerance of mice treated with vehicle (PBS, n=8), 40K PEG G111 (3mg/kg/day,
n=8), FGF21 (2mg/kg/day, n=8), or a combination of FGF21 and 40K PEG G111 (n=8). Asterisks indicate significant difference of the FGF21/40K PEG
G111 combination therapy from FGF21 monotherapy; *, p< 0.05; **, p< 0.01; ***, p< 0.001. Values represent means� standard error of the mean.
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abolish amylin’s effects of food intake [35–39], those of GLP-1 are
maintained [40], thus indicating that both hormones modulate
food intake through distinct mechanisms.

Like GLP-1, FGF21 is an important modulator of glucose
metabolism and energy expenditure [41,42]. FGF21 is member
of the endocrine FGF subfamily that is predominantly produced
by the liver [43]. FGF21 signaling is mediated via its binding to
the FGF receptors upon recruitment of the adaptor molecule,
bKlotho [44,45]. This receptor activation results in downstream
signaling, leading to activation of ERK1/2 and Akt signaling
pathways [46,47]. Study in DIO rat models suggest that, like
GLP-1, the effects of FGF21 on energy expenditure and insulin
sensitivity are centrally mediated [48]. Furthermore, FGF recep-
tor-1 has been identified in the ventromedial and arcuate nuclei
of the hypothalamus [49], areas well-known to regulate periph-
eral metabolism. Furthermore, these nuclei have been shown to
be essential to the metabolic effects of leptin [50], suggesting a
possible site of overlap with the FGF21 neurocircuitries. Intrigu-
ingly, this increase in energy expenditure and insulin sensitivity
is not associated with a decrease in fat mass. Conversely, periph-
eral infusion of FGF21 has been suggested to increase energy
expenditure via AMP-activated protein kinase (AMPK) action in
adipose tissue. This study documented an increased activity of
AMPK, NAD+-dependent type III deacetylase sirtuin 1, and perox-
isome proliferator-activated receptor-g coactivator 1a in adipose
tissue following FGF21 administration. Furthermore, the effects
of FGF21 on energy expenditure were ablated by the deletion
of any of the identified signaling nodes. Taken together, it is likely
that FGF21 acts on both the CNS and pteripheral tissue to
increase energy expenditure and insulin sensitivity.

Ex4 and FGF21 proved highly effective in lowering body
weight and improving metabolic control, especially in concert
J. Pept. Sci. 2012; 18: 383–393 Copyright © 2012 European Peptide Society a
with the change in diet from high fat to normal chow. Impor-
tantly, the combined administration of leptin with either of the
two other agents proved additively beneficial. FGF21 and Ex4
differed only subtly when used in concert with leptin therapy,
and the benefit was not apparent until appreciable body weight
had been lost. In both studies, leptin responsiveness was
achieved after ~28% weight loss, which seemed to indicate a
threshold for the restoration of leptin sensitivity. Noteworthy,
switch of DIO mice from HFD to chow increased weight loss in
all treatment groups. However, switch from HFD to chow alone
did not improve leptin sensitivity in any of our studies, even
when a weight loss comparable with pharmacologic treatment
with Ex4, was achieved by caloric restriction. It is further notewor-
thy that we observed no adverse side effects of pharmacologic
weight loss in any of our studies. Instead, as also shown in
Figures 3, 4, and 6, we observed that glucose tolerance was
improved in mice treated with the combination therapy com-
pared with all other groups.

The efficacy of leptin in combination with FGF21 or Ex4 was
quite similar to that reported for amylin supplementation, and
it is striking that it appeared for both Ex4 and FGF21 after
~28% body weight loss. To assess the mechanism of this addi-
tional efficacy derived from leptin, we analyzed the effect of
PEG-leptin after ~28% weight loss achieved over a comparable
period by either caloric restriction or Ex4. In contrast to mice trea-
ted with Ex4, weight loss exclusively induced by caloric restriction
did not restore responsiveness to leptin therapy. Our observation
that pharmacologic-induced, but not caloric restriction-induced,
weight loss restores leptin responsiveness suggests a cooperativ-
ity between leptin action and the mechanistic effects of other
hormones that is otherwise absent. From a mechanistic point of
view, the increased hypothalamic AGRP expression we observed
nd John Wiley & Sons, Ltd. wileyonlinelibrary.com/journal/jpepsci
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with caloric restriction, and not with Ex4 treatment, validates bio-
chemical differences that could reset counter-regulatory circuits
that maintain leptin resistance. Interestingly, weight reduction
by sleeve gastrectomy has also been reported to be incapable
of improving leptin sensitivity in previously obese rats [51].
At present, there is no clear overlap in signaling between

leptin, Ex4, FGF21, or amylin to offer a plausible mechanistic hy-
pothesis for the observed pharmacology. However, recent data
report an increased expression of the leptin receptor in the liver
and white adipose tissue following treatment with FGF21 [42].
Additionally, hindbrain leptin receptors and GLP-1 receptors were
recently reported to interact to control food intake in an additive
manner [52].
Additional studies are warranted to understand these interac-

tions and to further explore additional combinations that might
yield greater therapeutic utility. Given the heterogeneity of
human disease, coupled to prior disappointments with leptin
and other monotherapies, it is uncertain how well these preclin-
ical observations might translate. Nonetheless, the reported
comparative performance of amylin/leptin cotherapy in rodents
and humans, as well as the proven clinical efficacy of GLP-1, both
provide some basis for future exploratory clinical studies.
In summary, we used rational protein design coupled with

novel methods in biosynthesis to discover site-specific leptin
analogs that once PEGylated, demonstrate in vivo efficacy and
duration of action that far exceeds that of native leptin in treat-
ment of mice genetically deficient in leptin. Our results validate
the belief that even best in class leptin monotherapy is insuffi-
cient to treat common dietary forms of obesity. However, combi-
nation therapy with either Ex4 or FGF21 demonstrates that
pharmacology approaches are capable of restoring leptin respon-
siveness in ways that diet restriction alone cannot. It is highly
plausible that other agents, including conventional small
molecules with proven efficacy, may also perform similarly. These
findings corroborate the observations previously made with
amylin co-therapy but importantly establish the basis for this
being more than a singular route to restore leptin action. For this
reason, these observations encourage the broad search of addi-
tional combinations with the potential to replicate the efficacy
in obesity and adult-onset diabetes currently achieved only by
surgical intervention.
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