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Abstract
Background/Objectives: Obesity is related to a dynamic extracellular matrix (ECM) remodeling, which involves the
synthesis and degradation of different proteins, such as tenascin C (TNC) in the adipose tissue (AT). Given the functional
relationship between leptin and inducible nitric oxide synthase (iNOS), our aim was to analyze the impact of the absence of
the iNOS gene in AT inflammation and ECM remodeling in ob/ob mice.
Subjects/Methods: The expression of genes involved in inflammation and ECM remodeling was evaluated in 10-week-old
male double knockout (DBKO) mice simultaneously lacking the ob and iNOS genes as well as in ob/ob mice classified into
three groups [control, leptin-treated (1 mg kg−1 day−1) and pair-fed].
Results: Leptin deficiency increased inflammation and fibrosis in AT. As expected, leptin treatment improved the obesity
phenotype. iNOS deficiency in ob/ob mice improved insulin sensitivity, AT inflammation, and ECM remodeling, as
evidenced by lower AT macrophage infiltration and collagen deposition, a downregulation of proinflammatory and profi-
brogenic genes Tnf, Emr1, Hif1a, Col6a1, Col6a3, and Tnc, as well as lower circulating TNC levels. Interestingly, leptin
upregulated TNC expression and release in 3T3-L1 adipocytes, and iNOS knockdown in 3T3-L1 fat cells produced a
significant decrease in basal and leptin-induced Tnc expression.
Conclusions: Ablation of iNOS in leptin-deficient mice improved AT inflammation and ECM remodeling-related genes,
attenuating fibrosis, and metabolic dysfunction. The activation of iNOS by leptin is necessary for the synthesis and secretion
of TNC in adipocytes, suggesting an important role of this alarmin in the development of AT inflammation and fibrosis.

Introduction

Obesity constitutes a chronic low-grade inflammatory con-
dition, leading to robust morphological and functional
changes within adipose tissue (AT), including the

accumulation of immune cells, the dynamic remodeling of
the extracellular matrix (ECM), and the altered production
of adipokines, among others1,2. An increased macrophage
recruitment into AT and their polarization towards a
proinflammatory M1 phenotype represents a hallmark of
obesity-associated inflammation3–6. M1 macrophages con-
stitute the principal source of many of the circulating
proinflammatory factors and cytokines, such as tumor
necrosis factor alpha (TNF-α) or interleukin 6 (IL-6)5,7.

* G Frühbeck
gfruhbeck@unav.es

1 Metabolic Research Laboratory, Clínica Universidad de Navarra,
Pamplona, Spain

2 CIBER Fisiopatología de la Obesidad y Nutrición, Instituto de
Salud Carlos III, Madrid, Spain

3 Obesity and Adipobiology Group, Instituto de Investigación
Sanitaria de Navarra (IdiSNA), Pamplona, Spain

4 Medical Engineering Laboratory, University of Navarra,
Pamplona, Spain

5 Department of Endocrinology & Nutrition, Clínica Universidad de
Navarra, Pamplona, Spain

Electronic supplementary material The online version of this article
(https://doi.org/10.1038/s41366-018-0005-5) contains supplementary
material, which is available to authorized users.

12
34

56
78

90
()
;,:

http://crossmark.crossref.org/dialog/?doi=10.1038/s41366-018-0005-5&domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1038/s41366-018-0005-5&domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1038/s41366-018-0005-5&domain=pdf
http://orcid.org/0000-0002-2180-461X
http://orcid.org/0000-0002-2180-461X
http://orcid.org/0000-0002-2180-461X
http://orcid.org/0000-0002-2180-461X
http://orcid.org/0000-0002-2180-461X
http://orcid.org/0000-0001-5601-1604
http://orcid.org/0000-0001-5601-1604
http://orcid.org/0000-0001-5601-1604
http://orcid.org/0000-0001-5601-1604
http://orcid.org/0000-0001-5601-1604
mailto:gfruhbeck@unav.es
https://doi.org/10.1038/s41366-018-0005-5


These inflammatory markers have direct effects on cellular
metabolism, leading to decreased AT expandability,
development of fibrosis, and dysfunction8–11. Similar to
other inflammatory processes, white AT (WAT) inflam-
mation is intrinsically linked to oxidative stress. The high
amount of nitric oxide (NO) synthesized by inducible NO
synthase (iNOS) acts with reactive oxidative species pro-
ducing nitrosative stress, playing a key role in the impair-
ment of adipocyte function and glucose tolerance12,13.

In the context of obesity, the AT ECM undergoes
considerable pathological and dynamic remodeling asso-
ciated with fibrotic deposition, infiltration of proin-
flammatory macrophages, and increased angiogenesis14,15.
The excessive accumulation of ECM components (tenas-
cins, collagens, or fibrin, among others) damages AT
homeostasis and reduces tissue plasticity leading to adipo-
cyte dysfunction, ectopic lipid deposition in peripheral tis-
sues, tissue inflammation, and metabolic disorders15,16. One
important feature of AT expansion and the subsequent
accumulation of ECM components is AT hypoxia, which
ultimately leads to fibrosis17. Tenascin C (TNC), which
belongs to the damage-associated molecular patterns family,
constitutes a large hexameric glycoprotein highly expressed
where tissue structures are dramatically remodeled, includ-
ing embryonic development, cancer invasion, or wound
healing18. TNC is associated with tissue injury as well as
inflammation and modulates fibrotic and inflammatory
responses in diverse diseases, such as liver fibrosis, arthritis,
or obesity by inducing the production of proinflammatory
cytokines19–21. Our group has recently described that TNC
participates in the etiopathology of obesity via AT
inflammation22.

Obesity is typically associated with high levels of leptin,
the product of the ob gene predominantly expressed in
adipocytes23. In addition to its physiological role in the
regulation of food intake and energy expenditure, leptin is
an important element of the innate and adaptive immune
system that mediates an inflammatory response by reg-
ulating the production of proinflammatory cytokines,
including TNF-α, IL-1, and IL-624. These cytokines also
regulate leptin expression, sustaining a chronic proin-
flammatory state25. Since many biological functions of
leptin are induced via NO26–31, our aim was to evaluate the
effects of the disruption of the iNOS gene in wild type and
ob/ob mice on AT inflammation and fibrosis26,32. To further
confirm the potential participation of NO, the effect of the
pharmacological inhibition of iNOS with Nω-nitro-L-argi-
nine methyl ester hydrochloride (L-NAME), a non-selective
NOS inhibitor, and L-N6-(1-iminoethyl)-lysine (L-NIL), a
selective iNOS inhibitor, as well as the effect of iNOS gene
silencing on the leptin-induced production of proin-
flammatory factors was analyzed in murine 3T3-L1
adipocytes.

Material and methods

Generation of double knockout mice lacking the ob
and iNOS genes

Male ob/ob mice were intercrossed with female iNOS
knockout mice (iNOS−/−) on a C57BL/6J background
(Jackson Laboratories, Bar Harbor, ME, USA) in order to
generate a double knockout (DBKO) mouse simultaneously
lacking the ob and the iNOS genes, as previously detailed26.
Male mice were weaned at 21 days of age and genotyped.
Animals had free access to tap water and were fed ad libitum
with a normal chow diet (12.1 kJ: 4% fat, 82% carbohydrate,
and 14% protein, Diet 2014S; Teklad Global Diets, Harlan,
Barcelona, Spain). Leptin-deficient ob/ob mice were classi-
fied into three groups: control, leptin-treated (1 mg kg−1 day
−1) and pair-fed (n= 5 per group) in a blind, randomized
study, as previously described33. The control and pair-fed
groups were injected with vehicle (phosphate-buffered sal-
ine), while the leptin-treated group was intraperitoneally
administered with leptin (Bachem, Bubendorf, Switzerland)
twice a day at 08:00 and 20:00 for 28 days. Control and
leptin-treated groups were fed ad libitum with a rodent
maintenance diet, while the daily food intake of the pair-fed
group was matched to the amount eaten by the leptin-treated
group the day before in order to discriminate the inhibitory
effect of leptin on appetite. In order to study the effect of
iNOS deletion in a model of diet-induced obesity, 4-week-old
male C57BL/6J wild type (n= 8) and iNOS−/− mice (n= 8)
were fed for 8 weeks with a high-fat diet (HFD) (23 kJ/g:
60% fat, 26% carbohydrate, and 14% protein; F3282, Bio-
Serv, Frenchtown, NJ, USA). All animals were maintained at
room temperature (RT) on a 12:12 light–dark cycle (lights on
at 08:00 a.m.) with a relative humidity of 50± 10% and
under pathogen-free conditions. Body weight and food intake
were registered twice weekly. Twelve-week-old mice were
sacrificed by CO2 inhalation under fasting conditions. Car-
diac puncture was used for blood collection, and sera sam-
ples were obtained by cold centrifugation (4 °C) at 700 g for
15min and stored at−20 °C. Epididymal fat depots (EWAT)
were carefully excised, weighed, frozen in liquid nitrogen,
and stored at −80 °C. Biopsies of EWAT were also fixed in
4% formaldehyde for immunohistochemical analyses. All
experimental procedures conformed to the European
Guidelines for the Care and Use of Laboratory Animals
(Directive 2010/63/EU) and the study was approved by the
Ethical Committee for Animal Experimentation of the Uni-
versity of Navarra (042/03 and 041/08).

Blood measurements

Blood glucose was measured using an automatic glucose
sensor (Ascensia Elite, Bayer, Barcelona, Spain). Serum
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concentrations of triglycerides, free fatty acids (Wako
Chemicals, GmbH, Neuss, Germany), and glycerol (Sigma,
St. Louis, MO, USA) were measured by enzymatic methods
using commercially available kits as previously described.
Insulin and adiponectin were determined by enzyme-linked
immunosorbent assay (ELISA) (Crystal Chem, Inc., Chi-
cago, IL, USA and BioVendor Laboratory Medicine, Inc.,
Modrice, Czech Republic, respectively) as previously
described34. Intra- and inter-assay coefficients of variation
for measurements of insulin and adiponectin were 3.5 and
6.3%, respectively, for the former, and 5.6 and 7.2%, for
the latter. The homeostatic model assessment (HOMA) was
calculated as an indirect measure of insulin resistance with
the formula: fasting insulin (μUmL−1)× fasting glucose
(mmol L−1 22.5−1). Circulating levels of TNC were
determined by ELISA (IBL International GmbH,
Hamburg, Germany). Intra- and inter-assay coefficients of
variation for measurements of TNC were 3.5% and 6.3%,
respectively26,35.

RNA extraction and real-time PCR

Total RNA was isolated from EWAT samples and 3T3-L1
adipocytes using the QIAzol® Reagent (Invitrogen,
Barcelona, Spain) and purified with the RNeasy Lipid
Tissue kit (Qiagen) for AT or RNeasy Micro kit (Qiagen)
for adipocytes, according to the manufacturer’s instructions.
Samples were treated with DNase I (RNase-free DNase Set;
Qiagen). For first-strand cDNA synthesis, constant amounts
of 2 μg of total RNA isolated from EWAT and adipocyte
cultures were reverse-transcribed as described earlier36.
Specific primers and probes to each target gene were
designed using the software Primer Express 2.0 (Applied
Biosystems, Foster City, CA, USA) (Suplemental Table 1).
The cDNA was amplified using the TaqMan® Universal
PCR Master Mix (Applied Biosystems) and the transcript
levels for egf-like module-containing mucin-like
hormone receptor-like 1 or F4/80 (Emr1), tumor necrosis
factor α (Tnf), hypoxia-inducible factor 1, α subunit (Hifa),
collagen type VI alpha 1 and 3 chains (Col6a1 and Col6a3,
respectively), fatty acid synthase (Fasn), vascular endothe-
lial growth factor A (Vegfa), PR domain containing 16
(Prdm16), uncoupling protein 1 (Ucp1), cell death inducing
DFFA-like effector c (Cidec), peroxisome proliferator-
activated receptor-gamma (Pparg), and tenascin C
(Tnc) were quantified by Real-Time PCR (7300 Real-Time
PCR System; Applied Biosystems). All results were
normalized to the levels of 18S rRNA (Applied Biosystems)
and relative quantification was calculated using the
ΔΔCt formula37. Relative mRNA expression was expressed
as fold expression over the calibrator sample. All samples
were run in triplicate and the average values were
calculated.

Western blot studies

Tissues were homogenized and protein content was mea-
sured as previously described26. Blots were incubated
overnight at 4 °C with murine monoclonal anti-TNC
(MA516086; ThermoFisher Scientific Inc., Rockford,
USA) at 1:10,000 or murine monoclonal anti-β-actin
(A5441; Sigma) at 1:5000. The antigen–antibodies com-
plexes were visualized using peroxidase-conjugated anti-
rabbit or anti-mouse IgG antibodies (1:10,000 and 1:5000,
respectively) and the enhanced chemiluminescence ECL
detection system (Amersham Biosciences, Buckingham-
shire, UK). The intensity of the bands was determined by
densitometric analysis with the Gel DocTM gel documenta-
tion system and Quantity One 4.5.0 software (Bio-Rad) and
normalized with β-actin densitometric values. All assays
were performed in duplicate.

Histological studies

The immunodetection of TNC and F4/80 in sections of
EWAT (6 µm) was carried out using an indirect immuno-
peroxidase method, as previously described26. Sections were
incubated overnight at 4 °C with rabbit polyclonal anti-TNC
(NB11068136; Novus Biologicals, Abingdon, UK) or rat
polyclonal anti-F4/80 (ab100790; Abcam Ltd., Cambridge,
UK) antibodies both diluted 1:100 in TBS (0.05 mol L−1

Tris-HCl buffer, 0.5 mol L−1 NaCl, pH 7.36). After three
washes (5 min each) with TBS, sections were incubated with
Dako RealTM EnVisionTM HRP-conjugated anti-rabbit/
mouse (Dako, Glostrup, Denmark) or HRP-conjugated anti-
rat IgG diluted in TBS (1:200) for 1 h at RT. After washing
in TBS, the immunocomplexes were visualized by adding
0.5 mgmL−1 3,3-diaminobenzidine (DAB)/0.03% H2O2

solution (Dako) as a developing system, and Harris hema-
toxylin solution (Sigma) as counterstaining. Sections were
dehydrated, coverslipped, and observed under a Zeiss
Axiovert 40 CFL optic microscope (Zeiss, Göttingen, Ger-
many). Negative control slides without primary antibody
were included for the assessment of nonspecific staining.

The quantification of F4/80+ cells and crown-like
structures (CLS) in EWAT (n= 5 per group) were ana-
lyzed using a double-blind protocol. Images of five fields
were captured at magnification of ×200 and the percentage
of F4/80+ cells (F4/80+ cells/total number of cells) as well
as CLS, defined as a circular region surrounded by F4/80+
cells, were counted using the AxioVision 4.6.3 image
analysis software (Zeiss).

Fat cell size was evaluated by analyzing the cross-
sectional area (CSA) of adipocytes in EWAT. Briefly,
sections (6 mm) of 4% formaldehyde-fixed and paraffin-
embedded EWAT biopsies were stained with
hematoxylin–eosin. Images of five fields per section from
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each animal were captured with a ×200 magnification, and
the adipocyte CSA from, at least, 100 cells/section were
measured using AxioVision Release 4.6.3 software (Zeiss).

Quantification and characterization of fibrotic
depots

Sections of formalin-fixed paraffin-embedded EWAT (6
µm) were dewaxed with xylene, hydrated with decreasing
concentrations of ethanol, and stained with 1% Sirius red
(Sigma) to visualize collagen fibers. Images of five fields
per section from each animal (n= 3/per group) were
obtained at ×200 magnification and the fibrous tissue area
stained with Sirius red/total amount of tissue was measured
using the Image J software, as described previously38.

Cell cultures

Murine 3T3-L1 fibroblasts (ATCC® CL-173™) were differ-
entiated into adipocytes, as previously described39. 3T3-L1
cells were seeded at 2× 105 cells/well and grown in adipocyte
medium [DMEM/F-12 [1:1] (Invitrogen, Paisley, UK), 16
μmol L−1 biotin, 18 μmol L−1 panthotenate, 100 μmol L−1

ascorbate and antibiotic–antimycotic] supplemented with 10%
newborn calf serum (NCS) . After 4 days, the medium was
switched to adipocyte medium supplemented with 3% NCS,
0.5mmol L−1 3-isobutyl-1-methylxanthine (IBMX), 0.1 μmol
L−1 dexamethasone, and 10 μgmL−1 insulin. After a 3-day
induction period, cells were fed every 2 days with the same
medium but without IBMX supplementation for the remaining
7 days of adipocyte differentiation.

In a first set of experiments, differentiated 3T3-L1 adi-
pocytes were serum-starved for 24 h and quiescent cells
were stimulated with recombinant murine leptin (10 nmol L
−1) (450–31; PeproTech EC, Inc., Rocky Hill, NJ, USA) or
tenascin C (10 nmol L−1) (3358-TC-050; R&D Systems,
Minneapolis, MN, USA) for 24 h. In a second set of
experiments, leptin (10 nmol L−1)-treated 3T3-L1 adipo-
cytes were incubated in the presence of the PI3K inhibitor
wortmannin (Tocris, Ellisville, MO, USA) (10 μmol L−1),
L-NAME, a nonspecific NOS inhibitor (N5751, Sigma) or
L-NIL, selective inhibitor of iNOS (I8021; Sigma) (all 10
µmol L−1) for 24 h. The concentrations of leptin, tenascin C,
and pharmacological inhibitors to perform the experiments
were chosen on the basis of previous studies carried out in
our laboratory29. One sample per experiment was used to
obtain control responses in the presence of the solvent.

iNOS knockdown in 3T3-L1 adipocytes by small
interfering RNA

For gene silencing studies, small interfering RNA (siRNA)
targeting mouse iNOS and specific scramble negative

control siRNA were used. Briefly, differentiated 3T3-L1
adipocytes (day 7 of differentiation) were transfected with
scramble or two pairs of iNOS siRNAs (200 pmol L−1

siRNA/2× 105 cells per well) (ID18126 Trilencer-27
Mouse siRNA; Origene, Herford, Germany and ID156549
Mouse siRNA; ThermoFisher Scientific, Waltham, USA)
diluted in Opti-MEM (Invitrogen) and mixed with Lipo-
fectamineTM 2000 transfection reagent for 4 h at 37 °C,
according to the manufacturer’s instructions. The treatment
with the two specific iNOS siRNA resulted in 45% and 36%
average knockdown of mRNA of iNOS, respectively
(Supplemental Fig. 1), leading to the selection of iNOS
siRNA ID18126 for the iNOS knocking down studies.
iNOS-silenced 3T3-L1 adipocytes were serum-starved for
24 h and then treated with recombinant murine leptin (10
nmol L−1) for 24 h.

Statistical analysis

Data are expressed as the mean± SEM. The PS Power and
Sample Size Calculations software (edition 3.0.43; Van-
derbilt Biostatistics, Nashville, TN, USA) was used to
determine the power of the study and sample size calcula-
tion. Differences between groups were assessed by a two-
way ANOVA. In case of interaction between factors (lack
of the iNOS or ob genes), a one-way ANOVA followed by
Tukey’s or LSD post hoc tests were applied. Moreover,
comparisons between ob/ob groups and controls were
analyzed by one-way ANOVA followed by Tukey’s post
hoc tests. Statistics were calculated by the SPSS 15.0 soft-
ware (SPSS, Inc., Chicago, IL, USA). A p-value less than
0.05 was considered statistically significant.

Results

iNOS deficiency improved metabolic profile and AT
function in ob/ob mice

Metabolic characteristics of wild type and ob/ob mice
lacking the iNOS gene are shown in Supplemental Table 2.
In agreement with our previous studies26, iNOS disruption
in ob/ob mice caused a reduction in body weight as well as
an improvement in glucose and lipid metabolism as com-
pared to ob/ob counterparts. Although a large controversy
exists on the role of iNOS on glucose homeostasis,40–42 our
results are in agreement with our previous studies26. In
order to analyze the impact of the absence of iNOS on AT in
ob/ob mice, markers of adipogenesis (Pparg, Fasn, and
Cidec) and fat browning (Prdm16 and Ucp1) were eval-
uated. As shown in Fig. 1a and Supplemental Fig. 2A, ob/
ob mice exhibited larger adipocytes with the deletion of the
iNOS gene in ob/ob mice dramatically decreasing (p<
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0.001) adipocyte size in epididymal AT. In line with this
observation, a tendency towards an increase in Pparg
(Supplemental Fig. 2B) as well as an upregulation of Fasn
(Supplemental Fig. 2C) was observed in epididymal AT of
ob/ob mice. The deletion of iNOS significantly decreased
Fasn mRNA levels, but not Pparg transcripts. Leptin
deficiency was also related to an upregulation of Cidec and
a downregulation of Prdm16 and Ucp1 in subcutaneous AT
(SCWAT) (Supplemental Figs. 2D, 2E and 2F). Interest-
ingly, the deletion of iNOS significantly (p< 0.05)
increased Prdm16 mRNA expression levels and tended to
increase Ucp1 transcripts, without changes in Cidec tran-
scripts. Taken together, iNOS deletion improved AT func-
tion in ob/ob mice.

iNOS deficiency decreased AT inflammation and
ECM remodeling in ob/ob mice

The histological staining of F4/80, a macrophage-specific
cell surface marker, revealed an increased AT inflammation
in ob/ob mice as evidenced by higher F4/80+ cells as well
as CLS, whereas DBKO mice showed significantly less
macrophage infiltration in the EWAT (Fig. 1a, b). The
protective effects of the lack of the iNOS gene on AT
inflammation were also confirmed in a model of diet-
induced obesity, which was associated with an increased
number of CLS, while iNOS KO mice fed a HFD exhibited
a decrease in CLS (Fig. 1a, b). Since our study was mainly
focused on the functional relationship between leptin and
iNOS in the onset of AT inflammation and fibrosis, the
subsequent experiments were set in the context of leptin
deficiency. Consistent with the previous observations, leptin
deficiency was associated with increased mRNA levels of
genes involved in the proinflammatory response, such as the
macrophage selective marker Emr1, Tnf, and Hif1a in
EWAT (Fig. 2a–c). DBKO mice simultaneously lacking ob
and iNOS genes displayed a significant decrease in Emr1,
Tnf, and Hif1a transcripts in EWAT compared to ob/ob
mice (Fig. 2a–c). Interestingly, transcript levels of Vegfa, a
member of the VEGF family involved in angiogenesis in
response to AT hypoxia, were markedly decreased in leptin-
deficient mice (Fig. 2d), which is in accordance with pre-
vious reports38,43,44. Moreover, iNOS deficiency further
decreased Vegfa mRNA in EWAT of wild type and ob/ob
mice (Fig. 2d), suggesting that iNOS plays a crucial role in
AT hypoxia To get wider knowledge of the impact of leptin
and iNOS deficiency on AT inflammation, the expression
and tissue distribution of the alarmin TNC was also eval-
uated in EWAT. Leptin-deficient ob/ob mice exhibited a
four-fold increase in Tnc mRNA levels compared to wild-
type mice (Fig. 2e) as well as a marked TNC immunos-
taining in histological sections of EWAT in the mature
adipocytes and, to a higher extent, in the stroma–vascular

fraction cells (Fig. 2f). Accordingly, serum TNC levels were
significantly increased (p< 0.05) in ob/ob mice. iNOS dis-
ruption in ob/ob mice was translated into a downregulation
of Tnc transcript levels in EWAT as well as in circulating
levels of this alarmin (Fig. 2e, g).

We next investigated whether leptin and iNOS deficiency
influenced AT fibrosis. Analysis of Sirius red-stained sec-
tions revealed a dramatic increase in the amount of fibrosis
in leptin-deficient mice compared to wild-type mice,
whereas iNOS−/− mice exhibited significantly less fibrotic
changes in EWAT (Fig. 1c, d). Moreover, iNOS deficiency
also improved the increase in the amount of AT fibrosis in
mice fed a HFD (Fig. 1c, d). Fibrosis amount, distribution,
and collagen types I, III, and VI exhibit different char-
acteristics not only in the context of obesity but also as
regards fat depot localization45. Thus, we analyzed the
impact of iNOS deficiency on the expression of the collagen
type VI subtypes Col6a1 and Col6a3 in epididymal and
subcutaneous AT fibrosis of our experimental animals. The
mRNA levels of collagen type VI (Col6a1 and Col6a3)
were increased in both EWAT and SCWAT of leptin-
deficient mice, with iNOS disruption reducing Col6a1, but
not Col6a3, transcript levels (Fig. 3a–d), suggesting that the
iNOS pathway is partly responsible for the increased col-
lagen production.

Leptin replacement partially reduced the
inflammation and fibrosis in adipose tissue of ob/ob
mice

The ponderal and biochemical characteristics of wild type
and ob/ob mice are described in Supplemental Table 3.
Leptin administration reversed the obese and diabetic phe-
notype of ob/ob mice, corroborating previous findings of
our group33. Leptin administration, as well as pair-feeding
of ob/ob mice, prevented the increased mRNA expression
of Emr, Tnf, Hif1a, Col6a1, Col6a3, and Tnc in the EWAT
of ob/ob mice (Fig. 4a–e), supporting the idea that the
inflammatory response and extracellular matrix remodeling
are common phenomena of the obese state. Serum TNC
levels were also normalized after leptin administration
(Fig. 4f).

Leptin treatment increased proinflammatory genes
in differentiated 3T3-L1 adipocytes

To gain further insight into the role of leptin on the
inflammation and fibrosis in WAT, we next examined the
expression of inflammatory and fibrotic genes in undiffer-
entiated 3T3-L1 preadipocytes and differentiated 3T3-L1
adipocytes. Because leptin treatment did not modify the
transcript levels of the representative studied genes involved
in inflammation and fibrosis Emr, Tnf, Hif1a, Col6a1,
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Col6a3, and Tnc in undifferentiated 3T3-L1 preadipocytes
(Supplemental Fig. 3), we focused next on differentiated
3T3-L1 adipocytes. Leptin stimulation significantly
increased Tnf expression levels in differentiated 3T3-L1
adipocytes, without changes in mRNA levels of Hif1a or
Col6a3 (Fig. 5a–c). As expected, the expression of Emr1
was no detected in differentiated adipocytes (data not
shown). The exposure of differentiated 3T3-L1 adipocytes
to physiological concentrations (10 nmol L−1) of leptin for
24 h showed a tendency towards an increased Tnc gene

expression (p= 0.06) (Fig. 5d) with a significantly
increased release (p< 0.05) of TNC (Fig. 5e). Nevertheless,
treatment of 3T3-L1 adipocytes with TNC did not change
the transcription of Tnf or fibrotic genes, including Col6a1
and Col6a3 (Fig. 5f–h). Due to the fact that the
phosphatidylinositol-3-kinase (PI3K) signaling pathway
mediates several biological actions of leptin46, the effect of
preincubating 3T3-L1 adipocytes with the PI3K inhibitor
wortmannin before the addition of leptin was determined in
a second subset of experiments. A significant decrease (p<
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0.01) in mRNA Tnc expression compared to basal or leptin-
stimulated adipocytes was observed in 3T3-L1 adipocytes
after PI3K inhibition (Supplemental Fig. 4).

Gene silencing of iNOS and pharmacological
inhibition of iNOS reverted the proinflammatory
effect of leptin in 3T3-L1 adipocytes

To further confirm the contribution of iNOS in mediating
leptin-induced inflammation in 3T3-L1 adipocytes, the
constitutive expression levels of the iNOS gene was reduced
by using specific siRNA or pharmacological inhibitors of
iNOS. Gene silencing of the iNOS expression resulted in the
downregulation (p< 0.01) of Tnc mRNA under basal con-
ditions and after leptin stimulation (Fig. 6a). Furthermore,
Tnc was significantly (p< 0.05) increased after leptin treat-
ment both in the control and the iNOS knockdown groups.
Accordingly, the preincubation of 3T3-L1 adipocytes with
both L-NAME or L-NIL blunted the leptin-induced increase
in Tnc mRNA levels (Fig. 6b) as well as TNC release to the
culture media (Fig. 6c). These results directly demonstrate
the contribution of iNOS in TNC expression and secretion in
differentiated 3T3-L1 adipocytes.

Discussion

Adipocytes are active players in AT inflammation due to
their ability to express many proinflammatory cytokines and

to induce the activation and recruitment of immune cells47.
Our results are consistent with previous studies demon-
strating the role of leptin in WAT inflammation and fibro-
sis48,49. Inflammatory factors including TNF-α, IL-1β, or
LPS stimulate leptin expression in fat cells50,51, and leptin in
turn induces monocyte–macrophage chemotaxis and
potentiates the production of the proinflammatory cytokines
TNF-α and IL-652,53, perpetuating AT inflammation. We
confirmed the ability of leptin to stimulate Tnf mRNA
expression in murine 3T3-L1 adipocytes, but not in undif-
ferentiated preadipocytes. Interestingly, our data revealed
that leptin also promoted the synthesis and release of TNC,
an endogenous activator of Toll-like receptor 4 (TLR4) that
is key for the production of proinflammatory cytokines and
ECM remodeling19,22. TNC expression can be induced in
adipocytes after stimulation with proinflammatory cyto-
kines and/or by growth factors from activated macro-
phages11, probably via TLR422. However, contribution of
serum TNC by other peripheral organs cannot be ruled out.
Hypoxia or mechanical stress, present in inflamed tissues,
can also induce TNC expression, and the incubation of
fibroblasts with TNC induces potent fibrotic responses54.
Nevertheless, stimulation of 3T3-L1 adipocytes with TNC
did not change the transcription of Tnf or fibrotic genes,
including Col6a1 and Col6a3. Taken together, the secretion
of the alarmin TNC by adipocytes in the context of genetic
obesity seems to worsen the existing AT fibrosis by tar-
geting stromal cells, which constitute the major source of
production of ECM components45.
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The activation of the PI3K/Akt transduction signaling is
necessary for leptin-induced macrophage migration52 and
proinflammatory cytokine production55 in several cell
types46,56. In this regard, we found that the covalent, irre-
versible inhibitor of PI3K, wortmannin57, decreased Tnc
gene expression levels in differentiated 3T3-L1 adipocytes.
Taken together, leptin acts in an autocrine/paracrine manner
via the PI3K/Akt signaling pathway, contributing to sustain
adipocyte inflammation through the synthesis and release of
the alarmin TNC. Data are based on the immortalized cell
line 3T3-L1 since the preadipose cell line 3T3-L1 is one of
the most common in vitro models used in the study of
adipocyte biology due to its potential to differentiate from
fibroblasts to adipocytes58. However, 3T3-L1 adipocytes
display features of multiple adipocyte lineages, and this
should be taken into consideration when interpreting data
from experiments using this cell line59.

Leptin influences energy homeostasis and immune sys-
tem, constituting a cornerstone of the new field of immu-
nometabolism24. Leptin-deficient ob/ob mice exhibited an
increased AT inflammation and fibrosis, evidenced by
higher AT macrophage infiltration and collagen deposition.
Hypoxia constitutes an essential factor contributing to AT

inflammation and fibrosis17. HIF-1α induction by AT
hypoxia triggers the upregulation of genes involved in the
fibrotic response, resulting in the excess deposition of ECM
components, which may cause adipocyte death and
inflammation, being also strongly associated with systemic
insulin resistance60,61. In line with this observation, our data
showed that genes involved in the regulation of hypoxic
response (Hif1a), inflammation (Tnf, Emr1), and excessive
collagen deposition (Col6a1 and Col6a3) were highly
enriched in EWAT of leptin-deficient ob/ob mice. More-
over, circulating levels and EWAT expression of the alar-
min TNC were also significantly increased in ob/ob mice,
contributing to the sustained inflammatory response and
ECM remodeling associated to obesity22. Our results pro-
vide further evidence that in vivo chronic leptin adminis-
tration reverted obesity, metabolic disturbances, as well as
reduced the expression of hypoxic, proinflammatory
and profibrotic genes. However, these phenomena
cannot exclusively be conducted by leptin, since similar
results were obtained in the pair-fed group, suggesting
that other factors might be operative in the beneficial
effect in the inflammatory response independently of weight
loss33,62.
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Previous studies showed that iNOS−/− mice are protected
from HFD-induced AT inflammation and fibrosis63. In this
sense, NO produced by active macrophages promotes a
profibrogenic response via the activation of HIF-1α in
preadipocytes that results in local adipocytes fibrosis and
necrosis, M1 macrophage polarization, and systemic insulin
resistance63. Accordingly, we provide evidence, for the first
time, that iNOS plays a major role in AT inflammation and
fibrosis associated with congenital leptin deficiency. Several
plausible mechanisms can explain the improvement of AT
fibrosis and metabolic dysfunction in the DBKO mice.
Firstly, iNOS deficiency in ob/ob mice reduces adipocyte
enlargement, which positively correlates with insulin
resistance64. These observations are in line with the present
work showing the limitation in the accumulation of lipids in
adipocytes together with the increased levels of adiponectin
and the reduced AT inflammatory profile in DBKO mice
could be related with the improved insulin sensitivity.
Secondly, contrary to the results obtained by Jang et al.63,
our findings revealed that EWAT from iNOS−/− and DBKO
mice presented a dramatic reduction in Hif1a, a major
contributor of AT inflammation and fibrosis. Interestingly,
HIF-1α is a positive regulator of iNOS and, conversely, NO
produced by iNOS increases HIF-1α stability65,66. Thus,
iNOS disruption might ameliorate AT hypoxia in ob/ob
mice by decreasing the transcription and stability of HIF-1α.

Accordingly, the lower transcript levels of the proangio-
genic and hypoxia-sensitive Vegfa gene in iNOS-deficient
mice might reflect a lesser need of capillary network
expansion due to the improved AT hypoxia. Thirdly, we
found that iNOS−/− and DBKO mice exhibited a profound
decrease in collagen deposition in Sirius red-stained sec-
tions of AT together with a downregulation of Col6a1 and
Col6a3, the genes encoding collagen VI, the major com-
ponent of ECM in rodents. In this sense, the deletion of
Col6a3 leads to the improvement in metabolic health in
obese, diabetic ob/ob mice67, which is in accordance with
the improved obese and diabetic phenotype of our DBKO
model reported by our group and others26,68. Finally, our
results showed that iNOS deletion in ob/ob mice sig-
nificantly reduces circulating levels and AT expression of
the alarmin TNC. Similarly, iNOS gene silencing and
pharmacological inhibition of iNOS induced a down-
regulation of leptin-induced Tnc transcript levels. These
finding suggests that leptin activates TNC via a NO-
dependent mechanism. Although obesity affects both males
and females, a sexual dimorphism exists in the development
of obesity-associated metabolic complications69. Thus, fur-
ther studies are warranted to analyze the impact of iNOS
disruption in the sexual dimorphism of obesity.

The impact of iNOS deletion on AT function in the
context of leptin deficiency was addressed analyzing
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markers of adipogenesis (Pparg, Fasn, and Cidec) and fat
browning (Prdm16 and Ucp1). It was shown that ob/ob
mice exhibited larger adipocytes with the absence of the
iNOS gene in ob/ob mice significantly decreasing adipocyte
size in epididymal AT. Furthermore, a tendency towards an
increase in the transcript levels of the master transcription
factor of adipogenesis PPARγ as well as an upregulation of

Fasn was observed in epididymal AT of ob/ob mice. The
deletion of iNOS significantly decreased Fasn mRNA
levels, but not Pparg transcripts70. In a prior work, we
found that leptin constitutes a positive regulator of fat
browning process through the upregulation of Prdm16,
Ucp1, and Cidec in murine subcutaneous adipocytes71.
Accordingly, leptin deficiency was associated with a
downregulation of Prdm16, a zinc-finger protein involved
in the expression of brown fat-selective genes, and Ucp1, a
brown- and beige-specific marker, together with an upre-
gulation of Cidec, which promotes lipid droplet formation
in subcutaneous AT72, suggesting an impaired fat browning
in the context of leptin deficiency. Interestingly, the deletion
of iNOS upregulated Prdm16 mRNA levels and tended to
increase Ucp1 transcript levels. Taken together, iNOS
deletion improved AT function in ob/ob mice through the
reduction of adipocyte hypertrophy in epididymal AT and
the improvement of fat browning-selective gene expression
in subcutaneous AT.

In summary, leptin is able to downregulate ECM com-
ponents in an obesogenic environment via NO-dependent
mechanisms. We herein demonstrate that deletion of the
iNOS gene in ob/ob mice reverses AT inflammation and
fibrosis, contributing to the improvement of metabolic
function. NO produced by adipocytes is necessary for the
synthesis and release of profibrogenic and proinflammatory
TNC, suggesting a crucial role of this alarmin in the
development of AT fibrosis in the obese state. Further
research is needed to disentangle the specific function of
leptin and iNOS in ECM remodeling.
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