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Partial leptin deficiency confers resistance to
diet-induced obesity in mice
Shangang Zhao 1,5, Na Li 1,2,5, Yi Zhu 1,3, Leon Straub 1, Zhuzhen Zhang 1, May-Yun Wang 1, Qingzhang Zhu 1,
Christine M. Kusminski 1, Joel K. Elmquist 4, Philipp E. Scherer 1,*
ABSTRACT

Objective: Hyperleptinemia per se is sufficient to promote leptin resistance in the obese state. Leptin sensitivity can be restored by reducing
circulating leptin levels within a physiologically healthy range and is a viable antiobesity and antidiabetic strategy. However, a previous study
suggests that partial leptin deficiency favors diet-induced obesity and related metabolic disorders in mice, arguing that a lower leptin level may
indeed promote diet-induced obesity and its associated metabolic disorders. Here, we aim to elucidate what the impact of partial leptin deficiency
is on fat mass and insulin sensitivity.
Methods: We used two different mouse models of partial leptin deficiency: an adipocyte-specific congenital heterozygous leptin knockout mouse
line (LepHZ) and the well-established whole body heterozygous leptin knockout mouse (OBHZ). The metabolic studies of OBHZ and LepHZ mice
were performed both on normal carbohydrate-rich chow diet and on a high-fat diet (HFD). Male and female mice were included in the study to
account for sex-specific differences. Body weight, food intake, glucose tolerance, and insulin tolerance were tested. Histology of adipose tissue
and liver tissue allowed insights into adipose tissue inflammation and hepatic triglyceride content. Immunohistochemistry was paired with RT-
PCR analysis for expression levels of inflammatory markers.
Results: Both OBHZ and LepHZ mice displayed reduced circulating leptin levels on the chow diet and HFD. On chow diet, male OBHZ and LepHZ
mice showed elevated fat mass and body weight, while their glucose tolerance and insulin sensitivity remained unchanged. However, the inability
in partially leptin-deficient mice to fully induce circulating leptin during the development of diet-induced obesity results in reduced food intake and
leaner mice with lower body weight compared to their littermate controls. Importantly, a strong reduction of adipose tissue inflammation is
observed along with improvements in insulin sensitivity and enhanced glucose tolerance. Additionally, partial leptin deficiency protects the mice
from fatty liver and liver fibrosis. Chronically HFD-fed OBHZ and LepHZ mice remain more sensitive to exogenous leptin injection, as reflected by
their reduced food intake upon an acute leptin treatment.
Conclusion: In response to HFD feeding, the inability to upregulate leptin levels due to partial leptin deficiency protects mice from diet-induced
obesity and metabolic dysregulation. Thus, in an obesogenic environment, maintaining lower leptin levels is highly beneficial for both obesity and
diabetes management. Chronic leptin reduction represents a viable preventive strategy whose efficacy awaits clinical testing.

� 2020 The Authors. Published by Elsevier GmbH. This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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1. INTRODUCTION

The overconsumption of calorically dense foods coupled to a sedentary
lifestyle dramatically increases the risk for the development of obesity.
Obesity positively correlates with a reduction in health span, i.e., the
loss of disease-free years [1], because it puts an individual at high risk
toward the development of many pathological sequelae, such as
coronary heart disease, stroke, liver cirrhosis, type 2 diabetes (T2D),
and a number of different cancer types [1,2]. The continuous global
increase of obesity highlights the urgent need for the development of
new preventive treatment modalities aimed at reducing the obesity
incidence [2,3].
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The identification and elucidation of the physiological roles of two key
adipokines, leptin and adiponectin, changed the accepted view of
adipose tissue from an energy storage organ to an active endocrine
organ. Leptin specifically entered the limelight as a factor with the
promise to be a potent antiobesity agent [4,5]. Leptin is predominately
(though not exclusively) secreted from adipose tissue. Genetic inacti-
vation of the lep gene in adipose tissue leads to undetectable levels of
leptin in circulation [6]. The physiological importance of leptin is best
highlighted by the classical leptin-null mouse modeldthe ob/ob
mouse. These mice carry a homozygous nonsense mutation of lep,
characterized by massive obesity, severe insulin resistance, and many
other metabolic disorders [7]. The extraordinary ability of leptin to
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promote energy expenditure and reduce food intake in lean mice is
well documented. Injection of recombinant leptin yields the expected
results, increasing energy expenditure and reducing food intake [8,9].
Of special note, leptin can completely rescue the ob/ob phenotype and
reverse severe insulin resistance and fatty liver in mice and humans
with lipodystrophy [10e12]. However, in initial clinical trials, the long-
term treatment of obese patients with supraphysiological doses of
leptin casts doubt on the ability of recombinant leptin to act as an
antiobesity factor [8]. Many studies reported that the treatment of diet-
induced obesity with recombinant leptin is largely ineffective [13e15].
This can be explained by the fact that obese mice or humans do not
lack leptin; instead, they display very high levels of circulating leptin
(“hyperleptinemia”). This has led various investigators to suggest that
hyperleptinemia per se may induce leptin resistance [16e18].
Furthermore, hyperleptinemia-associated leptin resistance may pro-
mote metabolic disorders under obesogenic conditions [19e21].
Similarly, chronic overexpression of leptin enhances obesity develop-
ment and its associated metabolic disorders [22]. Consistent with
these observations, we recently demonstrated that increasing leptin
levels in obese mice, with genetically inducible overexpression of leptin
in adipose tissue, further accelerates weight gain and metabolic dis-
orders, even upon increasing circulating leptin levels by as little as
50% [23]. Conversely, we have shown that reducing circulating leptin,
either by doxycycline-induced partial leptin deletion or with a
neutralizing monoclonal leptin antibody, reduces body weight gain and
greatly improves glucose tolerance and insulin sensitivity [23]. Based
on these observations, we propose that limiting the rise in leptin levels
under obesogenic conditions exerts beneficial effects on energy ho-
meostasis [45].
In contrast to all the data above, an older study claims that partial leptin
deficiency favors obesity, nonalcoholic steatohepatitis, and other
metabolic abnormalities, particularly under conditions of high caloric
intake [24]. This casts doubt on the beneficial effects of a lower leptin
level under obesogenic conditions. Our study here aims to revisit this
question as to whether congenital partial leptin deficiency impacts the
development of diet-induced obesity and its associated metabolic
abnormalities. To that end, we examined two mouse models with
partial leptin deficiency: the classical ob heterozygous mice (OBHZ)
and mice with only one copy of an intact lep locus, the other one
eliminated by an adiponectin promoter-driven constitutively expressed
Cre (LepHZ). Our results generated from partially leptin-deficient mice
fully support the idea that the inability to effectively increase leptin
levels during obesity due to a 50% reduction in gene dosage slows
down diet-induced obesity, accompanied by enhanced glucose toler-
ance and insulin sensitivity.

2. MATERIAL AND METHODS

2.1. Animals
All of the animal experimental protocols have been approved by the
Institutional Animal Care and Use Committee of the University of Texas
Southwestern Medical Center at Dallas. The mice were housed under
standard laboratory conditions (12 h on/off; lights on at 7:00 a.m.) and
the temperature-controlled environment with food and water available
ad libitum. Mice were fed a standard chow diet (number 5058, Lab-
Diet, St. Louis, MO, USA) or high-fat diet (HFD) (60% energy from fat,
made by BioServ, Frenchtown, NJ, USA) for various periods as indi-
cated in the figures. All experiments were initiated at approximately 8
or 9 weeks of age, unless indicated otherwise. Mouse phenotyping
studies were performed with littermate controls and a minimum of two
independent cohorts with more than five mice in each group.
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OBHZ mice (Jax no. 000632) were obtained from Jackson Labs (Bar
Harbor, ME, USA). This mouse colony is on a pure C57BL6 background.
Leptin floxed mice on a 129 background were kindly provided by the Dr.
Childs lab at the University of Arkansas College of Medicine of [6]. These
mice carrying a floxed leptin locus were extensively backcrossed to a
C57BL6 background (Jax no. 000664) for more than eight generations
[23]. Adiponectin-Cre mice (Jax no. 028020) were obtained from
Jackson Labs and maintained on a pure C57BL/6 background.

2.2. Food intake and body weight
In order to measure food intake and body weight gain, OBHZ, LepHZ,
and littermate controls were single-housed. Before each experiment,
the mice were acclimated in the single cage for at least one week to
reduce stress. For some of the studies, the food intake and body
weights were measured on a daily basis, while in some chronic
studies, these parameters were measured once a week, as indicated
in the figure legends.
In order to test leptin sensitivity, OBHZ, LepHZ, and littermate control
mice were starved overnight. The next day, mice were injected with
leptin (National Hormone & Peptide Program, Harbor-UCLA Medical
Center) at a dose of 0.5 mg per kg body weight. Subsequently, food
intake was measured at the following time points: 0, 1 h, 2 h, 4 h, 8 h,
24 h, and 30 h.

2.3. Glucose and insulin tolerance test
Glucose tolerance tests (GTTs) and insulin tolerance tests (ITTs) were
performed as previously described [25,26]. For GTTs, the mice were
fasted for 4e6 h in the morning, and then the mice orally received 2 g
of glucose per kg body weight dissolved in phosphate-buffered saline
(Cat. 806,552, SigmaeAldrich). Injection volume was calculated based
on 10 mL/g body weight. Blood glucose concentrations were measured
by glucose meters (Contour) at the indicated time points. For ITTs, mice
were fasted for 6 h in the morning, and chow-fed animals were
intraperitoneally injected with insulin at a dose of 0.25 U per kg body
weight, while HFD-fed animals were injected with a dose of 0.5 U per
kg body weight. Blood glucose concentrations were measured by
glucose meter at the indicated time points. For some of the experi-
ments, the area under the curve (AUC) was calculated.

2.4. Blood parameters
Blood was taken from fed animals in the morning and was centrifuged
at 8000 g for 5 min, and then the supernatants were collected for
multiple analyses. Leptin was measured using an ELISA kit from
Crystal Chem (catalog number: 90,080). Adiponectin was measured
using an ELISA kit from Invitrogen (catalog number: EZMADP-60K).
Estradiol was measured using an ELISA kit from Calbiotech (catalog
number: ES180S-100).

2.5. RT-qPCR and analysis
RNA was extracted from fresh or frozen tissues by homogenization in
TRIzol reagent (Invitrogen) as previously described [27]. We used 1 mg
RNA to transcribe cDNA with a reverse transcription kit (Bio-Rad). Most
of RT-qPCR primers were from the Harvard PrimerBank (https://pga.
mgh.harvard.edu/primerbank/). The relative expression levels were
calculated using the comparative threshold cycle method, normalized
to the housekeeping gene Rps16.

2.6. Histology
Histology was done as previously described [28]. In brief, adipose
tissues and livers were excised and fixed overnight in 10% PBS-
buffered formalin and were, thereafter, switched to 50% ethanol for
his is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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long time storage. Tissues were processed at the UTSW Molecular
Pathology Core.

2.7. Immunofluorescence
Immunofluorescence was done as previously described [29]. In brief,
formalin-fixed, paraffin-embedded sections from white adipose and
brown adipose tissues were blocked in PBST with 5% BSA. Primary
antibodies used were against perilipin (1:500 dilution NB100-60554,
Novus), UCP1 (1:250 dilution, ab10983, Abcam), or Mac2 (1:500
dilution, Cat#: 125,401, BioLegend). Secondary antibodies (1:250
dilution) used were Alexa Fluor 488 or 594 donkey anti-rabbit IgG (HCL)
or Alexa Fluor 488 or 594 donkey anti-goat IgG (HCL) (Invitrogen).
Slides were counterstained with DAPI. Fluorescent images were ac-
quired using an AxioObserver Epifluorescence Microscope (Zeiss) or an
FSX100 microscope (Olympus).

2.8. Statistical analysis
All values are expressed as the mean � SEM. The significance be-
tween the mean values for each study was evaluated by Student’s t-
tests for the comparisons of the two groups. One-way or two-way
ANOVA was used for the comparisons of more than two groups.
P � 0.05 is regarded as statistically significant.

3. RESULTS

3.1. Partial leptin deficiency on chow diet slightly increases body
weight gain
In order to assess the effects of partial leptin deficiency on body weight
gain and glucose homeostasis, we applied two different mouse models
that carry a heterozygous deletion of one of the lep alleles. The first
model we used is the heterozygous ob mouse (OBHZ) that represents a
congenital partial leptin deficiency. The second mouse model is the
Cre-loxP-mediated heterozygous adipocyte-specific lep gene deletion
mouse (LepHZ), in which Cre expression is limited to adipocytes, driven
by the adiponectin promoter.
In order to make sure that the OBHZ mice used in this study represent
a real partial leptin deficiency model, we first crossed male and female
OBHZ mice to generate classical ob/ob mice and littermate controls
(Ctrl). As expected, circulating levels of leptin in our ob/ob mice were
completely undetectable with the specific ELISA kit used (Figure S1A).
Also, ob/ob mice are massively obese with greatly increased food
intake (Figure S1B and C) and greatly impaired glucose tolerance
(Figure S1D). In addition, ob/ob mice display severe fatty liver and
“whitening” of brown adipose tissue, compared to littermate Ctrl mice
(Figure S1E and F). All these results suggest that our ob/ob mice are
indeed fully deficient for leptin.
In order to study the effects of partial leptin deficiency on glucose
homeostasis, we crossed OBHZ mice with wild type (WT) mice to
obtain approximately 50% OBHZ and littermate control WT mice
(Figure 1A). Circulating leptin levels were measured on 8-week-old
chow-fed male and female mice. As both gene copies are transcrip-
tionally active in a wildtype mouse, leptin serum concentrations were
reduced by approximately half in both male and female OBHZ mice
(Figure 1B,C). On chow diet, only male, but not female, OBHZ mice
increased their body weights (Figure 1D,E), which can be attributed to
an increase in fat mass (Figure 1F) without a change in lean mass
(Figure 1G). Furthermore, GTTs and ITTs were performed on chow-fed
OBHZ and WT mice. In both male and female mice, glucose and insulin
tolerance remained unchanged (Figure 1HeJ). As expected, chronic
reduction of leptin leads to a weight gain, which did not, however,
translate into the expected change in glucose homeostasis.
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To confirm the findings made in OBHZ mice using a second inde-
pendent mouse model of partial leptin deficiency, LepHZ mice un-
derwent the same metabolic characterization. We crossed adiponectin
(Apn)-Cre/þ mice with lepflox/flox to obtain littermate control (Ctrl) mice
(lepflox/þ) and LepHZ (Apn-Cre::lepflox/þ) mice (Figure 1K). At 8 weeks
of age, male and female LepHZ mice showed significantly reduced
circulating leptin levels (Figure 1L,P). Body weights of male LepHZ
mice at 16 weeks were increased (Figure 1M), with a slight increase in
fat mass and no change in lean mass (Figure 1N,O). Female LepHZ
mice showed a trend toward increased body weights, but this did not
reach statistical significance (Figure 1Q). Similar to OBHZ mice, chow-
fed male and female LepHZ mice did not show any significant differ-
ences in glucose and insulin tolerance, compared to littermate Ctrl
mice (Figure 1ReT). All these observations support the notion that
chow-fed partially leptin-deficient mice reduce circulating leptin levels
and slightly increase their body weights without any impact on glucose
and insulin tolerance.

3.2. Chow-fed partially leptin-deficient mice do not show any
functional differences in adipose tissue and liver
As partially leptin-deficient mice on chow diet display a slight increase
in fat mass, we wondered whether adipose tissue and liver function are
affected. We collected three major adipose tissue depots (inguinal
white adipose tissue (ingWAT), epididymal white adipose tissue (epi-
WAT), and interscapular brown adipose tissue (iBAT)), as well as liver.
In the ingWAT depot, a higher degree of browning is positively asso-
ciated with better glucose tolerance [30]. H&E staining indicates that
both OBHZ and LepHZ mice showed a similar degree of browning and
that their adipocyte size is comparable (Figure 2A,C). Furthermore,
expression levels of the browning markers Pgc1a and Ucp1 were
almost identical in both partially leptin-deficient mice and the Ctrl mice
(Figure 2B,D).
EpiWAT hypertrophy and widespread macrophage infiltration are
hallmarks of developing systemic insulin resistance [31]. H&E staining
of epiWAT in both partially leptin-deficient mouse models shows no
significant difference in the size of adipocytes and in macrophage
infiltration (Figure 2E,G). In addition, the expression levels of classical
markers of adipose tissue inflammation remain unchanged, which
argues against the alteration of epiWAT functionality (Figure 2F,H).
Chow-fed partially leptin-deficient mice did not show any difference in
brown fat and liver, as demonstrated by similar lipid droplet accu-
mulation in brown fat and liver by H&E staining (Figure S2A, C, E, and
G). Furthermore, the unaltered gene expression of brown marker genes
in the iBAT depot points at an overall healthy state of the brown adi-
pose tissue (Figure S2B and D). The livers of partially leptin-deficient
mice on a chow diet show no sign of enhanced fibrosis as judged
by fibrotic gene expression in the liver (Figure S2F and H).

3.3. Partial leptin deficiency causes resistance to HFD-induced
obesity
HFD is known to rapidly elevate circulating leptin levels and promote
leptin resistance [32]. We, therefore, probed for the impact of chronic
HFD feeding on partially leptin-deficient mice. Upon exposure to an
HFD challenge, male OBHZ mice maintain lower circulating leptin
levels compared to their littermate Ctrl mice (Figure 3A). Consistent
with our recent findings [23], the lower leptin levels lead to reduced
overall weight gain (Figure 3B), driven mostly by reduced fat mass
expansion with no impact on lean mass (Figure 3C,D). To probe for any
sexually dimorphic responses, we additionally performed the same
HFD feeding experiment with female OBHZ and littermate Ctrl mice.
Relative to male OBHZ mice, female OBHZ mice show an even higher
ccess article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/). 3
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Figure 1: Partially leptin-deficient mice on chow diet display a marginally increased body weight gain. (A) Breeding strategy used to generate OBHZ mice and littermate controlled
WT mice. (B) Circulating leptin levels measured in 8-week-old male mice (n ¼ 7 for WT mice; n ¼ 10 for OBHZ mice). (C) Circulating leptin levels measured in 8-week-old female
mice (n ¼ 7 per group). (D) Body weight gain of male OBHZ and littermate ctrl mice (n ¼ 6 for WT mice; n ¼ 5 for OBHZ mice). (E) Body weights of female OBHZ mice (n ¼ 6 for
WT mice; n ¼ 5 for OBHZ mice). (F) Fat mass measured by EchoMRI on 20-week-old male OBHZ and WT mice (n ¼ 5 per group). (G) Lean mass of 20-week-old male OBHZ and
WT mice (n ¼ 5 per group). (H) OGTT on 16-week-old male OBHZ and WT mice (n ¼ 6 for WT mice; n ¼ 5 for OBHZ mice). (I) OGTT on 16-week-old female OBHZ and WT mice
(n ¼ 6 for WT mice; n ¼ 5 for OBHZ mice). (J) ITT on male OBHZ and WT mice (n ¼ 5 mice per group). (K) Breeding strategy used to generate LepHZ and Ctrl mice. (L) Circulating
leptin levels measured on 8-week-old male LepHZ and Ctrl mice (n ¼ 7 for Ctrl mice; n ¼ 6 for OBHZ mice). (M) Body weights of 20-week-old LepHZ and Ctrl mice (n ¼ 6 mice per
group). (N) Fat mass of 20-week-old LepHZ and Ctrl mice (n ¼ 6 mice per group). (O) Lean mass of 20-week-old LepHZ and Ctrl mice (n ¼ 6 mice per group). (P) Circulating leptin
levels measured on 12-week-old female LepHZ and Ctrl mice. (Q) Body weights of 20-week-old female LepHZ and Ctrl mice. (R) OGTT on 16-week-old male LepHZ and Ctrl mice
(n ¼ 7 for Ctrl mice; n ¼ 6 for LepHZ mice). (S) OGTT on 16-week-old female LepHZ and Ctrl mice. (T) ITT on LepHZ and Ctrl mice (n ¼ 7 for Ctrl mice; n ¼ 6 for LepHZ mice). Data
are mean � SEM. Student’s t-test: *P < 0.05, **P < 0.01, ***P < 0.001 for WT versus OBHZ or Ctrl versus LepHZ.
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Figure 2: No differences observed in inguinal and epididymal white adipose tissues in chow-fed partially leptin-deficient mice. (A) H&E staining of a SubQ fat depot of a 20-week-
old OBHZ and WT mice. (B) Expression of browning markers in a SubQ fat depot of 20-week-old OBHZ and WT mice. (C) H&E staining of a SubQ fat depot of 20-week-old LepHZ
and Ctrl mice. (D) Expression of browning markers in a SubQ fat depot of 20-week-old LepHZ and Ctrl mice. (E) H&E staining of an Epi fat depot of 20-week-old OBHZ and WT mice.
(F) Expression of inflammation markers in an Epi fat depot of 20-week-old OBHZ and WT mice. (G) H&E staining of an Epi fat depot of 20-week-old LepHZ and Ctrl mice. (H)
Expression of browning markers in Epi fat depots of 20-week-old LepHZ and Ctrl mice.
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Figure 3: Partially leptin-deficient mice are resistant to diet-induced obesity. (A) Circulating leptin levels measured in 22-week-old male OBHZ and WT mice. (B) Body weights of
male OBHZ and Ctrl mice measured during the diet study. (C) Fat mass of 22-week-old male OBHZ and WT mice. (D) Lean mass of 22-week-old male OBHZ and WT mice. (E)
Circulating leptin levels measured in 22-week-old female OBHZ and WT mice. (F) Body weight of male OBHZ and Ctrl mice measured during the diet study. (G) Fat mass of 22-
week-old female OBHZ and WT mice. (H) Lean mass of 22-week-old female OBHZ and WT mice. (I) Circulating leptin level measured in male LepHZ and Ctrl mice after 8-week HFD
feeding. (J) Body weights of LepHZ and Ctrl mice during the HFD feeding period. (K) Fat mass of male LepHZ and Ctrl mice after 12-week HFD feeding. (L) Lean mass of male
LepHZ and Ctrl mice after 12-week HFD feeding. (M) Circulating leptin levels measured in female LepHZ and Ctrl mice after 20-week HFD feeding. (N) Body weights of LepHZ and
Ctrl mice during the HFD feeding period. (O) Fat mass of female OBHZ and WT mice after 20-week HFD feeding. (P) Lean mass of female LepHZ and Ctrl mice after 20-week HFD
feeding. Data are mean � SEM. Student’s t-test or one-way ANOVA: *P < 0.05, **P < 0.01, ***P < 0.001 for WT versus OBHZ or Ctrl versus LepHZ.
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degree of leptin reduction in circulation (Figure 3E). Similar to male
mice, female OBHZ mice are resistant to diet-induced obesity, with a
profound reduction in fat mass and no change in lean mass
(Figure 3F,G). These observations contradict previously published data
made with a similar mouse model [24].
In order to further confirm our findings made on OBHZ mice, we
conducted similar experiments on the second partially leptin-deficient
mouse model. This independent approach of congenitally eliminating
one lep gene allele in adipocytes of LepHZ mice on an HFD reproduced
the reduction of circulating leptin levels (Figure 3I). The partial
reduction in circulating leptin also protects the LepHZ mice from diet-
induced obesity (Figure 3J), which can be attributed to reduced fat
mass growth, with no impact on lean mass (Figure 3K and L). Similarly,
female LepHZ mice reduced circulating leptin levels as well, leading to
resistance to diet-induced obesity, and greatly reduced fat mass
without affecting lean mass (Figure 3M�P).

3.4. Partially leptin-deficient mice on HFD display improved
glucose tolerance and insulin sensitivity
To assess whether the reduced body weight gain on HFD was asso-
ciated with a better metabolic phenotype, GTTs and ITTs were per-
formed on both male and female mice. Male and female OBHZ mice
clearly displayed improved glucose tolerance and increased insulin
sensitivity (Figure 4AeF). Likewise, improved glucose tolerance and
higher insulin sensitivity were also observed in male and female LepHZ
mice after chronic HFD feeding (Figure 4GeL).

3.5. Partial leptin deficiency reduces adipose tissue inflammation
and protects the mice from fatty liver and liver fibrosis during HFD
exposure
One of the hallmarks of diet-induced obesity is that HFD greatly pro-
motes macrophage infiltration into adipose tissue. Infiltrating macro-
phages form “crown-like” structures and are a major source of
adipose tissue inflammation. We performed histological studies to
assess whether partial leptin deficiency protects the mice from adipose
tissue inflammation induced by chronic HFD. Both the morphology and
the size of adipocytes in the ingWAT depot of OBHZ, LepHZ, or Ctrl
mice were unchanged after chronic HFD feeding (Figure 5A,C). How-
ever, in the epiWAT depot of OBHZ and LepHZ mice, macrophage
infiltration into adipose tissue was greatly reduced (Figure 5B,D),
suggesting a potential reduction in adipose tissue inflammation. To
further assess whether the inability to fully induce leptin is associated
with reduced adipose tissue inflammation, markers of adipose tissue
inflammation, such as Mcp1, F4/80, and Tnfa, were assessed in both
ingWAT and epiWAT, isolated from both male and female mice.
Consistent with the histological appearance, the expression levels of
inflammation markers were greatly reduced in adipose tissue depots of
male and female OBHZ and LepHZ mice (Figure 5EeH and
Figure S3AeD). Furthermore, immunohistochemical staining with
Mac2 antibodies (a macrophage marker) highlighted that macrophage
infiltration into adipose tissue is potently reduced in partially leptin-
deficient mice (Figure 5I,L). All these observations clearly indicate
that partial leptin deficiency on HFD reduces adipose tissue inflam-
mation. This phenomenon correlates well with the improved meta-
bolically healthy phenotype.
As clinical studies suggest that high circulating levels of leptin
positively are associated with the severity of fatty liver [33], we
explored whether partial leptin deficiency can protect mice from a
fatty liver phenotype. HFD is a potent promoter of lipid droplet
accumulation in the liver in wildtype mice. In contrast, partial leptin
deficiency clearly results in reduced lipid droplet accumulation
MOLECULAR METABOLISM 37 (2020) 100995 � 2020 The Authors. Published by Elsevier GmbH. This is an open a
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(Figure S4A and B), reflecting the protective role that leptin reduction
exerts on a fatty liver phenotype. Strikingly, the expression levels of
classical markers of liver fibrosis, such as Col1a1, Col3a1, Tgfb, and
Sma, are significantly reduced in both partially leptin-deficient male
and female mice (Figure S4CeF). Additional inflammation markers,
such as Tnfa, are also dramatically reduced (Figure S4C and D).
These results indicate that partial leptin deficiency not only protects
the mice from a fatty liver but also exerts potent anti-inflammatory
and antifibrotic effects in the liver.

3.6. Partial leptin deficiency results in enhanced leptin sensitivity
High levels of circulating adiponectin promote higher insulin sensitivity
and better glucose tolerance, and we wondered whether a net increase
in adiponectin levels can help explain the beneficial effects observed in
partially leptin-deficient mice. We measured circulating adiponectin
levels in partially leptin-deficient female mice and we did not observe
an elevation adiponectin level in these mice (Figure S5A). However,
with unaltered adiponectin levels and lower leptin levels, the adipo-
nectin/leptin ratio significantly increases, which may contribute to the
improved metabolic phenotype.
In addition, we have previously demonstrated that partial leptin
reduction in obese mice is associated with restored leptin sensitivity in
hypothalamic neurons. We, therefore, wondered whether partial leptin
deficiency leads to a better leptin sensitivity during HFD exposure.
We observed an overall reduced food intake, in both HFD-fed OBHZ and
LepHZ mice. This is consistent with a potential increase in leptin
sensitivity. In order to directly assess whether increased hypothalamic
leptin sensitivity contributes to the observed beneficial effects,
including resistance to diet-induced obesity and improved glucose
tolerance, we measured several important genes in the hypothalamic
region of the brain. We found that the expression of POMC and LepR
was significantly increased, while the expression of Socs3 was greatly
reduced (Figure 6A,B), consistent with enhanced leptin action in the
hypothalamic neurons. Furthermore, we injected exogenous leptin into
overnight-fasting mice and measured food intake at various time
points. We found that HFD-fed OBHZ and LepHZ mice show trends to
reduce food intake at 30 min and 60 min followed by a significantly
reduced food intake at 8 h, 24 h, and 30 h (Figure 6C,D), indicating that
partially leptin-deficient mice display a much higher level of leptin
sensitivity. The sustained enhanced leptin sensitivity is likely a key
driver for the beneficial effects on body weight and glucose tolerance.
Partially leptin-deficient mice display higher leptin sensitivity. We
wondered whether this affects fertility in female mice. While we did not
assess this in depth, partially leptin-deficient female mice maintain
normal menstrual cycles and reproductive function. We measured
estradiol levels and found that female OBHZ and LepHZ mice display
normal circulating levels (Figure S5B).

4. DISCUSSION

With two partially leptin-deficient mouse models (OBHZ and LepHZ),
we report the following observations: (1) Both OBHZ and LepHZ mice
display reduced circulating leptin levels. (2) On chow diet, male OBHZ
and LepHZ display slightly increased body weights, but despite the
increased weight, they show no significant changes in glucose and
insulin tolerance, adipose tissue, and liver function. (3) Upon a HFD
challenge, both male and female OBHZ and LepHZ mice are resistant
to diet-induced obesity. (4) Both OBHZ and LepHZ mice display better
glucose tolerance and improved insulin sensitivity and are protected
from adipose tissue inflammation, fatty liver, and hepatic fibrosis. (5)
Both OBHZ and LepHZ maintain a higher level of leptin sensitivity. All
ccess article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/). 7
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Figure 4: Improved glucose tolerance and insulin sensitivity in HFD-fed partially leptin-deficient mice. (A) OGTT performed on male OBHZ and WT mice after 8-week HFD feeding.
(B) AUC calculated based on (A). (C) ITT on male OBHZ and WT mice after 10-week HFD feeding.(D) OGTT performed on HFD-fed female OBHZ and WT mice. (E) AUC calculated
based on (D). (F) ITT on female OBHZ and WT mice. (G) OGTT on male LepHZ and Ctrl mice after 8-week HFD feeding. (H) AUC calculated based on (G). (I) ITT on male LepHZ and
Ctrl mice after 10-week HFD feeding. (J) OGTT on female LepHZ and Ctrl mice. (K) AUC calculated based on (J). (L) ITT on female LepHZ and Ctrl mice. Data are mean � SEM.
Student’s t-test: *P < 0.05, **P < 0.01, ***P < 0.001 for WT versus OBHZ or Ctrl versus LepHZ.
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Figure 5: Reduced adipose tissue inflammation in HFD-fed partially leptin-deficient mice. (A) H&E staining of a SubQ fat depot of OBHZ and WT mice after 20-week HFD feeding.
(B) H&E staining of a SubQ fat depot of OBHZ and WT mice after 20-week HFD feeding. (C) H&E staining of a SubQ fat depot of LepHZ and Ctrl mice after 12-week HFD feeding. (D)
H&E staining of an Epi fat depot of LepHZ and Ctrl mice after 12-week HFD feeding. (E) Expression of inflammatory markers in SubQ fat depots of OBHZ and WT mice after 20-week
HFD feeding. (F) Expression of inflammatory markers in Epi fat depots of OBHZ and WT mice after 20-week HFD feeding. (G) Expression of inflammatory markers in SubQ fat depots
of LepHZ and WT mice after 12-week HFD feeding. (H) Expression of inflammatory markers in Epi fat depots of LepHZ and WT mice after 12-week HFD feeding. (I) Mac2 staining of
a SubQ fat depot of OBHZ and WT mice after 20-week HFD feeding. (J) Mac2 staining of an Epi fat depot of OBHZ and WT mice after 20-week HFD feeding. (K) Mac2 staining of a
SubQ fat depot of LepHZ and Ctrl mice after 12-week HFD feeding. (L) Mac2 staining of an Epi fat depot of LepHZ and Ctrl mice after 12-week HFD feeding. Data are mean � SEM.
Student’s t-test: *P < 0.05, **P < 0.01, ***P < 0.001 for WT versus OBHZ or Ctrl versus LepHZ.
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Figure 6: HFD-fed partially leptin-deficient mice sustain higher leptin sensitivity. (A) Gene expression in the hypothalamic region of HFD-fed OBHZ and Ctrl mice. (B) Gene
expression in the hypothalamic region of HFD-fed LepHZ and Ctrl. (C) Food intake measured at different time points in HFD-fed OBHZ and WT mice after acute leptin injection. (D)
Food intake measured at different time points in HFD-fed LepHZ and Ctrl mice after acute leptin injection. Data are mean � SEM. Student’s t-test: *P < 0.05, **P < 0.01,
***P < 0.001 for WT versus OBHZ or Ctrl versus LepHZ.

Original Article
these observations are in support of our model that the inability to
increase leptin levels under obesogenic conditions is beneficial for the
management of obesity and diabetes [23]. In addition, this observation
lends further support to our previous findings that a reduction in leptin
levels serves as a novel approach for weight loss and insulin sensi-
tization [23].
The observations made on two mouse models of partial leptin defi-
ciency are in contrast to a previous study on OBHZ mice, in which the
authors claimed that partial leptin deficiency favors obesity, nonalco-
holic steatohepatitis, and other metabolic abnormalities, particularly
under conditions of high caloric intake [24]. We are at a loss to explain
these disparate results. The OBHZ mice we are using in our study are
truly partially leptin-deficient mice, as ob/ob mice generated by
crossing our heterozygous OBHZ with OBHZ indeed display the clas-
sical ob/ob phenotype without any circulating leptin and have
increased food intake, massive obesity, glucose intolerance, and fatty
liver. In addition, OBHZ mice used in our study display an approxi-
mately 40%e50% reduction in circulating leptin. Importantly, we are
exclusively comparing littermate controls in all of our experiments. In
contrast, in the previous study, the absolute amount of circulating
leptin measured in the “partially leptin-deficient” mice is equal to or
even much higher than the control mice used, questioning the authors’
premise of partial leptin deficiency [24]. In addition, it is still unclear
whether littermate controls were used in the previous study, an
essential condition for all metabolic studies [34].
The effects of partial leptin deficiency on body weight can be viewed in
two different settings: leptin-sensitive versus leptin-resistant states. In
the context of a leptin-sensitive state, increasing leptin levels can
indeed reduce food intake and body weight, while reducing leptin
levels leads to increased food intake and body weight. Thus, in the
chow-fed young OBHZ and LepHZ mice, the partial leptin deficiency
creates a state of modest leptin insufficiency with a slightly increased
food intake and body weight gain [35]. This observation is consistent
with the classical physiological role attributed to leptin and supported
by many additional observations. Injection of leptin into leptin sensitive
10 MOLECULAR METABOLISM 37 (2020) 100995 � 2020 The Authors. Published by Elsevier GmbH. T
young mice leads to a reduction in food intake and body weight. Leptin
transgenic mice on chow diet lose 80%e90% fat and are highly insulin
sensitive (even though these mice express pharmacological levels of
leptin) [36]. In the states of leptin resistance with high circulating
leptin, further increases in leptin levels do not produce any measurable
additional effects on food intake and body weight. However, reducing
leptin levels in this setting generated unexpected and dramatic effects
on reducing food intake and body weight [23]. Based on these ob-
servations, we propose that a reduction of leptin levels in the obese
state leads to a dramatic enhancement of leptin sensitivity. Our current
observations on HFD-fed partially leptin-deficient mice fully support
this notion. Circulating leptin levels in an HFD-fed partially leptin-
deficient state are reduced by approximately 50%, and these lower
leptin levels protect the mice from diet-induced obesity. In addition, a
peripherally restricted CB1R reverse agonist, JD5037, reduces circu-
lating leptin levels in an HFD setting, resulting in reduced food intake
and reduced body weight gain, and it reverses insulin resistance [37].
Furthermore, the selective hypoxia-inducible factor 1a (HIF1a) inhib-
itor PX-478 reduces circulating leptin levels, leading to improved
glucose tolerance, increased energy expenditure, and reduced liver
steatosis [38].
As a positive correlation between lower body weight and better glucose
tolerance has been well documented in many animal models and
clinical studies, it is reasonable to speculate that the observed bene-
ficial effects, such as improved glucose tolerance and reduced adipose
tissue inflammation and fatty liver, are simply the result of the reduced
body weight gain. However, a more detailed kinetic analysis will need
to be performed in the cases of pharmacological or inducible genetic
models, as we frequently find that the reduction in leptin levels pre-
cedes the reduction in weight and the improvements in insulin
sensitivity.
Are some of these beneficial effects weight-independent for additional
reasons? Recently, the role of leptin as an activator of immune cells is
increasingly appreciated [39]. Leptin stimulates the proliferation and
activation of circulating monocytes into macrophages in vitro [40].
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Moreover, leptin can dose-dependently stimulate the production of
proinflammatory cytokines [41]. Thus, HFD-induced high leptin levels
may contribute to increased macrophage infiltration into epididymal
fat, as reflected in the HFD-fed control mice [42]. In contrast, partially
leptin-deficient mice reduce circulating leptin levels and display
reduced monocyte activation, leading to reduced macrophage infil-
tration into adipose tissue and a healthy adipose tissue phenotype. As
such, the negative impact of leptin, even at high levels, on peripheral
cells is in contrast to the complete lack of response to elevated leptin in
critical regions of the brain. This strongly supports the idea of “se-
lective leptin resistance”.
Leptin mediates hepatic stellate cell activation and liver fibrosis
through indirect effects on Kupffer cells [43,44]. No attempts have
been made to reverse liver fibrosis by targeting circulating leptin levels
[45]. Here, we provide evidence that reducing circulating leptin levels
may be a powerful approach to greatly prevent and alleviate liver
fibrosis. This beneficial effect may be the result of direct action on the
liver, independent of any impact on body weight. Additional more
detailed studies are warranted to assess the effects of partial leptin
reduction in liver fibrosis.
Based on this and our previous studies, we conclude that, in leptin
sensitive states, as observed in young and lean animals, reducing leptin
level leads tomodest increases in food intake andweight gain; in contrast,
in states of leptin resistance, as observed in diet-induced obesity,
reducing leptin levels restores leptin sensitivity, leading to reduced food
intake and body weight gain, accompanied by increased glucose toler-
ance and insulin sensitivity [46]. Partial leptin reduction holds great
promise in developing novel therapies for obesity and type 2 diabetes.
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