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Abstract
Activation of the transcription factor NF-E2 related factor 2 (Nrf2) by oxidative stress induces the
expression of a variety of antioxidant and anti-inflammatory genes. Yet, genetic ablation of Nrf2
was shown to protect mice from high-fat diet (HFD)-induced obesity and insulin resistance. The
mechanisms that underlay this seemingly paradoxical finding remain largely unexplored.

Here we examined whether Nrf2 deficiency in myeloid cells contributes to protection against
HFD-induced metabolic changes by decreasing adipose tissue inflammation. In vitro, induction of
IL-1β by inflammatory stimuli was significantly reduced in Nrf2-deficient macrophages. While,
inflammatory gene expression in the stromal vascular fraction was reduced in both global and
chimeric Nrf2 KO mice, only global Nrf2-deficient but not bone marrow-transplanted Nrf2
chimeric mice were protected against HFD-induced adipose tissue inflammation. While global
Nrf2 deficiency resulted in significantly decreased expression of inflammatory genes and
PPARγ2, there was no difference when Nrf2 was absent only in myeloid cells. In vitro co-culture
with adipocytes demonstrated that macrophage Nrf2 regulated inflammatory gene expression in
macrophages, however, was not required to induce inflammatory gene expression in adipocytes.
Finally, in contrast to global Nrf2 knock-out, Nrf2 deficiency in myeloid cells did not protect
against HFD-induced insulin resistance.

Together, our data demonstrate a dominant role of nonmyeloid Nrf2 in controlling HFD-induced
adipose tissue inflammation and the development of insulin resistance.
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INTRODUCTION
Oxidative stress is involved in the development of insulin resistance and diabetes [1].
Feeding a high-fat diet (HFD) to mice causes oxidative stress in adipose tissue, even before
the onset of obesity and insulin resistance [2,3]. Oxidative tissue damage is counteracted by
a battery of antioxidant and detoxifying enzymes such as heme oxygenese-1, glutamate-
cysteine ligase modifier subunit, glutathione S-transferase and thioredoxin reductase 1 [4].
The production of these stress-responsive enzymes is largely regulated by binding of the
redox-sensitive transcription factor NF-E2 related factor 2 (Nrf2) to the antioxidant response
elements (ARE) that are present in the promoter regions of these genes [5]. Nrf2 is
ubiquitously expressed and failure of expression of Nrf2 disturbs the redox homeostasis and
aggravates many diseases related to oxidative stress and inflammation in mice [6-10].
Accordingly, Nrf2 deficiency is detrimental in mouse models of cancer, sepsis and toxic
injury [11,12]. Paradoxically, Nrf2 deficiency has recently been shown to be beneficial in
murine atherosclerosis [13,14] as well as in high-fat diet (HFD)-induced obesity [15] and
insulin resistance [16]. The mechanisms and cell types that confer protection of Nrf2
deficient mice against effects of a HFD have not been elucidated.

Diet-induced obesity and insulin resistance are associated with low grade inflammation in
adipose tissue and infiltration of bone marrow-derived macrophages [17,18]. In diet-induced
obese mice, adipocytes are shown to produce pro-inflammatory cytokines such as IL-6,
which contributes to the development of insulin resistance [19]. Adipose tissue macrophages
(ATMs) form crown-like structures around dying hypertrophic adipocytes, which leads to
exacerbation of adipose tissue inflammation with marked secretion of inflammatory factors
such as TNFα, IL-6, MCP-1 and IL-1β [20,21]. ATMs switch their phenotype from anti-
inflammatory “M2” to proinflammatory “M1”, which ultimately contribute to the
development of insulin resistance [22,23]. Recently, we identified a novel macrophage
phenotype “Mox”, formation of which is primarily dependent on Nrf2 [24].

Here, we test the hypothesis that Nrf2 deficiency in myeloid cells reduces HFD-induced
inflammation in adipose tissue leading to protection from insulin resistance. We demonstrate
that Nrf2 deficiency affects inflammatory gene expression in stromal vascular fraction of the
adipose tissue; however, this was not sufficient to protect mice from HFD-induced insulin
resistance. Collectively, our results show that Nrf2 in nonmyeloid cells plays a dominant
role in regulating diet-induced inflammation and insulin resistance in mice.

MATERIALS AND METHODS
Animals

Nrf2-deficient mice (Nrf2 KO) originally constructed in 129/SvJ background [25] had been
back-crossed for more than nine generations with C57BL/6J mice [26]. C57BL/6J mice
(wild type) were obtained from the Jackson laboratories, USA. All mice were housed in a
temperature-controlled pathogen-free facility with 12 h day/12 h night cycles. To induce
obesity and insulin resistance, 8 to 12 weeks old male mice were fed with a HFD (HFD,
Bioserv, Frenchtown, NJ, USA, product# F3282) containing 35.5% fats (60% of total
calories is derived from fat) for 10 weeks. Control groups were fed a normal chow diet
(Harlan Teklad 8728C, South Easton, MA, USA). For bone-marrow transplantation, 8 week
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old wild-type mice (recipients) were lethally irradiated with two doses of 200 Rad. Then, the
mice were transplanted with bone marrow from wild-type mice or Nrf2 KO mice (donors)
by tail vein injection. Bone marrow isolated from one donor mouse was transplanted into 10
recipient mice so that each recipient mouse received about 5×106 bone marrow cells. The
mice were given Sulfa water 2 weeks before and 3 weeks after the irradiation. To investigate
diet-induced insulin resistance, four weeks after transplantation, mice were fed with HFD or
chow diet for 10 more weeks. All procedures were approved by the Animal Care and Use
Committee at the University of Virginia.

Immunohistochemistry on adipose tissue
The adipose tissues were fixed in formalin and embedded in paraffin, sections were cut,
deparaffinized and stained with Hematoxylin and Eosin. For staining the crown-like
structures, deparaffinized adipose tissue sections were treated with 0.5% hydrogen peroxide
in methanol, then with normal blocking serum (Vector Laboratories, Burlingame, CA,
USA), then with purified anti-Mouse MAC-2 monoclonal antibody (Cedarlane, Ontario,
Canada) overnight at 4°C. Thereafter, the sections were treated with biotinylated secondary
antibody (Vector Laboratories) and an avidin-biotin peroxidase complex (Vector
Laboratories). Finally, the sections were developed with 3, 3′-diaminobenzidine substrate
kit (Fisher Scientific, Pittsburgh, PA, USA) and counterstained using hematoxylin.

Separation of the stromal vascular fraction from adipocytes
Harvested adipose tissue was treated with Krebs-Ringer bicarbonate buffer, pH 7.4,
containing 30 mM HEPES, 1% (w/v) BSA, 3 mM glucose, 200 mM adenosine and 2 mg of
collagenase per gram of adipose tissue, for 1 hour at 37 °C with shaking in a water bath.
Thereafter, the suspension was filtered through a 200 μm nylon mesh and centrifuged at
100g for 5 min to separate the adipocytes from the stromal vascular fraction. The stromal
vascular fractions were washed twice with the same buffer without collagenase.

Real-time RT-PCR
RNA from adipose tissue and isolated adipocytes was extracted by using TRIzol and
purelink RNA mini kit from Invitrogen (Carlsbad, CA, USA), while RNA from the stromal
vascular fraction was isolated by using RNeasy Mini Kit (Qiagen, Valencia, CA). The liver,
pancreas, lung and heart tissue samples were homogenized in RLT buffer and RNA was
isolated using RNeasy Mini Kit. From these RNA samples, cDNA was synthesized by using
iScript cDNA Synthesis Kit (Biorad, Hercules, CA) by following the manufacturer’s
protocol. The synthesized cDNA was diluted and used for real-time PCR. Primers for real-
time PCR were designed by using Primer3 (available online “http://frodo.wi.mit.edu/”),
synthesized (Integrated DNA Technologies, Inc, Skokie, IL, USA) and real-time PCR was
performed using SYBR GreenER qPCR SuperMix (Invitrogen) and iCycler (Biorad,
Hercules, CA). The sequences of the primers are given in supplemental table 1. Product
formation was monitored by MyiQ Single Color Real-Time PCR Detection System (Biorad,
Hercules, CA). PCR data were analyzed using the method described by Pfaffl [27], the
expression of target molecules was normalized to the expression of β2-microglobulin.

In vitro generation of 3T3-L1 adipocytes
3T3-L1 fibroblasts (ATCC# CL-173, obtained from American Type Culture collection,
Manassas, VA, USA) were grown to 100% confluency in DMEM high glucose (Gibco-
BRL, Grand Island, NY) with 10% new born calf serum and antibiotic-antimycotic in a 24
well plate at 37 °C in a humidified chamber containing 5% CO2 and differentiated into
adipocytes as described previously [28]. Differentiation into adipocytes was confirmed by
oil Red O staining [29].

Meher et al. Page 3

Free Radic Biol Med. Author manuscript; available in PMC 2013 May 01.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

http://frodo.wi.mit.edu


Isolation and culture of bone marrow-derived macrophages
Femurs and tibias from wild-type or Nrf2 KO mice were harvested, cut at the ends and bone
marrow cells were extracted and bone marrow-derived macrophages were prepared as
described previously [24]. To examine the effect of inflammatory mediators, serum-starved
wild-type and Nrf2 KO macrophages were treated with LPS (1 μg/ml), TNFα (10 ng/ml),
OxPAPC (oxidized 1-palmitoyl-2-arachidonoyl-sn-3-glycero-phosphorylcholine, 50 μg/ml
[24]) or phorbol-12-myristate-13-acetate (PMA, 100 nM) for 4 hours and IL-1β gene
expression was analyzed using real-time RT-PCR.

Adipocyte/macrophage co-culture
Wild-type or Nrf2 KO macrophages were co-cultured with differentiated 3T3-L1 adipocytes
in a 24 well plate containing DMEM high glucose with 10% fetal bovine serum and 1%
antibiotic-antimycotic, at a density of 105 cells in 12 mm inserts containing polyester
membranes with pore size of 0.4 μm (Costar, Corning, NY, USA). For comparison, wild-
type and Nrf2 KO macrophages, and differentiated adipocytes were cultured separately. The
co-cultures and the individual cell cultures were kept for 12 or 24 h in a humidified chamber
containing 5% CO2 at 37 °C. Thereafter, RNA was isolated from adipocytes and
macrophages, using TRIzol and purelink RNA mini kit (Invitrogen), respectively. CDNA
was synthesized and mRNA expression quantified by real-time RT-PCR, as described
above.

Glucose and insulin tolerance tests
For glucose tolerance tests, mice were fasted for 12 h. Initial blood glucose levels were
recorded by tail clipping and testing a drop of blood using One-touch Ultra blood glucose
monitoring system (Milpitas, CA, USA). Mice were intraperitoneally injected with 1g/kg
body weight of D-glucose and blood glucose levels were recorded at 10, 20, 30, 60, 90 and
120 min. For insulin tolerance tests, mice were fasted for 4 h, initial blood glucose levels
were recorded, and 0.5 U/kg body weight of insulin (Humulin R, Eli Lilly and Company,
Indianapolis, IN, USA) was injected intraperitoneally and blood glucose was monitored at
10 and 20 min as above.

Statistical analyses
Statistical analyses were performed using OriginPro 7.5 or Microsoft Excel and data were
expressed as mean values with S.E.M. or S.D. To calculate statistical significance, one way
analysis of variances (ANOVA) or Student’s t test was used. A p-value <0.05 was
considered significant.

RESULTS
Nrf2 is required for IL-1β expression in murine bone-marrow-derived macrophages

To investigate the role of Nrf2 in the regulation of inflammatory gene expression, we treated
wild-type or Nrf2 KO macrophages with inflammatory mediators LPS, TNFα, OxPAPC or
PMA. While PMA induced IL-1β expression in both wild-type and Nrf2 KO macrophages,
LPS, TNFα and OxPAPC-induced IL-1β mRNA expression was significantly reduced in
Nrf2 KO macrophages (Fig. 1). These data indicate that Nrf2 regulates transcription of
IL-1β in macrophages.

Global but not myeloid Nrf2 deficiency attenuates HFD-induced adipose tissue
inflammation

To examine the role of Nrf2 in myeloid cells in mice, we transplanted either Nrf2 KO or
wild-type bone marrow into lethally irradiated wild-type mice resulting in Nrf2 KO chimeric
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mice (KO-WT) or controls (WT-WT), respectively. Successful transplantation was
confirmed by significantly lower copy numbers of Nrf2 mRNA in the blood and stromal
vascular fraction of adipose tissue of KO-WT chimeric mice compared to the WT-WT
control mice (Suppl. Fig. 1A and B). No significant difference in the white blood cell count
of the KO-WT and WT-WT mice, feeding either chow or HFD was observed (Suppl. Fig.
1C).

At the onset of feeding the HFD, age-matched Nrf2 KO mice already showed slightly lower
body weight compared to the wild-type mice (25.5±0.7 g vs. 23.3±0.6 g, p=0.02). As
reported earlier [15], Nrf2 KO mice were protected from high-fat diet-induced obesity
(Suppl. Fig. 2A), as indicated by lower body weight gain (36.9±3.8 %) compared to wild-
type mice (50.5±3.7 %, p=0.02). Moreover, we found significantly lower fat masses in Nrf2
KO mice feeding either chow or HFD (Suppl. Fig. 2B). Although HFD increased body
weight of the bone marrow-transplanted mice at a similar rate to non-transplanted mice, we
did not find significant differences in the body weight or epididymal fat weight of KO-WT
and WT-WT mice (Suppl. Fig. 2C and D).

To study the effect of high-fat diet on expression of nonmyeloid Nrf2, we quantified Nrf2
mRNA in adipose tissue, isolated adipocytes from adipose tissue, liver, pancreas, lung and
heart of KO-WT mice fed with chow or high-fat diet. The results revealed lower Nrf2
expression in adipose tissue, adipocytes and liver, whereas, no difference in pancreas, heart
and lung of high-fat diet-fed mice compared to the chow diet-fed mice (Suppl. Fig. 3). These
results suggest that high-fat diet regulates Nrf2 expression in adipocytes and liver.

Increased macrophage infiltration and appearance of crown-like structures (CLS) are
hallmarks of high-fat diet-induced inflammation in adipose tissue [30].
Immunohistochemistry in wild-type mice on HFD using mac-2 antibodies on adipose tissue
sections revealed the formation of CLS, which were barely detectable in Nrf2 KO mice (Fig.
2A). We did not find any CLS in the adipose tissue of mice on chow diet (not shown).
Consistent with the number of CLS, mRNA expression of the macrophage marker genes
CD68 and F4/80 in whole adipose tissue was significantly lower in Nrf2 KO mice (Fig. 2B).
Moreover, mRNA levels of TNFα and monocyte chemotactic protein-1 (MCP-1) were
significantly reduced in Nrf2 KO mice on HFD. However, in contrast to the global Nrf2 KO
mice, no differences in the expression level of F4/80, CD68, TNFα and MCP-1 (Fig. 2C)
were observed in the total adipose tissue of HFD-fed WT-WT and KO-WT mice.

Effects of global and myeloid Nrf2 deficiency on inflammatory gene expression in the
stromal vascular fraction and adipocytes

The stromal vascular fraction (SVF) isolated from the adipose tissue is rich in macrophages
and significantly contributes to adipose tissue inflammation [22]. In the SVF of global Nrf2
KO mice, expression of M1 (pro-inflammatory) genes IL-1β, IL-6, CXCL1, CXCL2 and
MCP-1 was significantly lower, and TNFα showed a trend towards lower expression, when
compared to the wild-type mice on HFD (Fig. 3A). Expression of Nrf2-dependent Mox
macrophage markers Srxn1 and HO-1 [24] was also significantly lower in the SVF from
Nrf2 KO mice. In contrast, no significant difference was observed in the expression of M2
(anti-inflammatory) genes Arg1, Mgl1 and Mgl2.

Analysis of SVF in the chimeric myeloid Nrf2 deficient (KO-WT) mice showed that
expression of IL-6, MCP-1, CXCL1 and CXCL2 were significantly lower, while the levels
of TNFα and IL-1β were not different (Fig. 3B). Moreover, expression of Nrf2-dependent
Mox markers HO-1 and Srxn1 were significantly lower. Expression of M2 genes Mgl1 and
Mgl2 was not different between the wild-type and Nrf2 KO chimeric mice, although the
level of Arg1 was lower in the SVF from Nrf2 KO chimeric mice.
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Examination of isolated adipocytes revealed that expression of TNFα, IL-6, IL-1β, and
MCP-1 was significantly lower in adipocytes from global Nrf2 KO compared to wild-type
mice on HFD. Expression of the adipogenic factor PPARγ was significantly reduced in
global Nrf2 KO mice, as previously reported [15], expression of SREBP1c was lower,
whereas expression of adiponectin and CEBPα was not different (Fig. 4A). In contrast,
expression of none of these genes was different between myeloid Nrf2 KO (KO-WT) and
control (WT-WT) bone marrow-transplanted mice (Fig. 4B). These results indicate that Nrf2
in macrophages is not required for cellular cross talk to adipocytes.

To mimic cellular cross talk in inflamed adipose tissue, we co-cultured bone marrow-
derived macrophages with 3T3-L1 adipocytes in vitro, so that we could analyze
inflammatory gene expression in either of cell types separately (Fig. 5A). Co-culture with
adipocytes induced mRNA expression of IL-1β and MCP-1 at 12 h and 24 h in wild-type
macrophages, which was significantly reduced in Nrf2 deficient macrophages (Fig. 5B).
Conversely, co-culture with wild-type or Nrf2 KO macrophages induced mRNA expression
of IL-6 and MCP-1 in adipocytes by 12 h, residing to baseline by 24 h (Fig. 5C). These data
corroborate our in vivo findings, demonstrating that cross talk between macrophages and
adipocytes is not dependent on macrophage Nrf2.

Altogether, these results demonstrate that although expression of inflammatory genes is
reduced in the SVF from Nrf2 KO mice or chimeric KO-WT mice, this was not sufficient to
decrease overall adipose tissue inflammation. Moreover, these results strongly suggest that
Nrf2 deficiency mainly in the nonmyeloid compartment protects mice from overall adipose
tissue inflammation and thus may impact the development of insulin resistance.

Global but not myeloid-selective Nrf2 deficiency protects mice from diet-induced insulin
resistance

To investigate whether global Nrf2 deficiency affects diet-induced insulin resistance, we
examined fasting blood glucose and serum insulin, and performed glucose and insulin
tolerance tests in chow or HFD-fed wild-type and global Nrf2 KO mice. The fasting blood
glucose levels were significantly lower in Nrf2 KO mice (152±9 mg/dl) compared to wild-
type mice on HFD (183±10 mg/dl, p=0.02), while there were no significant differences on
chow diet. Glucose tolerance tests revealed that the Nrf2 KO mice cleared the excess
glucose faster than the wild-type mice, irrespective of the diet (Fig. 6A). Despite the fact
that fasting insulin levels were similar in Nrf2 KO and wild-type mice, insulin tolerance
tests showed that the Nrf2 KO mice were more sensitive to insulin compared to the wild-
type mice, irrespective of the diet (not shown).

We next examined whether Nrf2 deficiency in myeloid cells would prevent diet-induced
insulin resistance, using bone marrow transplanted mice. In either of the diets, the fasting
blood glucose and serum insulin levels of KO-WT and WT-WT mice were similar (not
shown). Moreover, the KO-WT mice cleared glucose at a similar rate as the WT-WT mice
(Fig. 6B). These results demonstrate that selective Nrf2 deficiency in myeloid cells was not
sufficient to protect mice from diet-induced insulin resistance and support a dominant role of
nonmyeloid Nrf2 in this process.

DISCUSSION
Oxidative stress and inflammation have both been linked to the development of chronic
metabolic diseases such as type 2 diabetes [31,32]. Since global deficiency of the redox-
sensitive transcription factor Nrf2 in mice was shown to be protective in a mouse model of
diet-induced obesity and insulin resistance, we examined whether Nrf2 in macrophages
contributes to this effect by controlling inflammation in obese adipose tissue.
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Previous reports from our laboratory and others have demonstrated a role for Nrf2 in
regulating inflammatory gene expression. We have shown that expression of IL-1β mRNA
was significantly lower in Nrf2 KO macrophages compared to wild-type macrophages when
treated with LPS and INFγ [24], and that Nrf2 regulates expression of the cytokine IL-8 in
human dermal fibroblasts [33]. Treatment of macrophages with oxidized phospholipids not
only induces IL-1β gene expression, it also enhances secretion of mature IL-1β [24]. A
recent study showed Nrf2-mediated IL-1β protein synthesis is dependent on activation of
NLRP3 inflammasome [34]. Here, we have shown attenuated IL-1β gene expression in
Nrf2-deficient macrophages in response to oxidized phospholipids or upon stimulation with
LPS or TNFα, but not with PMA, further supporting a regulatory role of Nrf2 in
inflammation.

Several mechanisms may account for regulation of inflammatory gene expression by Nrf2:
A recent report demonstrated ARE-dependent transcriptional regulation of IL-6 in liver
carcinoma cell line HepG2 and in mice livers [35]. Another possible mechanism is trans-
activation of IL-1β gene expression by Nrf2. We did not find a putative ARE in 5 kb
upstream of IL-1β promoter. However, Nrf2 may regulate IL-1β promoter irrespective of
presence of an ARE, as it has been shown for Nrf2-dependent gene epidermal fatty acid-
binding protein [36] which does not contain an ARE. Alternatively, we have shown that
Nrf2 deficiency led to decreased synthesis of glutathione in macrophages [24]. Murata et al.
have shown that reduced content of intracellular glutathione in macrophages affects their
inflammatory status [37]. These findings together suggest that Nrf2 may indirectly regulate
inflammatory gene expression by modulating intra-cellular glutathione status.

To examine whether Nrf2-deficiency in macrophages is sufficient to protect mice from diet-
ginduced adipose tissue inflammation, we transplanted Nrf2 KO or wild-type bone marrow
into lethally irradiated wild-type mice. Challenging chimeric mice with HFD revealed no
differences in development of obesity, while global Nrf2 deficiency protected mice from
diet-induced obesity.

Global Nrf2 deficiency resulted in drastically reduced inflammation in adipose tissue of
mice on a HFD: adipose tissue from Nrf2 KO mice contained fewer macrophages,
demonstrating a marked decrease in expression levels of macrophage marker genes F4/80
and CD68. Moreover, expression of MCP-1 was significantly lower compared to the wild-
type mice. MCP-1 has been shown to attract CCR2-positive monocytes to invade adipose
tissue [38] and aggravate insulin resistance [39]. Lower expression of MCP-1 could account
for the decreased macrophage content in the adipose tissue of Nrf2 KO mice. In the HFD-
fed bone-marrow transplanted mice, despite similar expression levels of F4/80 and CD68,
inflammatory gene expression was reduced in the macrophage-rich SVF of KO-WT mice.
Since, there were no weight differences in the WT-WT and KO-WT chimeric mice,
decreased inflammation in SVF of KO-WT mice can not be attributed to reduced diet-
induced obesity, and, thus would be an effect of Nrf2 deficiency in myeloid cells. However,
decreased inflammation in SVF was not sufficient to protect mice from overall adipose
tissue inflammation.

While adipocytes isolated from global Nrf2 KO mice on HFD displayed markedly decreased
inflammatory gene expression compared to wild-type mice, adipocytes from the bone
marrow-transplanted mice did not show any differences. These data indicate an important
role for macrophage/adipocyte cross talk in adipose tissue inflammation. To further
investigate the role of Nrf2 in macrophages in cellular cross talk, we mimicked the in vivo
situation of inflamed adipose tissue using an in vitro adipocyte/macrophage co-culture
model. While mere co-culture induced expression of inflammatory genes in both cell types,
Nrf2-deficient macrophages synthesized significantly lower levels of pro-inflammatory
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chemokines compared to the wild-type macrophages. These data demonstrate that cross talk
between macrophages and adipocyte is not dependent on the presence of Nrf2 in
macrophages and supports a dominant role of nonmyeloid Nrf2 in adipose tissue
inflammation.

Examining gene expression of master regulators of adipogenesis, we found that expression
of PPARγ2 was almost abrogated in adipocytes isolated from Nrf2 KO mice on HFD. These
data are in agreement with supports a previous findings by Pi et al. demonstrating that Nrf2
regulates PPARγ2 expression [15]. However, PPARγ2 expression was similar in adipocytes
of bone marrow chimeras on HFD, suggesting a role of Nrf2 in nonmyeloid cells in the
regulation of diet-induced adipogenesis.

Recently, Chartoumpekis et al. reported that Nrf2 deficiency protects mice from insulin
resistance on long-term (25.7 weeks/180 days) HFD feeding [16]. When we fed HFD to
wild-type and Nrf2 KO mice for 10 weeks, we observed significant differences in insulin
resistance: wild-type mice developed insulin resistance in response to HFD, while global
Nrf2 KO mice were protected. However, the WT-WT and KO-WT bone marrow
transplanted mice developed insulin resistance and adipose tissue inflammation to a similar
level in response to HFD. These data demonstrate that though Nrf2 deficiency decreased
inflammatory gene expression in myeloid cells, it was not sufficient to protect mice from
insulin resistance. Moreover, this also suggests a dominant role of nonmyeloid Nrf2 in
development of insulin resistance.

Collectively, we show that global Nrf2 deficiency protects mice from insulin resistance and
adipose tissue inflammation. We suggest both the reduced macrophage infiltration in the
adipose tissue and impaired inflammatory gene expression in macrophages may account for
protection from insulin resistance in the global Nrf2 KO mice. Our studies reveal a
permissive role of Nrf2 in the myeloid cells and a dominant role of Nrf2 in nonmyeloid
compartment in the development of diet-induced adipose tissue inflammation and insulin
resistance.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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ABBREVIATIONS

Nrf2 NF-E2 related factor 2

WT Wild-type

KO Knock out

PAPC 1-palmitoyl-2-arachidonoyl-sn-3-glycero-phosphorylcholine

OxPAPC Oxidized PAPC

HO-1 Heme oxygenase −1
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Srxn1 Sulfiredoxin-1

IL-1β Interleukin-1β

IL-6 Interleukin-6

CXCL Chemokine (C-X-C motif) ligand

MCP-1 Monocyte chemotactic protein-1

TNFα Tumor necrosis factor α

Arg1 Arginase 1

Mgl Macrophage galactose N-acetylgalactosamine-specific lectin

LPS Lipopolysaccharide

PMA Phorbol 12-myristate 13-acetate
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Highlights

• Nrf2 deficiency impaired diet-induced inflammation and insulin resistance.

• Myeloid Nrf2 deficiency did not affect pro-inflammatory gene expression in
adipocytes.

• Cross talk between macrophages and adipocytes was independent of
macrophage Nrf2.

• Myeloid Nrf2 deficiency was not sufficient to protect mice from diet-induced
insulin resistance.
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Figure 1.
IL-1β gene expression is impaired in Nrf2 KO macrophages. Wild-type and Nrf2 KO
macrophages were stimulated with control medium (co), 1 μg/ml of LPS, 10 ng/ml of
TNFα, 50 μg/ml of OxPAPC or 100 nM of PMA for 4 hours and mRNA expression of
IL-1β was examined by real-time RT-PCR. Values are expressed as means + SD and “*”
indicates p<0.05, n=4.
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Figure 2.
Global, but not the myeloid cell-specific Nrf2 deficiency protects mice from diet-induced
adipose tissue inflammation. (A) Left and central panel: MAC-2 staining of adipose tissue
cross-sections of wild-type and Nrf2 KO mice on HFD. Crown-like structures are indicated
with arrows. Right panel: number of crown-like structures per 100 adipocytes (adipose
tissues examined from 3 mice per group). (B) Messenger RNA expression of macrophage
marker genes (CD68 and F4/80) and inflammatory genes TNFα and MCP-1 (n=9-11 per
group) of wild-type (WT) and Nrf2 KO mice on chow or HFD. (C) Messenger RNA
expression of CD68, F4/80, TNFα and MCP-1 (n=9-10 per group) of the control (WT-WT)
and Nrf2 KO chimeric (KO-WT) mice on chow or HFD after bone-marrow transplantation.
“n” represents number of mice. Values are expressed as means + SEM, and “*”, “**” and
“***” indicate p<0.05, 0.01 and 0.001, respectively. “ns” indicates “not significantly
different” with p-values ≥ 0.05.

Meher et al. Page 14

Free Radic Biol Med. Author manuscript; available in PMC 2013 May 01.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Figure 3.
Both global and myeloid cell-specific Nrf2 deficiency decreases inflammation in the stromal
vascular fraction (SVF) of adipose tissue. (A) Messenger RNA expression of M1, Mox and
M2 macrophage marker genes in the SVF from wild-type and Nrf2 KO mice on HFD (n=5
per group). (B) Messenger RNA expression of M1, Mox and M2 macrophage marker genes
in the SVF from control (WT-WT) and Nrf2 KO chimeric mice (KO-WT) on HFD (n=9-10
per group). “n” represents number of mice. Values are expressed as means + SEM and “*”,
“**” and “***” indicate p<0.05, 0.01 and 0.001, respectively.
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Figure 4.
Global, but not myeloid Nrf2 deficiency in mice attenuates diet-induced inflammation in
adipocytes. (A) Messenger RNA expression of inflammatory and adipogenic genes in
adipocytes isolated from wild-type and Nrf2 KO mice on HFD (n=5 per group). (B)
Messenger RNA expression of inflammatory genes and adipogenic genes in adipocytes
isolated from WT-WT and KO-WT mice on HFD (n=9-10 per group). Values are expressed
as means + SEM, and “*”, “**” and “***” indicate p<0.05, 0.01 and 0.001, respectively.
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Figure 5.
Nrf2 deficiency impairs inflammatory gene expression in macrophages in adipocytes/
macrophage co-cultures. (A) Schematic presentation of 3T3-L1 adipocyte and macrophage
co-culture. After 12 and 24 hrs of co-culture, gene expression was analyzed using real-time
RT-PCR in macrophages (B) or in adipocytes (C). Values are expressed as means + SD and
“*” indicates p<0.05, n=4.
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Figure 6.
Global Nrf2 deficiency protects mice from diet-induced insulin resistance. (A) Glucose
tolerance test (GTT) and area under the curve (AUC) in arbitrary units (AU) (n=17-18 per
group) of wild-type (WT) and Nrf2 KO mice on chow or HFD. (B) Glucose tolerance test
and area under the curve in arbitrary units of control (WT-WT) and Nrf2 KO chimeric mice
(KO-WT) on chow or HFD (n=9-10 per group). “n” represents number of mice. Values are
expressed as means ± SEM and “*” and “**” indicate p<0.05 and 0.01 respectively. “ns”
indicates “not significantly different” with p-values ≥ 0.05.
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