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Abstract
Background/objectives Obesity is strongly associated with leptin resistance. It is unclear whether leptin resistance results
from the (over)consumption of energy-dense diets or if reduced leptin sensitivity is also a pre-existing factor in rodent
models of diet-induced obesity (DIO). We here tested whether leptin sensitivity on a chow diet predicts subsequent weight
gain and leptin sensitivity on a free choice high-fat high-sucrose (fcHFHS) diet.
Methods Based upon individual leptin sensitivity on chow diet, rats were grouped in leptin sensitive (LS, n= 22) and leptin
resistant (LR, n= 19) rats (P= 0.000), and the development of DIO on a fcHFHS diet was compared. The time-course of
leptin sensitivity was measured over weeks in individual rats.
Results Both on a chow and a fcHFHS diet, high variability in leptin sensitivity was observed between rats, but not over
time per individual rat. Exposure to the fcHFHS diet revealed that LR rats were more prone to develop DIO (P= 0.013),
which was independent of caloric intake (p ≥ 0.320) and the development of diet-induced leptin resistance (P= 0.769).
Reduced leptin sensitivity in LR compared with LS rats before fcHFHS diet exposure, was associated with reduced leptin-
induced phosphorylated signal transducer and activator of transcription 3 (pSTAT3) levels in the dorsomedial and ven-
tromedial hypothalamus (P ≤ 0.049), but not the arcuate nucleus (P= 0.558).
Conclusions A pre-existing reduction in leptin sensitivity determines the susceptibility to develop excessive DIO after
fcHFHS diet exposure. Rats with a pre-existing reduction in leptin sensitivity develop excessive DIO without eating more
calories or altering their leptin sensitivity.

Introduction

The prevalence of obesity has increased dramatically over
the last few decades [1]. The majority of human obesity is

thought to result from a combination of genetic suscept-
ibility and environmental influences, such as the availability
of a variety of energy-dense diets, high in saturated fat and
sugar [1, 2]. To model the human situation, rodent models
have been developed in which obesity is induced by dietary
manipulation, i.e., diet-induced obesity (DIO). Both in
humans and rodents, the development and/or maintenance
of obesity has been assumed to result from diet-induced
leptin resistance [3–14].

In normal weight individuals, the brain responds to
increased plasma leptin levels by reducing food intake and
increasing energy expenditure [15–18]. Leptin exerts its
effects by acting on leptin receptors, which are highly
expressed in the arcuate nucleus (ARC) of the hypothala-
mus, but also in other (extra)hypothalamic brain regions,
including the dorsomedial hypothalamus (DMH) [19–21].
Most obese individuals show high circulating leptin levels
[8–10, 13, 14, 17, 22]. After exogenous administration of
leptin, obese individuals do not respond with a decrease in
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food intake that is normally observed in lean individuals,
and are hence considered leptin-resistant [5, 7–9, 11–13,
22–24]. At the cellular level, the development of leptin
resistance is often demonstrated by an attenuation in the
incremental increase or maximal level of leptin-induced
phosphorylation of signal transducer and activator of tran-
script 3 (pSTAT3), a critical transcription factor for leptin’s
action [25, 26], in the ARC of rodents [12, 17, 18, 22].

In DIO models, the resistance to leptin is often relative,
i.e., a reduced but not complete absent sensitivity to the
food intake suppressing effects of exogenous leptin, usually
observed at one or a few time-points following leptin
injection [7, 12, 15, 16, 23, 24]. However, it is difficult to
demonstrate the development of (absolute) leptin resistance,
as there is no consensus with respect to the timing of lep-
tin’s food intake suppressing effects. Our systematic review
of leptin sensitivity in control diet fed rats indicates that the
anorectic effects of leptin range between 2 and 38 h after
leptin injection, and the effect sizes vary between 7 and
30% (Table S1). Even studies performed by the same
research group showed variable results [7, 11, 12, 15, 23,
27]. So, the well established food intake suppressing effect
of leptin is not that straightforward. Interestingly, Ruffin
et al. previously reported high variability in leptin sensi-
tivity between rats, and the response to leptin at 2 h food
intake on a control diet was related to subsequent weight
gain on a high-energy diet (HED) [28]. In addition, Levin
et al. showed reduced central leptin sensitivity before HED
exposure in rats that were retrospectively identified as DIO
prone [29]. So, there is some evidence that reduced leptin
sensitivity does not necessarily result from HED feeding,
but may already be present before HED exposure and pre-
dispose rats to exacerbated DIO. However, in previous
studies it remains unclear whether leptin sensitivity is a
stable parameter in a rat and therefore to what extent a pre-
existing reduction in leptin sensitivity is a predictor for
DIO. Furthermore, as leptin sensitivity was only tested
before HED exposure, it is currently unknown whether
exposure to a HED further reduces the pre-existing reduc-
tion in leptin sensitivity in DIO prone rats and thereby
aggravates DIO.

Since the response to leptin is quite variable, we here
aimed to carefully study leptin sensitivity of individual rats
at 1–24 h after leptin injection, and to make a trajectory of
leptin sensitivity over weeks in rats that were offered a chow
or a free-choice high-fat high-sucrose (fcHFHS) diet. Fur-
ther, we also tested whether leptin sensitivity on a chow diet
predicts subsequent body weight gain on a fcHFHS diet, and
how this is related to the development of diet-induced leptin
resistance. Leptin sensitivity was assessed by examining
both the feeding response to leptin and the associated leptin
receptor signal transduction, by using pSTAT3 activation as
a marker for cellular leptin sensitivity.

Materials and methods

Systematic review of leptin sensitivity

We searched PubMed for original articles concerning the
acute food intake suppressing effects of leptin in rats fed a
control diet until February 12, 2017. The full search strat-
egy for PubMed was composed of four elements: leptin
injection, diet, rats, and food intake/obesity (for complete
search strategy see Table S2). No language restrictions were
used. Studies were included in the systematic review if they
fulfilled all of the following criteria: (1) the test subject was
rat, (2) leptin was administered peripherally, (3) food intake
after leptin injection was assessed, (4) a control diet group
was included, and (5) the study was an original full text
paper (Figure S1). Studies were excluded if: (1) leptin was
administered centrally or locally, (2) leptin was adminis-
tered repeatedly, (3) the result or protocol was unclear,
(4) no leptin sensitivity test was performed Study selection
was based on title and abstract. In case of doubt, the full text
article was evaluated. After selection of all studies that
assessed the acute food intake suppressing effect of leptin in
rats fed a control diet in a relevant and clear way, a
selection of the most common way to test leptin sensitivity
was made. Intraperitoneal leptin injection after light phase
food restriction was the most common way to test leptin
sensitivity, and the timing of leptin’s food intake suppres-
sing effect was only compared between studies that used
this protocol. If data were only presented graphically, effect
sizes were estimated from the graphs. Only the effects of the
control diet group were studied, and all different types of
control diet were included.

Animals and dietary intervention

Male Wistar rats (7 weeks old; Charles River, Sulzfeld,
Germany) were individually housed in Plexiglas cages in a
temperature controlled (21–23 °C) and light controlled
(lights on between 0700 and 1900 h) room. Upon arrival, all
rats had ad libitum access to pelleted rat chow (3.31 kcal/g;
Special Diet Service, UK) and tap water. When the rats had
reached a body weight of >300 g, they were implanted with
intra-arterial silicone catheters through the right jugular
vein, according to the method of Steffens [30]. Four weeks
later, rats were equally divided into two diet groups based
upon their average body weight, body weight gain, daily
caloric intake, and leptin sensitivity in the week before the
division. Sample sizes were calculated based on expected
effect sizes and variance. One group of control rats
remained on chow and tap water over the entire experi-
mental period (n= 21), whereas the other group was sub-
jected to a fcHFHS diet for 8 weeks (n= 20). The
fcHFHS diet consisted of a choice between lard (9.1 Kcal/g
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Ossewit/Blanc de Boeuf, Belgium) and 30% sucrose solu-
tion (1.0 M sucrose mixed from commercial grade sugar
and tap water), in addition to regular chow and tap water.
Subsequently, the chow and fcHFHS diet group were both
divided into subgroups of LS and LR rats based upon their
leptin sensitivity on chow diet, as described below. Body
weight and 24-hour food intake were measured 5 days per
week. All experiments were performed in accordance with
Dutch laws (Wet op de Dierproeven, 1996) and European
regulations (Guideline 86/609/EEC), and were approved by
the Animal Ethics Committee of Utrecht University.

Leptin sensitivity

Leptin sensitivity was tested before fcHFHS diet exposure,
and after 2, 4, and 8 weeks of fcHFHS diet exposure. To
measure leptin sensitivity, animals were food restricted
overnight (10 gr chow at 1600 h). The next morning at
0900 h, leptin (250 µg/250 µl; recombinant murine leptin,
NHPP, USA) or vehicle (250 µl, phosphate buffered saline,
PBS) was injected via the jugular vein catheter, and 45 min
later food was given back. A latin-square design was used,
as such that half of the rats in each dietary group first
received leptin, and 3–4 days later rats were tested a second
time with treatments reversed. Food intake was measured
1–24 h after food return by using data collected by Scales
(Department Biomedical Engineering, UMC Utrecht, The
Netherlands). This program records the weight of food
hoppers in the home cage automatically every 12 s, as well
as the amount of licks from water or sucrose bottles.

To divide the chow control group into two types of
responders, leptin sensitivity of each individual rat was
determined at four different time-points (before fcHFHS
diet exposure, and at 2, 4, and 8 weeks of fcHFHS
diet exposure), and subsequently the average response of
all four tests was taken. Leptin sensitivity was measured by
normalizing cumulative food intake after leptin injection
to cumulative food intake after vehicle injection. Rats were
divided into two subgroups based upon their feeding
response at 1 h after leptin injection, as the variability
was the largest at this time-point. Rats showing a reduction
in food intake (percentage suppression < 100) were desig-
nated as LS (n= 11), whereas rats showing no reduction or
even an increase in food intake were designated as LR
(percentage suppression ≥ 100, n= 10). Rats offered the
fcHFHS diet were selected as LS (n= 11) or LR (n= 7)
based upon their leptin sensitivity test before fcHFHS diet
exposure.

Immunohistochemistry

Rats were injected with leptin (250 µg/250 µl) or vehicle via
the jugular vein catheter, and subsequently all chow, lard,

and the 30% sucrose solution were removed. Two hours
later, rats were anesthetized with sodium pentobarbital
(Nembutal, 100 mg/kg/ml) and perfused with ice cold 0.9%
NaCl, followed by 4% paraformaldehyde (PFA). Brains
were removed, incubated overnight in 4% PFA, and sub-
sequently immersed in 30% sucrose solution in PBS. Brains
were cut in 40 µm coronal free-floating slices, collected in
six series, and pSTAT3 immunohistochemistry was per-
formed as described previously [31]. In brief, one of the six
series of free-floating slices was blocked in horse serum and
then incubated overnight with rabbit anti-pSTAT3 (1:1000,
rabbit monoclonal, Cell Signaling, # 9145S). Slices were
washed and incubated with biotinylated anti-rabbit antibody
(1:250), followed by avidin-biotin-complex labeling. Pic-
tures were taken using a bright-field microscope with a
digital camera (Axiocam, Zeiss, Germany). Slices were
matched to the stereotaxic brain atlas from Paxinos and
Watson (1998; fourth edition), using the fornix, mammil-
lothalamic tract, and optic tract as landmarks. For each
animal, the number of pSTAT3 positive cells was counted
blindly in both sides of the ARC and DMH, and the
intensity of the bright field signal was quantified in the
ventromedial hypothalamus (VMH) with background
intensity subtracted, at one slice at Bregma −3.30.

Body composition

At the end of the experiment, rats were anesthetized and
prior to perfusion, individual epididymal and subcutaneous
(inguinal) white adipose tissues were dissected from the left
side, cleaned and weighed.

Plasma leptin levels

Blood samples were taken shortly prior to leptin or vehicle
injection during each leptin sensitivity test session and
immediately chilled on ice. Blood was centrifuged (4 °C;
10.000 rpm; 20 min) and plasma was stored at −20 °C until
further analysis. Plasma leptin levels were measured in
duplicate using a radioimmunoassay kit (Multi-Species
Leptin RIA, XL-85K, Merck Millipore, USA). The amounts
of sample, standards, label, antibody and precipitating
reagent were divided by four.

Statistical analysis

Two rats could not be tested for their leptin sensitivity at
week 4, three rats could not be tested at week 8, and two
rats could not be tested during the entire experiment
because of a blockade of their catheter. Blood collection
was not successful at one or more time-points in 16 rats.
These rats were excluded from the concerning analyses. Fat
mass was only tested in a subgroup of 16 rats, and pSTAT3
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levels were tested in a subgroup of 30 rats. Food intake data
were computed automatically. Since the leptin sensitivity
data of each rat was used to group them, and as rats were
offered either a chow or fcHFHS diet, experimenters were
not explicitly blinded for experimental treatments or group
allocation.

For differences in body weight (gain), caloric intake, and
plasma leptin levels, two-way repeated measures ANOVA’s
were performed with week as within-subject variable and
diet (chow vs. fcHFHS and/or responder) as between-
subject variable. For fat mass analysis, a one-way ANOVA
was performed with diet/responder as between-subject
variable. Feeding responses to leptin were assessed using
a three-way repeated measures ANOVA with time and
treatment as within-subject variables and diet/responder as
between subject-variable. Count data of leptin sensitivity
was analyzed with a two-way repeated measures ANOVA
with diet (before/after fcHFHS) as within subjects-variable
and responder as between subject-variable. Analysis of
pSTAT3 levels was performed with a MANOVA with
treatment, diet, and group as between subject-variable.

Mauchly’s test of sphericity was used to test whether
variances of the differences between treatment levels were
equal. If the assumption of sphericity was violated, degrees
of freedom were corrected using Greenhouse–Geisser (GG)
estimates of sphericity or Huynh-Feldt estimates of spheri-
city when the GG estimate was >0.75. When appropriate,
post hoc analyses were conducted using Student’s t-tests
or pairwise Bonferroni comparisons. Each parameter was

tested for normality with the Kolmogorov-Smirnov test.
When data were not normally distributed, data were log
transformed prior to statistical analyses.

The unbiased clustering analysis of leptin sensitivity on
chow diet was carried out by means of a TwoStep cluster
analysis. Individual leptin sensitivity at 1 h after injection,
as measured by cumulative food intake after leptin injection
normalized to baseline vehicle, was introduced as input
variable in the cluster analysis. The log-likelihood method
was used to determine inter-subject distance. The number of
clusters was determined automatically based on Schwarz’s
Bayesian criteria and log-likelihood method.

Statistical analyses were conducted using SPSS 20.3 for
Windows. The threshold for statistical significance was set
at p < 0.05; all tests were two-sided. Data are presented as
mean ± SEM.

Results

Exposure to the fcHFHS diet results in hyperphagia
and obesity

As reported previously [16, 32], rats offered a fcHFHS diet
(n= 20) showed increased body weight, caloric intake, and
adiposity compared with control rats on a chow diet (n=
21) (Fig. 1a, b, d). In addition, plasma leptin levels were
higher from 4 weeks of fcHFHS diet exposure onwards
compared with control rats (Fig. 1c).

Fig. 1 Obesity-related
parameters in rats offered a
chow or fcHFHS diet. a Body
weight, (b) caloric intake, and
(c) plasma leptin levels during
the whole experimental period
(n= 20–21 per group).
Fweek*diet ≥ 6.402, p ≤ 0.007. d
Epididymal and subcutaneous
(inguinal) white adipose tissues
at week 9 (n= 8 per group), t=
−6.042, p= 0.000. Data is
shown as mean ± SEM. *P <
0.05, **P < 0.01, ***P < 0.001
compared with chow controls
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Both chow and fcHFHS fed rats show high variability
in individual leptin sensitivity

We next determined whether fcHFHS diet fed rats devel-
oped leptin resistance. Leptin sensitivity was tested before
fcHFHS diet feeding, and after 2, 4, and 8 weeks of fcHFHS
diet exposure. As leptin’s food intake suppressing effects
were previously reported at variable time-points after exo-
genous leptin injection (Table S1) [28, 33], we here show
leptin sensitivity at the four most common time-points
reported by previous studies (Fig. 2). Leptin sensitivity was
tested via two common methods, i.e., by comparing abso-
lute cumulative caloric intake after leptin or vehicle injec-
tion (Fig. 2a–c) and by calculating the percentage
suppression from baseline vehicle (Fig. 2d–f). Before
fcHFHS diet exposure, rats significantly reduced their food
intake at 14–24 h after leptin injection, and leptin sensitivity
did not differ between prospective chow and fcHFHS diet
fed rats (Fig. 2a, d). At week 2, no differences in leptin
sensitivity were observed between the chow and fcHFHS
group (data not shown). However, from week 4 onwards
leptin sensitivity was impaired in fcHFHS fed rats com-
pared with chow controls (Fig. 2b, c, e, f). The chow group
was still leptin sensitive at both week 4 and week 8,
whereas the fcHFHS group did no longer show a reduction
in food intake after leptin injection. So, by testing leptin
sensitivity at the group level, the fcHFHS group developed
leptin resistance from week 4 onwards. However, individual
data points show high variability in leptin sensitivity

between rats in both the chow and fcHFHS group, espe-
cially at the first hours after injection (Fig. 2d–f).

Based upon variability in individual leptin
sensitivity on chow diet, rats were divided into two
types of responders

Since the chow group was kept on chow diet for 8 weeks
and tested for leptin sensitivity every 2 weeks, we were able
to determine whether leptin sensitivity is a stable parameter
in a rat (Fig. 3a). Leptin sensitivity was tested by normal-
izing 1–24 h cumulative caloric intake after leptin injection
to baseline vehicle. Individual rats showed a stable response
pattern over weeks (Figure S2). Closer inspection of indi-
vidual leptin sensitivity on chow diet revealed two types of
responders. Rats were divided in those showing a reduction
in food intake at the first hour after leptin injection (leptin
sensitive, LS, n= 11), and those that reduced their food
intake at later time-points after leptin injection, showing no
reduction or even an increase in food intake at the first hours
after injection (relatively leptin resistant, LR, n= 10)
(Fig. 3b, c). The selection of LS and LR rats was based on
the average leptin sensitivity of four independent leptin
sensitivity tests (Fig. 3a, c and Figure S2). The response to
leptin at 1 h food intake ranged from −26.5 to −6.3%
(−21.7 ± 2.4) in LS rats and from +0.2 to +98.4%
(+22.4 ± 10.0) in LR rats. Statistical analyses confirmed
that the selected LS and LR rats also responded differently
to leptin at other time-points after injection, especially at

Fig. 2 Feeding response to leptin in rats offered a chow or fcHFHS
diet. a–c Leptin sensitivity, as measured by absolute cumulative caloric
intake after vehicle or leptin injection, is shown (a) before, (b) after
4 weeks, and (c) after 8 weeks of fcHFHS diet exposure. d–f Leptin
sensitivity, as measured by cumulative food intake after leptin injection
normalized to vehicle cumulative food intake, was measured (d) before,

(e) after 4 weeks, and (f) after 8 weeks of fcHFHS diet exposure.
Before fcHFHS, Fdiet*treatment ≥ 0.001, p ≥ 0.951, Ftreatment ≥ 9.670, p ≤
0.004; week 4 and 8, Fdiet*treatment ≥ 4.397, p ≤ 0.044; chow week 4 and
8, Ftreatment ≥ 6.529, p ≤ 0.019; fcHFHS week 4 and 8, Ftreatment ≥ 0.118,
p ≥ 0.223. Data is shown as mean ± SEM; n= 17–21 per group. *P <
0.05, **P < 0.01,***P < 0.001 compared with vehicle
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Fig. 3 Individual 1–24 h leptin
sensitivity in rats offered a
chow diet. Based upon leptin
sensitivity on chow diet, rats
were divided in those showing a
reduction in food intake at the
first hour after leptin injection
(LS) and those that did not
change or increased their food
intake with leptin at 1 h food
intake (LR). a Experimental
design. Leptin sensitivity was
measured by cumulative food
intake after leptin injection
normalized to vehicle food
intake. Average leptin sensitivity
of four tests is shown. Leptin
sensitivity (b) at group level and
(c) individual level; a heat plot
of the relative level of sensitivity
is shown at 1–24 h food intake
for each individual rat (i.e., each
row). The heat plot indicates the
relative degree of leptin
sensitivity at a particular time
point in comparison with the
other time-points in the row.
1–24 h: Fhour*treatment*group=
8.239, p= 0.000, post hoc p <
0.05 at 1–4 h. 1–4 h: LS,
Ftreatment= 48.561, p= 0.000;
LR, Ftreatment= 0.931, p= 0.360.
d The average time-point of the
strongest food intake
suppressing effect of leptin is
shown for each individual rat
(average of four tests is shown);
t=−3.164, p= 0.005. Data is
shown as mean ± SEM; n=
9–11 per group. **P < 0.01 for
LS vs. LR
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2–4 h after injection (Fig. 3). Only LS rats differed sig-
nificantly from baseline vehicle at the first four hours after
leptin injection. At 13–24 h after leptin injection, LS and
LR rats showed a similar reduction in food intake. In
accordance with the general response patterns, LS rats
showed their strongest reduction in food intake at an earlier
time-point after leptin injection compared with LR rats (4.8
± 0.7 h vs. 7.6 ± 0.6 h) (Fig. 3d).

We confirmed our manual selection of LS and LR rats
by carrying out an unbiased TwoStep clustering analysis
based upon individual leptin sensitivity on chow diet. The
number of clusters was determined automatically and
yielded two clusters, in which rats were classified in
exactly the same subgroups as in our manual classification
(n= 11, 52.4%; n= 10, 47.6%). The cluster analysis
resulted in an average Silhouette measure of cluster
cohesion and separation of 0.70, indicating a good cluster
quality.

A pre-existing reduction in leptin sensitivity on
chow diet predicts the susceptibility to develop
excessive DIO

Like the chow diet group, the fcHFHS diet group was also
divided into LS (n= 12) and LR (n= 9) rats based upon
leptin sensitivity before fcHFHS diet exposure (Fig. 4a).
Obesity-related parameters were studied in both chow and
fcHFHS diet fed LS and LR rats. Chow diet fed LS and LR
rats did not differ in body weight gain, caloric intake,
plasma leptin levels, and adiposity (Fig. 4). However, LR
rats offered a fcHFHS diet gained 10.6% more body weight
compared with chow diet fed controls (Fig. 4b). Body
weight gain in fcHFHS diet fed LS rats did not differ from
chow controls. Although both LS and LR rats fed a fcHFHS
diet increased their plasma leptin levels and adiposity over
the course of diet exposure, plasma leptin levels, and
adiposity were higher in LR rats compared with LS rats
after 8 weeks of fcHFHS diet exposure (Fig. 4c, d).
Increased body weight gain on the fcHFHS diet in LR vs.
LS rats could not be explained by differences in average
caloric intake or the average consumption of the different
components of the fcHFHS diet (Fig. 4e, f). So, these data
show that leptin sensitivity on a chow diet predicts the
susceptibility to develop excessive DIO, as LR rats were
more prone to develop obesity on a fcHFHS diet compared
with LS rats.

Exposure to the fcHFHS diet does not further reduce
leptin sensitivity in rats with a pre-existing
reduction in leptin sensitivity

As diet-induced leptin resistance has been proposed to
initiate and/or maintain DIO [5, 7–9, 11–13, 22–24], the

development of leptin resistance on the fcHFHS diet was
compared between LS and LR rats. Leptin sensitivity was
tested by normalizing 1–24 h cumulative caloric intake after
leptin injection to baseline vehicle (Figure S3), and by
counting the number of time-points out of 24 h time-points
at which the rats did not reduce their food intake after leptin
injection compared with vehicle (i.e., number of time-points
with a percentage suppression of ≥100) (Fig. 4g). The
feeding response to leptin before fcHFHS diet exposure was
compared with the average response at week 4 and 8 of the
fcHFHS diet, as rats developed leptin resistance at the group
level from 4 weeks of fcHFHS diet feeding onwards
(Fig. 2). Before fcHFHS diet exposure, LS rats were more
leptin sensitive compared with LR rats (Fig. 4g and Figure
S3). LS rats became less leptin sensitive during fcHFHS
diet exposure, whereas the fcHFHS diet did not further
reduce leptin sensitivity in LR rats. As a result, leptin
sensitivity did no longer differ between the subgroups after
fcHFHS diet feeding. Thus, LR rats, which were more
prone to develop DIO than LS rats (Fig. 4), did not develop
diet-induced leptin resistance. Conversely, LS rats, which
were less prone to develop DIO, did develop leptin resis-
tance after fcHFHS diet exposure (Fig. 4). These findings
indicate that a pre-existing reduction in leptin sensitivity
rather than diet-induced leptin resistance is critical for the
development of excessive DIO.

A pre-existing reduction in cellular leptin signaling
in the DMH and VMH but not the ARC, predicts the
susceptibility to develop excessive DIO

Finally, we studied whether the pre-existing reduction in
leptin sensitivity in LR compared with LS rats could be
explained by differences in cellular leptin sensitivity in the
hypothalamus. The number of pSTAT3 positive neurons
was counted in the ARC, VMH, and DMH (Fig. 5). Basal
pSTAT3 levels did not differ between chow diet fed LS and
LR rats. In the ARC, a leptin-induced increase in pSTAT3
levels was shown, but pSTAT3 levels did not differ between
LS and LR rats (Fig. 5a, b). In contrast, in the VMH and
DMH, the leptin-induced pSTAT3 activation was lower in
LR rats compared with LS rats (Fig. 5a, c). So, the obesity-
prone LR rats show a pre-existing reduction in cellular
leptin sensitivity in the VMH and DMH but not the ARC.

We also studied the development of diet-induced leptin
resistance at the cellular level. In the ARC, basal pSTAT3
levels were elevated in fcHFHS diet fed rats compared with
chow controls (Fig. 5a, b). Leptin injection did not further
increase pSTAT3 levels in fcHFHS diet fed rats. Thus,
fcHFHS diet fed rats showed increased endogenous leptin
signaling in the ARC and could not further increase their
signaling after leptin injection. fcHFHS diet fed LS and LR
rats did not differ in either basal or leptin-induced pSTAT3
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levels in the ARC. In the DMH, however, fcHFHS diet fed
LS rats showed lower leptin-induced pSTAT3 levels com-
pared with LR rats (Fig. 5a, c). In comparison with chow
diet fed rats, leptin-induced pSTAT3 levels in the DMH and
VMH were dramatically reduced (~70%) in fcHFHS diet
fed LS rats, but not affected in fcHFHS diet fed LR rats.

These findings show that exposure to the fcHFHS diet does
not further reduce the pre-existing reduction in pSTAT3
activation in the VMH and DMH in the obesity-prone LR
rats. Thus, a pre-existing, but not diet-induced, reduction in
leptin signaling in the VMH and DMH is associated with
the susceptibility to develop DIO.

Fig. 4 Obesity-related
parameters in LS and LR rats
offered either a chow or
fcHFHS diet. a Experimental
design. Rats were first divided
into a chow and fcHFHS group,
and subsequently divided into
LS and LR rats. The selection of
LS and LR rats was based on the
average leptin sensitivity of four
independent leptin sensitivity
tests in the chow diet group, and
leptin sensitivity before fcHFHS
diet exposure in the fcHFHS
diet group. b Body weight gain,
(c) Epididymal and
subcutaneous (inguinal) white
adipose tissues at week 9, and
(d) Plasma leptin levels during
the whole experimental period.
Fweek*diet/subgroup ≥ 3.390, p ≤
0.013. e Caloric intake (week
average of kcal per day), (f)
consumption of the different
components of the fcHFHS diet
(week average of kcal per day).
Fweek*diet/subgroup= 8.340, p=
0.000; chow, Fsubgroup= 0.008,
p= 0.931; fcHFHS, Fsubgroup ≥
0.057, p ≥ 0.320. g Leptin
resistance as measured by
cumulative food intake after
leptin injection normalized to
vehicle food intake, followed by
a count of the number of time-
points with a value of ≥100.
Data show the response to leptin
before fcHFHS diet exposure
(chow) and for the average of
week 4 and 8 of the fcHFHS
diet. Fdiet*subgroup= 7.316, p=
0.016. Data is shown as mean ±
SEM; n= 4–12 per group.
Different lowercase letters
represent significant differences
(P < 0.05) between bars. #P <
0.07; *P < 0.05; **P < 0.01 in
comparison with the LS and/or
LR rats on chow diet
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Discussion

Across species, there is a high and unexplained variability
in the development of obesity upon exposure to energy-
dense diets high in saturated fat and sugar. We here
demonstrate that individual leptin sensitivity on a chow diet,
prior to exposure to a diet high in saturated fat and sugar,
predicts the susceptibility to develop DIO (Fig. 6). We
showed that leptin sensitivity is highly variable between
chow-diet fed rats, but stable over time per individual rat,
and is therefore a reliable predictor for DIO. Leptin resistant
(LR) rats, which showed a pre-existing reduction in leptin
sensitivity compared with leptin sensitive (LS) rats, gained
more body weight and adiposity after 8 weeks of fcHFHS
diet exposure, without eating more calories or altering
leptin sensitivity. The pre-existing reduction in the anorectic
response to leptin in LR compared with LS rats was

associated with reduced leptin-induced pSTAT3 levels in
the DMH and VMH but not the ARC, a brain area known to
be a critical regulator of food intake [34–37]. These results
challenge the generally accepted concept of diet-induced
leptin resistance in the ARC as a causal factor for the
initiation and/or maintenance of DIO.

We first systematically reviewed literature to show that
both the time-points and effect sizes of the anorectic
response to leptin are very variable (Table S1) [28]. In
addition, leptin sensitivity was often studied at the group
level instead of comparing the treatment effects within
individual rats (Table S1). We next showed the importance
of studying leptin sensitivity at the individual level and at
multiple time-points after injection. At the group level,
the fcHFHS diet group developed leptin resistance after
4 weeks of fcHFHS diet feeding, whereas the chow group
was still leptin sensitive. However, both the chow and

Fig. 5 Hypothalamic leptin
sensitivity in LS and LR rats.
a Representative images of
pSTAT3 immunoreactivity in
the hypothalamic arcuate
nucleus (ARC), ventromedial
hypothalamus (VMH), and
dorsomedial hypothalamus
(DMH) of LS and LR rats fed a
chow or fcHFHS diet. b–d
Number of pSTAT3
immunoreactive cells in the
ARC (b), VMH (c), and DMH
(d). ARC, Fdiet*treatment= 4.348,
p= 0.049; Fsubgroup= 0.354, p
= 0.558. VMH, Fdiet*treatment=
4.490, p= 0.046, Fdiet*subgroup=
8.530, p= 0.008, Ftreatment=
40.151, p= 0.000. DMH,
Fdiet*treatment*subgroup= 4.338, p
= 0.049. Data is shown as mean
± SEM; n= 3–5 per group.
Different lowercase letters
represent significant differences
(P < 0.05) between bars
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fcHFHS diet group showed high variability in individual
leptin sensitivity. Closer inspection of individual leptin
sensitivity on chow diet revealed two different types of
leptin responders, LS and LR rats, which were hidden in the
group average data. LS and LR rats especially differed in
their leptin sensitivity at 1–4 h after leptin injection, but did
not differ at 13–24 h food intake. Only since we monitored
food intake continuously over 24 h following leptin injec-
tion, we were able to discover the two types of leptin
responders on a chow diet. This turned out to be crucial to
predict which rats increase body weight after fcHFHS diet
exposure.

Note that in contrast to earlier studies in which leptin was
injected only once [28, 29], in our study, we found that
individual chow diet fed rats show a stable response pattern
to leptin over weeks, as was tested with four independent
leptin sensitivity tests. Thus, we show that leptin sensitivity
is a stable parameter in a rat and is therefore a reliable
predictor for DIO. The finding that LS and LR rats espe-
cially differed in their leptin sensitivity at 1–4 h after leptin
injection is in accordance with Ruffin et al. and Levin et al.,
who also reported the major differences in leptin sensitivity
before HED exposure at 2 or 4 h, but not 24 h, food intake
[28, 29]. The predominant variability in leptin sensitivity at
the first four hours after leptin injection might be due to the
food restriction instead of fasting prior to leptin sensitivity
testing: rats might respond differently to food restriction
instead of fasting and/or the drive to eat was probably
stronger at the first hours after food return. Interestingly, a
highly variable effect of leptin (range −94 to+129%) on
food intake was specifically reported by Ruffin et al. [28],
who also administered leptin intravenously in male Wistar
rats, as opposed to the more common intraperitoneal leptin
administration in mostly Sprague-Dawley rats (Table S1)

[29]. Therefore, the high variability in leptin sensitivity we
observed, including the (non-significant) tendency of LR to
increase their food intake after leptin injection, could be a
strain effect or result from the intravenous instead of
intraperitoneal route of administration.

Levin et al. reported that selectively bred DIO rats and
DR rats, fed a chow diet, did not differ in leptin transport
across the blood brain barrier [33]. However, DIO rats
showed reduced Lepr-b expression [33, 38], leptin receptor
binding [39], and leptin-induced pSTAT3 levels in the
ARC, VMH, and DMH compared with DR rats [33, 40].
We here also studied whether the reduced anorectic
response to leptin in chow diet fed LR compared with LS
rats could be explained by differences in hypothalamic
pSTAT3 activation, and found that LR rats showed lower
leptin-induced pSTAT3 activation in the DMH and VMH
but not the ARC. There is evidence that leptin’s regulation
of food intake is also mediated via leptin signaling in the
DMH [18, 41, but see 42]. So, lower leptin evoked pSTAT3
activation in the DMH could explain the reduced anorectic
response to leptin in chow diet fed LR rats. The discrepancy
with the above described results of Levin et al. [33] might
result from their selective breeding of DR and DIO rats or
differences in rat strain and/or supplier.

Despite that LS and LR rats were selected based on their
acute feeding response to leptin, they displayed similar daily
caloric intake on both a chow and fcHFHS diet. This is
particularly fascinating as leptin is believed to be a physio-
logical regulator of (long-term) energy intake [34, 35, 37].
Previous studies in rats with a pre-existing or
experimentally-induced impairment in leptin sensitivity
showed a considerable increase in daily caloric intake on
high-energy or high-fat diet, and sometimes even on
chow diet [24, 25, 28, 29]. In previous studies, obesity in

Fig. 6 Summary of the main
findings. Based on leptin
sensitivity on a chow diet, rats
were grouped in leptin sensitive
and leptin resistant rats. After
exposure to an obesogenic free-
choice high-fat high-sugar diet,
leptin resistant rats develop
exacerbated obesity
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(outbred or selectively bred) Wistar and Sprague-Dawley
rats with a pre-existing reduction in leptin sensitivity largely
resulted from hyperphagia. In contrast, we here show that
daily caloric intake was similar in LS and LR rats. Thus,
caloric intake cannot explain why LR rats gained more
weight and adiposity on a fcHFHS diet compared with LS
rats, which makes our model interesting to study food
intake independent mechanisms by which a pre-existing
reduction in leptin sensitivity predisposes rats to develop
exacerbated DIO on a energy-dense diet. In the model of
Levin et al., reduced cellular leptin sensitivity in the ARC
may predispose DIO rats to hyperphagic obesity [33, 40],
while in our model the development of obesity may result
from differences in pSTAT3 activation in the VMH/DMH
between LS and LR rats. Leptin action in the DMH and
VMH has been shown to regulate energy balance by
increasing thermogenesis and energy expenditure [18, 41–
44]. Therefore, reduced thermogenesis and/or energy
expenditure could explain the increased body weight gain
and adiposity in fcHFHS diet fed LR rats. Alternatively, LR
rats might have an increased capacity to absorb energy from
the fcHFHS diet, as increased energy extraction has been
associated with high-fat diet feeding, obesity, and reduced
leptin sensitivity [45–47].

One major question we addressed in this study was
whether DIO mostly results from diet-induced leptin resis-
tance or if a pre-existing reduction in leptin sensitivity is
more critical for the development of DIO. This issue was
not resolved by previous studies, as leptin sensitivity was
usually tested only before [28, 29, 33] or after [7, 11, 12, 15,
16, 23] high-energy or high-fat diet exposure. LR rats
showed a pre-existing reduction in leptin sensitivity on
chow diet compared with LS rats. Exposure to the fcHFHS
diet impaired leptin sensitivity in LS rats, but did not further
reduce leptin sensitivity in LR rats. Since LR rats showed
exacerbated weight gain and adiposity compared with LS
rats during fcHFHS diet feeding, our data indicate that the
susceptibility to develop excessive DIO depends on a pre-
existing reduction in leptin responsiveness rather than diet-
induced leptin resistance. This conclusion is supported by
the findings of leptin sensitivity at the cellular level,
showing that LR rats showed a pre-existing reduction in
leptin-induced pSTAT3 activation in the DMH and VMH
compared with LS rats, which was not further reduced by
fcHFHS diet exposure. Both LS and LR rats did not develop
leptin resistance in the ARC after fcHFHS diet exposure.
Leptin treatment did not induce pSTAT3 activation in the
ARC, but this resulted from the elevated basal pSTAT3
levels upon exposure to the fcHFHS diet, indicating
increased endogenous leptin signaling [9]. The finding of
ongoing endogenous leptin signaling in the ARC of both
LS and LR rats contradicts previous studies showing
selective leptin resistance in the ARC after high-fat diet

feeding [18, 22]. Thus, our results challenge the generally
accepted concept of diet-induced leptin resistance in the
ARC as a causal factor for the initiation and/or maintenance
of DIO. We show that a predisposing reduction in leptin
sensitivity, as measured by both the early anorectic response
to leptin and cellular leptin sensitivity in the VMH/DMH, is
more critical for the development of excessive DIO than
diet-induced leptin resistance.

To conclude, the results described in this study indicate
that individual leptin sensitivity on chow diet, during the
first hour following leptin injection, predicts the suscept-
ibility to DIO. Those rats with a pre-existing reduction in
leptin sensitivity escalated their weight gain merely during
exposure to a diet high in saturated fat and sugar. Therefore,
the overabundance of readily available energy-dense food in
today’s society might be especially a risk factor for indi-
viduals with a pre-existing susceptibility to develop obesity.
It would be interesting to test whether the feeding response
to leptin is suitable as a biomarker for humans with an
increased susceptibility to develop excessive obesity, as
such that those identified as susceptible know that they
should be very cautious with their diet and lifestyle in order
to prevent the development of obesity.
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