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Abstract—It is well established that a high-fat diet (HFD) can lead to overweight and ultimately to
obesity, as well as promoting low-grade chronic inflammation associated with increased levels of
such mediators as TNF-α, IL-1, and IL-6. Bone marrow mesenchymal stem cells (MSCs), which are
involved in hematopoietic niches and microenvironments, can be affected by these cytokines, res-
ulting in induction of NF-κB and inhibition of PPAR-γ. Because this phenomenon could ultimately
lead to suppression of bone marrow adipogenesis, we set out to investigate the effect of an HFD on
the expression of PPAR-γ and NF-κB, as well as the production of IL-1, IL-6, and TNF-α in MSCs.
Two-month-old male Wistar rats were fed a HFD diet and evaluated by means of leukograms and
myelograms along with blood total cholesterol, triglyceride, and C-reactive protein levels. MSCs
were isolated, and PPAR-γ and NF-κB were quantified, as well as IL-1, IL-6, and TNF-α produ-
ction. Animals that were fed a HFD showed higher levels of blood total cholesterol, triglycerides,
and C-reactive protein with leukocytosis and bone marrow hyperplasia. MSCs from HFD animals
showed increased production of IL-1, IL-6, and TNF-α and increased NF-κB and reduced PPAR-γ
expression. Therefore, ingestion of an HFD induces alterations in MSCs that may influence mod-
ulation of hematopoiesis.
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INTRODUCTION

It is well established that the excessive consump-
tion of a high-fat diet (HFD) leads to overweight and
ultimately to obesity, as well as promoting low-grade
chronic inflammation, which is deeply tied to the

pathogenesis of metabolic syndrome and other chronic
diseases [1, 2]. Low-grade inflammatory states are
commonly associated with increased levels of certain
biomarkers, mainly pro-inflammatory cytokines, such as
TNF-α, IL-1, and IL-6, which can have direct or indirect
effects on hematopoiesis [1, 3–5].

Hematopoiesis is a complex process that leads to
the continuous production of blood cells and is highly
regulated and influenced by various stimuli. The
production of these cells depends on the hematopoietic
stem cell and a bone marrow microenvironment that is
suitable for survival, proliferation, and differentiation to
occur in an organized manner [6, 7].

The bone marrow microenvironment is formed
mainly by mesenchymal stem cells (MSCs), which can
support hematopoiesis and differentiate along multiple
mesenchymal lineages, such as osteoblasts, adipocytes,
and chondrocytes. MSCs express transcription factors
that regulate this process of differentiation, including
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osteogenic factors, such as RUNX2 and osterix, adipo-
genic factors, such as CCAAT-enhancer-binding protein α
and proliferator-activated receptor γ (PPARγ), and the
chondrogenic factor SOX-9 [8]. RUNX2 represses adipo-
genesis, while PPARγ both downregulates RUNX2
expression and also binds to the RUNX2 protein to inhibit
transactivation of osteogenic promoters [9, 10].

MSCs are involved in stabilizing microenviron-
ments and forming niches for hematopoietic cells, while
osteoblastic cells within the endosteal region play a role
in controlling the number of hematopoietic stem cells
[11–13]. Adipocytes, conversely, suppress hematopoie-
sis under homeostatic conditions and particularly under
stressed conditions [14]. It should be noted that while
pro-inflammatory cytokines, such as IL-1, IL-6, and
TNF-α, usually inhibit bone marrow adipogenesis, when
bone marrow adipocytes act as negative regulators of the
hematopoietic microenviroment, these cytokines can, in
fact, act as inducers of hematopoiesis in the bone
marrow microenvironment [14–16]. Suppression of
adipogenesis is mediated by the inhibition of the
transcription factor PPAR-γ, which is a key inducer of
adipogenesis. Additionally, other intracellular signal
transducers can be activated, including NF-κB, which
is also able to suppress the function of PPARγ
effectively [16, 17].

NF-κB is a key component of inducible expression
pathways and may play a role in stem cell cytokine
production. Inhibition of PPAR-γ induces NF-κB and
promotes inflammatory responses by enhancing the
transcription of various inflammatory cytokines, adhe-
sion molecules, and chemokines [18, 19]. Our aims in
this study were to examine the role of NF-κB and
PPAR-γ in MSCs from an obese rat model and to assess
the capability of these cells to produce IL-1, IL-6, and
TNF-α.

MATERIALS AND METHODS

Animals and Treatments

Two-month-old male Wistar rats (initial weight,
298±27 g) were obtained from the Faculty of Pharma-
ceutical Sciences at the University of São Paulo. Rats
were placed in plastic cages (two to three rats per cage)
in an atmosphere of 55±10 % relative humidity at 22±
2 °C with a 12-h light/dark cycle. Rats were given free
access to food and water. Body mass and dietary intake
were recorded three times a week. The study was

approved by the Ethics Committee on Animal Experi-
mentation of the Faculty of Pharmaceutical Sciences at
the University of São Paulo according to the guidelines
of the Brazilian College on Animal Experimentation.

After acclimatization for 10 days with a semi-
purified diet based on the American Institute of
Nutrition’s recommendations for the adult rodent (AIN-
93M) [20], rats were randomly assigned into two
groups: the HFD group and the control (CON) group.
For 12 weeks, the CON group (n08) received the AIN-
93M diet (total energy: 75.8 % carbohydrates, 9.3 % fat,
and 14.9 % protein), while the HFD group (n08)
received an AIN-93M-based diet that was enriched with
lard (total energy: 24.2 % carbohydrates, 60.9 % fat, and
14.9 % protein). A pilot study determined that rats from
the HFD group consumed approximately 30 % less food
than rats from the CON group. However, given the
higher energy density of the HFD (5.55 kcal/g)
compared to the CON diet (3.99 kcal/g), the daily
energy intake did not differ between the groups.
Insufficient intake of micro- and macronutrients by the
HFD group rats, which was caused by the lower
consumption rate, could significantly affect the out-
comes of the study. Therefore, to ensure comparable
intakes of micro- and macronutrients between the
groups, diet ingredients (except for starch and lard) were
normalized according to their energy densities, as shown
in Table 1. Additionally, because HFD feed is highly
susceptible to oxidation, its tert-butylhydroquinone
content was increased [21].

Blood and Adipose Tissue Mass

Animals were anesthetized with xylazine chlorohy-
drate (Rompum®, 10 mg/kg, Bayer S.A., São Paulo, SP,
Brazil) and ketamine chlorhydrate (Ketamina®, 100 mg/
kg, Cristália Ltda., Itapira, SP, Brazil), and whole blood
samples were collected in tubes with or without the
anticoagulant ethylenediaminetetraacetic acid (EDTA,
1 mg/mL, Sigma Chemical Company, St. Louis, MO,
USA). Blood samples collected with EDTAwere used to
perform a leukogram (Horiba ABX Diagnostics, Mont-
pellier, France). Differential leukocyte counts were
performed on blood smears stained with the standard
May–Grunwald and Giemsa solutions (Sigma Chemical
Co., St. Louis, MO, USA) [22]. Samples collected
without anticoagulant were separated, and total choles-
terol and triglyceride levels were quantified using
standard methods. Quantification of the leptin and
C-reactive protein levels in the serum was performed by
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the Luminex-based bead array method LINCOplex simul-
taneous multi-analyte detection system (Linco Research
Inc., St. Charles, MO, USA) according to the manufac-
turer’s instructions. After euthanasia, adipose tissue was
collected, and the periepididymal and retroperitoneal fat
pads were isolated and weighed.

Bone Marrow Cellularity and Mesenchymal Stem
Cell Isolation

Femurs were removed under aseptic conditions,
and bone marrow cells were flushed using Dulbecco’s
Modified Eagle’s Medium (DMEM) (Vitrocell, Campi-
nas, SP, Brazil) supplemented with 10 % fetal calf serum
(Vitrocell, Campinas, SP, Brazil). Cells were washed by
adding complete media, centrifuging for 5 min at
300 rpm at 24 °C, and removing the supernatant.

Myelogram counts were performed by counting
cells using a Neubauer chamber (Herka, Berlin, Ger-
many), and differential cell counts were performed on
smears stained with the standard May–Grünwald–
Giemsa solutions (Sigma Chemical Company, St. Louis,
MO, USA).

The bone marrow cell pellet was resuspended and
cultured in 75-cm2 culture flasks with complete media at
37 °C with 5 % CO2 in air. MSCs preferentially attached
to the polystyrene surface. After 48 h, non-adherent cells
in suspension were discarded. Fresh complete media was
added and replaced every 3 or 4 days thereafter. Cells
were confirmed to be MSCs by checking for cell surface
markers CD 271+, CD34−, CD45−, and CD90+. Cultures
were passaged when they reached 90 % confluency by
detaching them with 0.25 % trypsin–EDTA (GIBCO
Invitrogen, Carlsbad, CA) and replating them in culture

flasks. Cells were utilized for experimentation between
passages 3 and 4.

Bone Marrow Mesenchymal Stem Cell Culture
and IL-1, IL-6, and TNF-α Quantification

MSCs were isolated as described above and cells at
passage 3 were cultured in DMEM medium (Vitrocell,
Campinas, SP, Brazil) supplemented with 10 % fetal calf
serum at a concentration of 1×106 cells/mL. These cells
were incubated at 37 °C in a humidified atmosphere of 5 %
CO2 for 24 h. Supernatants were subsequently collected for
IL-1, IL-6, and TNF-α quantification, which was
performed using the Luminex-based bead array method
LINCOplex simultaneous multi-analyte detection system
(Linco Research Inc., St. Charles, MO, USA) according to
the manufacturer’s instructions. The entire procedure was
executed under aseptic conditions, and all of the materials
were previously sterilized and were pyrogen-free.

Western Blot Analysis

To determine the protein levels of PPAR-γ, NF-κB,
and RUNX2, MSCs were isolated and washed three times
with sterile, cold PBS and were lysed with RIPA buffer
(0.1 % SDS, 1 % Igepal CA-630, 1 % sodium deoxy-
cholate, 10 mM Tris-HCL, pH 7.5, 150 mM NaCl, and
0.5 mM EDTA) in the presence of a protease and
phosphatase inhibitor cocktail (Sigma-Aldrich Corp., St.
Louis, MO, USA). After centrifugation at 14,000 rpm and
4 °C for 15 min, the supernatant was collected, mixed with
5X Laemmli buffer (1 M Tris-HCl, pH 6.8, 10 % 2-
mercaptoethanol, 10 % SDS, 50 % glycerol, and 0.01 %
bromophenol blue) and boiled for 5 min. The protein
content of cell homogenates was determined using a BCA
Protein Assay kit (Pierce Biotechnology, Inc., Rockford,
IL, USA), and equal amounts of protein (30 μg per well)
were separated on 7.5 % SDS-polyacrylamide mini gels
and transferred to Immobilon polyvinylidene difluoride
membranes (Millipore Corporation, Billerica, MA, USA).
After overnight incubation with the appropriate primary
antibodies (1:1,000), including PPAR-γ (cat no. sc7196,
Santa Cruz Biotechnology, Santa Cruz, CA, USA), NF-κB
p65 (cat no. 146751, eBioscince, San Diego, CA, USA.),
phosphorylated NF-κB (cat no. sc33039, Santa Cruz
Biotechnology, Santa Cruz, CA, USA), and RUNX2 (cat
no. Ab81357-100, Abcam Inc, MA, USA), the membranes
were washed three times and incubated for 1 h with a
secondary antibody conjugated to horseradish peroxidase
(cat no. DC03L, Calbiochem, San Diego, CA, USA). After
three washes with TBST, the immunoreactive bands were

Table 1. Diet composition

Ingredients
CON diet1 HFD
g/1,000 kcal

Cornstarch 155.40 29.65
Sucrose 25.04 25.04
Casein 35.05 35.05
Soybean oil 10.01 10.01
Lard – 55.44
Cellulose 12.52 12.52
Mineral mix 8.76 8.76
Vitamin mix 2.50 2.50
L-cystine 0.45 0.45
Choline bitartrate 0.63 0.63
Tert-butylhydroquinone 0.002 0.007

Experimental diet composition
1According to AIN-93M (17)
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visualized using the ECL detection system (Amersham
ECL™ Advance Western Blotting Detection Kit, Piscat-
away, NJ, USA). To standardize and quantify the immuno-
blots, a digital detection system (IMAGE QUANTTM 400
version 1.0.0, Amersham Biosciences, Pittsburgh, PA,
USA) was used. The results were expressed in relation to
the intensity of β-actin (1:40,000 for anti-β-actin, Cell
Signaling Technology, Inc., Beverly, MA, USA) and as a
percentage of the control value.

Statistics

Dependent variables were normally distributed.
Results were subjected to statistical analysis (Student’s
t test) using the computer software GraphPad Prism®
(GraphPad Prism version 5.03 for Windows; GraphPad
Software, San Diego, CA, USA), and data are expressed
as the mean values with their standard deviations.
Differences were considered statistically significant
when the p value was ≤0.05.

RESULTS

Diet, Body Weight, Periepididymal
and Retroperitoneal Adipose Tissue Mass, Serum
Cholesterol, Triglycerides, Leptin, and C-Reactive
Protein Quantification; Leukogram; and Myelogram

Rats maintained on the HFD reduced their food
consumption up to 30 % but had a significant increase in
lipid consumption, which resulted in increased body
weight and a significant increase in the periepididymal
and retroperitoneal adipose tissue mass. Blood total
cholesterol, triglyceride, leptin, and C-reactive protein
levels were significantly increased in the animals from
the HFD group compared to the CON group (Table 2).

The animals in the HFD group presented with
leukocytosis and neutrophilia (p≤0.05) when compared
to the CON group; the number of lymphocytes and
monocytes did not show difference (Table 2). Additionally,
the HFD group presented hyperplastic bone marrow with
an increase in the number of granulocytic cells (p≤0.05)
when compared to the CON group (Table 2).

In Vitro Determination of MSC Production of IL-1,
IL-6, and TNF-α

IL-1, IL-6, and TNF-α production by MSCs was
measured in sample supernatants after 24 h of culture.
IL-1, IL-6, and TNF-α concentrations from the HFD

group were significantly higher (p≤0.05) than in the
CON group (Fig. 1).

Western Blots (NF-κB and Phosphorylated NF-κB,
PPAR-γ, and RUNX2)

The evaluation of the expression of total NF-κB as
well as phosphorylated NF-κB in MSCs was signifi-
cantly higher in the HFD group (p≤0.05) compared to
the CON group. MSCs showed a significantly decreased
PPAR-γ expression (p≤0.05) in the HFD group com-
pared to the CON group and an increased RUNX2
expression (p≤0.05) in the HFD group in comparison to
the CON group (Fig. 2).

DISCUSSION

HFD is a widely used model for the study of
obesity and metabolic syndrome in rodents [23–25]. The
main advantages of this model lie in its physiological
properties and in its similarity to human disease etiology
[23, 24]. However, the contribution of HFD models to
understanding obesity and the metabolic syndrome has
limitations, due to the frequent use of unbalanced
composition of diets resulting from low nutrient density
and addition of non-purified ingredients [25]. In the
current study, dietary constituents were carefully
matched to diet energy density with the goal of
providing a more precise assessment. Since diet ingre-
dients were adjusted for nutrient density, and no signs of
hyperphagia were observed, groups did not differ with
respect to the intake of protein, fiber, or micronutrients.
This fact is of major importance, given that the marginal
intake of some nutrients could have affected the studied
outcomes, either directly or indirectly [26, 27].

Studies have shown an association between HFD
and an increase in body fat and total cholesterol and
triglyceride levels [25, 28], as well as elevated white
blood cell counts [29, 30]. In our study, we observed that
the consumption of a HFD resulted in increased body
weight with a significant increase in adiposity as
evaluated by fat depots, as well as higher blood levels
of total cholesterol, triglycerides, leptin, and C-reactive
protein. Furthermore, we observed leukocytosis and a
higher number of bone marrow cells and, more
specifically, polymorphonuclear granulocytes.

Obesity can be considered a state of low-grade
inflammation associated with increased levels of leptin
and other mediators, mainly pro-inflammatory cytokines.
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TNF-α was identified as the first molecular link between
inflammation and obesity [31]. TNF-α is overexpressed
not only in adipose tissue, albeit at extremely low
circulating levels, but also in other tissues [31, 32].
Adipose tissue can also secrete several cytokines, such
as TNF-α, IL-1, IL-6, adiponectin, and leptin, which can
have both direct and indirect effects on hematopoietic
cells [1, 3–5].

NF-κB is regarded as a primary regulator of acute
and chronic inflammatory responses. Also, NF-κB is a
key component of inducible expression pathways and

may play a role in stem cell cytokine production [33].
Inflammatory signaling is primarily mediated by the NF-
κB pathway, which can lead to increased expression of
cytokines and such growth factors as IL-6, TNF-α, and
VEGF in MSCs. These cytokines and growth factors are
implicated in the dynamic production of mediators of
cell–stromal communication, which are important in
hematopoiesis [34]. Our results show that MSCs from
HFD animals have more capability to produce IL-1, IL-
6, and TNF-α in vitro compared to cells from animals fed
a CON diet. Consistent with these data is an increase of

Table 2. Diet consumption, lipid intake, body weight variation, adipose tissue mass, total cholesterol, triglycerides, leptin, C-reactive protein, and
blood and bone marrow cell counts of the control group (CON) and the high-fat diet group (HFD)

Groups CON (n014) HFD (n014)

Diet consumption (g/day/animal) 24.03±2.03 18.01±1.99***
Kcal consumption (day/animal) 95.87±12.1 99.95±11.7
Lipid consumption (g/day/animal) 0.98±0.11 6.66±0.78***
Body weight variation (%) +64.2±4.98 +79.2±12.10*
Periepididymal adipose tissue mass 9.01±1.52 16.02±2.53***
Retroperitoneal adipose tissue mass 8.84±0.65 18.87±1.23***
Total Cholesterol (mg/dL) 70.1±7.80 87.2±8.71**
Triglycerides (mg/dL) 93.8±12.65 118.1±19.37*
Leptin (pg/mL) 4,012±1,836 5,921±2,492*
C-reactive protein (ng/mL) 598.8±220.4 1,108.0±151.9*
Peripheral leukocytes (/mm3) 5,313±935 6,280±921*
Peripheral polymorphonuclear granulocytes (/mm3) 1,112±327 1,912±321*
Peripheral lymphocytes (/mm3) 3,956±599 4,081±712
Peripheral monocytes (/mm3) 251±112 287±183
Bone marrow total cells (×106/mL) 14.1±2.01 19.9±2.77*
Bone marrow polymorphonuclear granulocytes (×106/mL) 9.99±1.57 15.56±2.01*
Bone marrow lymphocytes (×106/mL) 1.99±0.51 2.25±0.61
Bone marrow mono-macrophages (×106/mL) 0.27±0.18 0.30±0.11
Bone marrow erythroblasts (×106/mL) 1.78±0.41 1.91±0.55

Diet consumption; lipid intake; body weight variation; adipose tissue mass; concentration of serum cholesterol, triglycerides, leptin, and C-reactive
protein; blood and bone marrow cell counts of the control (CON) and HFD groups are expressed as the mean±SD. The numbers in brackets denote
the number of animals used in the experiment; *p≤0.05, **p≤0.01, and ***p≤0.01 where there was a significant difference between the HFD and
the CON groups

Fig. 1. In vitro production of IL-1, IL-6, and TNF-α by bone marrow mesenchymal stem cells of the control group (CON) and the high-fat diet group
(HFD). The results are expressed as the mean±SD of the levels of IL-1, IL-6, and TNF-α in the supernatant of a 24-h bonemarrowmesenchymal stem
cell culture using a final concentration of 1×106 cells/mL of cells from that the of the control (CON; n=6) and high-fat diet (HFD; n=6) groups.
Asterisk indicates that there was a significant difference between the CON and HFD groups (p≤0.05).
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Fig. 2. Western blots (NF-κB, phosphorylated NF-κB, PPAR-γ, and RUNX2). Results expressed as mean plus standard deviation (n=6) of total and
phosphorylated NF-κB, PPAR-γ, and RUNX2 protein expression in mesenchymal stem cells from control (CON) and high-fat diet group (HFD).
After densitometric quantification, results for total and phosphorylated NF-κB, PPAR-γ, and RUNX2 protein expression were normalized to β-actin
values. Asterisk indicates a significant difference between the control group (CON) and high-fat diet group (HFD) (p≤0.05).
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total and phosphorylated NF-κB expression. Furthermore,
our data showed that the increase in NF-κB expression was
associated with a reduction in PPAR-γ expression.

Cytokines, such as IL-1 and TNF-α, are dependent
on NF-κB activation and have the capacity to inhibit
adipocyte differentiation in MSCs by antagonizing
PPAR-γ, a key inducer of adipogenesis, suggesting that
these cytokines may be physiologically important for
MSCs lineage commitment [16]. Additionally, PPAR-γ is
a ligand-activated transcription factor having anti-inflam-
matory properties that play an important role in regulating
NF-κB-induced inflammation [35]. PPAR-γ plays a role in
diverse biological processes, including cell proliferation,
glucose homeostasis, lipid metabolism, and inflammation
[36]. PPAR-γ and its activators are known as important
modulators of NF-κB, thus exhibiting anti-inflammatory
effects [35] that can ultimately alter the expression of pro-
inflammatory genes, such as IL-1, IL-6, or TNF-α [19].

Because PPAR-γ is a key regulator of adipo-
genesis, suppression of PPAR-γ function may inhibit
adipogenesis and consequently shift bone marrow
differentiation towards osteoblastogenesis [37]. This
effect was reflected in our findings as an increase in
levels of RUNX2, an osteogenic transcription factor, in
MSCs from the HFD group. Suzawa et al. [16]
demonstrated the ability of TNF-α/IL-1 to activate the
TAK1/TAB1/NIK (NF-κB-inducible kinase) signaling
cascade that blocks PPAR-γ DNA binding trough
physical association with NF-κB. Suppression of
PPAR-γ function may inhibit adipogenesis and conse-
quently shift cell fate commitment more to osteoblasts
than adipocytes in bone marrow. In agreement with these
data, we observe increased levels of leptin in HFD
animals compared to control animals. Leptin has been
shown to have an anabolic effect in a human marrow
stromal cell line, indicating that leptin can promote
differentiation into an osteoblastic phenotype [38, 39].

Our results lead us to speculate that MSCs from
HFD animals are in an inflammatory state compared to
control animals and that this state may be brought on by
an increase of pro-inflammatory cytokines such as IL-1,
IL-6, and TNF-α as well as the NF-κB expression to the
detriment of PPAR-γ expression. Additionally, a reduc-
tion of PPAR-γ expression in MSCs could decrease their
ability to differentiate into adipocytes, thus increasing
osteoblastic differentiation. This, in turn, could be partly
responsible for niche alterations that affect hematopoiet-
ic cell numbers [40], as is indicated by an increase in
total bone marrow cellularity associated to peripheral
leukocytosis in our model.

To summarize, chronic consumption of a HFD can
affect hematopoiesis in general and MSCs in particular by
promoting an inflammatory state and influencing modula-
tion of the hematopoietic system.
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