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Abstract
We previously demonstrated protection against high fat-induced obesity in female but not

male p47phox�/� mice lacking NADPH oxidase NOX1/2 activity. To test the role of estradiol

(E2)-NOX crosstalk in development of this sexually dimorphic phenotype, we fed diets

containing 42% fat/0.5% cholesterol to intact and ovariectomized wild type female

C57BL/6 mice and female p47phox�/� mice and to ovariectomized mice where the diet

was supplemented with an 1 mg/kg 17b estradiol (E2) for 12 weeks from PND28. Weight

gain, gonadal fat pad weight, serum leptin and adiponectin, and adipose tissue inflamma-

tion were greater in intact wild type vs. p47 mice (P< 0.05). Genotype effects on body

weight/fat mass were abolished after ovariectomized and restored in OVXþE2 mice

(P< 0.05). The mRNA of downstream PPARc targets CD36, lipoprotein lipase, and leptin

was higher in intact wild type vs. p47phox�/� mice mice (P< 0.05). Likewise, intact high fat-

fed wild type mice had higher expression of the cytokineMcp1; the pyroptosis markerNirp3

and matrix remodeling and fibrosis markersMmp2, Col1A1, and Col6a3mRNAs (P< 0.05).

These genotype effects were reversed and restored by ovariectomized and OVXþE2,

respectively (P< 0.05). These data suggest that triglyceride accumulation in adipose

tissue and development of adipose tissue injury in response to feeding diets high in fat

and cholesterol is regulated by the balance between NOX-dependent reactive oxygen

species signaling and E2-signaling during development. Loss of estrogens post meno-

pause may increase the risk of obesity and metabolic syndrome as the result disinhibition of reactive oxygen species signaling.
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Introduction

Estrogens are known to regulate body composition and
energy utilization during development.1 Loss of estrogens
as the result of aromatase deficiency results in the develop-
ment of metabolic syndrome in both mice and humans
accompanied by increased adiposity and development of
insulin resistance. These effects are reversed by estrogen
treatment.1 In addition, estrogens have been shown to

have anti-adipogenic and anti-inflammatory properties in
adipose tissue.2–6 Weight gain, adiposity, and risk of meta-
bolic syndrome also increased in women post-meno-
pause.7–9 This has been suggested to be associated with
estrogen loss. Obesity-associated metabolic syndrome has
also been linked to development of oxidative stress pro-
duced as the result of production of reactive oxygen species
(ROS) by NADPH oxidase (NOX) enzymes NOX2 and
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NOX4.10–13 NOX enzymes are a major source of ROS in
many cell types.14 The best characterized NOX enzyme is
NOX2 in macrophages which forms superoxide as part of
the bactericidal “respiratory burst.”15 However, NOX2 and
additional homologues also have been identified in non-
phagocytic cells including preadipocytes, mature adipo-
cytes, and endothelial cells in adipose tissues.14,16 Most
NOX enzymes including NOX2 are multiprotein com-
plexes in which cytosolic regulatory components assemble
with a membrane anchored flavocytochrome b558
(gp91phoxþ p22phox) to form superoxide from molecular
oxygen which may then be converted to hydrogen peroxide
(H2O2) through the action of superoxide dismutase.14,16

Cytosolic adaptor proteins p47phox and p67phox translocate
from the cytosol to the membrane during NOX2 activation
and are required for superoxide production.16 In addition, a
member of the Rho family of small GTPases, Rac1 is
required for NOX2 activation.14 In contrast to NOX2,
NOX4 which is also expressed in preadipocytes and
mature adipocytes, does not require cytosolic adaptors,
produces H2O2 rather than superoxide and NOX4-
dependent ROS formation parallels NOX4 mRNA expres-
sion.14,17 It has been suggested that the two enzymes may
act in sequence or in parallel to activate different MAP
kinase signaling pathways.15

NOX4 expression was reported as elevated in mouse
models of obesity and in obese Pima Indians.11 Moreover,
in vitro studies suggest that NOX4 is necessary for adipo-
cyte differentiation and that induction of NOX4 activity in
mature adipocytes results in release of chemotactic factors
such as monocyte chemoattractant protein-1 (MCP-1).18

The importance of adipocyte NOX4 in development of met-
abolic syndrome in obesity was recently confirmed in high
fat feeding studies in male mice where NOX4 was ablated
specifically in mature adipocytes.19 Although adipocyte
differentiation in these mice was unaffected, these mice
showed a delayed development of insulin resistance and
adipose tissue inflammation during the development of
obesity.19 In contrast, whole body NOX4 knockout mice
were observed to have increased whole body energy effi-
ciency and a predisposition towards obesity indicating the
importance of NOX4 in other cell types such as hepatocytes
in regulation of energy balance.20,21

In contrast, phenotypic data from whole body NOX2-
inactivated and NOX2 knockout mice in response to high
fat feeding have been variable, perhaps as the result of
differences in diet composition (e.g. differences in %fat,
fatþ cholesterol), developmental window of feeding
(beginning at weaning vs. adulthood) and sex, but gener-
ally suggest reduced adiposity, reduced adipose tissue
inflammation, and increased insulin sensitivity.22–24 At
least some of the protective effects of NOX2 ablation on
adipose tissue inflammation and glucose homeostasis
appear to be associated with NOX2 activity in myeloid
cells as opposed to adipocytes. Recent high fat feeding
studies in male mice where NOX2 was specifically deleted
in myeloid cells report delayed development of adiposity
and macrophage infiltration of fat pads, decreased inflam-
mation and necrosis in visceral adipose tissue and attenu-
ation of high fat effects on glucose homeostasis.25

Much less information is available on the role of NOX-
derived ROS signaling in the effects of high fat feeding in
females as compared to males. Previous studies from our
laboratory demonstrated the development of a sexually
dimorphic phenotype in Ncf1 (C57BL/6J-Ncf1MIJ/J) p47phox

knockout mice (p47KO), which have inactive NOX2 as a
result of oblation of the p47phox protein, when these mice
were fed a “Western” diet high in fat and cholesterol during
development.26 Female p47KOmice were protected against
the development of obesity and metabolic syndrome,
whereas male obesogenic responses to the high fat diet
were considerably less affected by this genotype.26

Dramatic differences in genes regulating adipogenesis
and regulating lipid and carbohydrate metabolism were
observed in white adipose tissue from female wild type
and p47KO mice without differences in food intake sug-
gesting cross-talk between estrogens and NOX2-mediated
ROS-signaling pathways in regulation of adipose tissue
responses to high fat feeding.26 The current study was
designed to test this hypothesis directly by examining
responses to feeding of the “Western” diet in female wild
type and p47KO mice after ovariectomy (OVX) with or
without 17b-estradiol (E2) replacement.

Materials and methods

Mice and diets

These experiments were approved by the Institutional
Animal Care and Use Committee at the University of
Arkansas for Medical Sciences and conducted in an
Association of Laboratory Animal Care-approved animal
facility under a constant temperature of 22�C and a 12-h
light/dark cycle. Time-impregnated C57BL/6 (WT) and
C57BL/6J-Ncf1MIJ/J (p47KO) mice were obtained from
Jackson labs (Bar Harbor, ME), hosed in polycarbonate
cages and fed standard rodent chow throughout pregnancy
and lactation. After weaning on postnatal day 28, female
pups of each genotype were randomized into three groups
of n¼ 6–8. One group remained intact, while the remaining
two groups underwent OVX. One of the OVX groups of
each genotype was fed diets supplemented with E2 at a
level of 1 mg/kg diet. All three groups of mice were then
fed a “Western” high fat diet (Harlan Teklad TD88137)
ad libitum for the next 12 weeks. The high fat diets contained
42% fat calories mainly from milk fat and 0.5% cholesterol
with casein as the sole protein source. Body weight was
recorded on a weekly basis. Food intake was increased by
OVX and suppressed by E2 treatment but was found to be
unchanged between genotypes with the same estrogenic
status. After 10 weeks on diet, mice were placed into met-
abolic chambers using the Complete Lab Animal Monitorig
System (CLAMS) to assess oxygen consumption (VO2);
respiratory exchange ratio (RER); energy expenditure
(Heat) and activity. After 11 weeks on diet, all three
groups of each genotype: High Fat (HFD), High Fat/OVX
(HFD/OVX), and High Fat/OVX/E2 (HFD/OVX/E2)
were fasted overnight and submandibular blood drawn
for determination of resting blood glucose and insulin.
This was followed by oral glucose tolerance testing.27
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An i.p. bolus of 1.5 g/kg glucose was administered.
Submandibular blood was drawn at 0, 10, 15, 20, 30, 60,
and 120 min following glucose challenge for measurement
of glucose and insulin. After 12 weeks on diet, the mice
were killed, abdominal, gonadal, and subcutaneous fat
pads were collected, weighed and stored at �70�C until
use. In addition, a piece of the gonadal fat pad was fixed
in buffered alcoholic formalin for four days and embedded
in paraffin; 6 lM sections were stained with hematoxylin
and eosin for morphological examination. Diameters of
adipocytes were measured under a Zeiss Axiovert micro-
scope (Carl Zeis, Thornwood, NY). A minimum of 300 cells
at randomweremeasured for each slide and the percentage
of cells in each size range compared with MS Excel
(Microsoft, Richmond, WA). Crown-like structures repre-
senting an accumulation of macrophages around dead adi-
pocytes were identified and scored as described by
Giordano et al.28 in five 10x fields/sample.

Biochemical analysis

Serum glucose concentrations were analyzed using glucose
reagent IR071-072 (Synermed, Westfield, IL). Serum insulin
and leptin concentrations were measured using ELISA kits
from Linco Research (St. Charles, MO). Serum adiponectin
was measured using an ELISA kit from B-bridge
International (Sunnyvale, CA).

Real-time RT-PCR

Total RNA was extracted from gonadal fat pads using TRI
reagent and cleaned using RNeasy columns (Quiagen,
Valencia, CA). RNA quality was ascertained spectrophoto-
metrically (ratio of A260/A280) and also by checking ratio
of 28S to 18S ribosomal RNA using the RNA NanoChip on
a 2100 Bioanalyzer (Agilent Technologies, Palo Alto, CA),
Reverse transcription to cDNA was performed using the
iScprit Reverse Transcription kit (Bio-Rad Laboratories,
Hercules, CA). cDNA was utilized for real-time PCR
(RT-PCR) with 2X SYBR green master mix on an ABI
Prism 7000 sequence detection system (Applied
Biosystems, Foster City, CA). Gene specific oligonucleotide
probes were designed using Primer Express Software
(Applied Biosystems) (Supplementary Table 1). Relative
amounts of mRNA target expression were quantitated
using a standard curve according to manufacturer’s
instructions and normalized against expression of
18S rRNA.

Statistical analysis

Data are presented as mean� SEM. Analysis of variance
(ANOVA) was utilized to test overall mean differences
based on genotype (WT vs. p47KO), estrogen status (Intact
vs. OVX vs. OVX þE2), and genotype� estrogen status
interactions. Additional comparisons of differences in
means associated with OVX or E2 treatment within geno-
types were performed by two-way ANOVA followed by an
all pair-wise Student–Newman–Keuls comparison test and
considered significant if P � 0.05. t tests were used to com-
pare differences between genotype within the same

treatment group and considered significant if P � 0.05.
Statistical analysis was performed using SigmaStat 3.3 soft-
ware (Systat Software, San Jose, CA.

Results

Interaction of NOX2 and E2 signaling regulates body
weight gain and fat storage in adipose tissues in female
mice fed high fat “Western” diets

p47KO mice are a well characterized mouse model in
which NOX2-dependent ROS production is abolished in
all tissues as the result of loss of the p47phox cytosolic co-
factor which is essential for assembly of the NOX2 mem-
brane complex and ROS production.22 In agreement with
our previous study, body weight of intact female HFDmice
during 12 weeks of feeding was significantly greater than
that of female HFD p47KOmice at all ages (body weight 27
� 2 vs. 20� 1 g, HFD vs. HFD p47KO groups at sacrifice,
P< 0.05) (Figure 1(a)). In contrast, after OVX, although WT
weights were slightly lower than p47KO mice up to eight
weeks of age, thereafter body weight of HFD/OVX and
HFD/OVX p47KO groups did not differ and increased to
32� 1 g in both groups at sacrifice. The p47KO genotype
effect disappeared (Figure 1(b)). E2 replacement in the diet
suppressed body weight in both genotypes and restored
the significant difference in body weight between geno-
types after 17 weeks of age (body weight 24� 1 vs.
20� 1 g, HFD/OVX/E2 vs. HFD/OVX/E2 p47KO groups
at sacrifice, P< 0.05). Genotype differences dependent on
the presence or absence of E2 were also observed in the
relative weight of the abdominal and gonadal fat pads
(Table 1). ANOVA analysis for abdominal fat pads geno-
type effect P¼ 0.08; effect of estrogenic status P¼ 0.003;
interaction P¼ 0.2. OVX significantly increased % abdomi-
nal fat pad weight in both WT and p47KO mice and there
was no genotype difference in HFD/OVX vs. HFD/OVX
p47KO groups. In contrast, E2 replacement reduced %
abdominal fat pad weight in p47KO, but not WT, mice
and abdominal fat pad weight was greater in the HFD/
OVX/E2 vs. HFD/OVX/E2 p47KO group (P< 0.05)
(Table 1). In the gonadal fat pad, ANOVA analysis for geno-
type effect P¼ 0.17; effect of estrogenic status P¼ 0.001;
interaction P¼ 0.04. OVX increased relative weight only
in the HFD/OVX p47KO group vs. HFD/OVX group
(P< 0.05). E2 replacement reduced relative gonadal fat
pad weights in both WT and p47KO OVX/E2 groups rela-
tive to the HFD/OVX groups of each genotype (P< 0.05),
but gonadal fat pad weight was lower in the HFD/OVX/E2
p47KO group relative to the HFD/OVX/E2 group
(P< 0.05) (Table 1). When data from abdominal and gonad-
al fat were combined (fat in the visceral compartment
(Figure 2)), ANOVA analysis for a genotype effect was
P¼ 0.09, for an effect of estrogenic status P¼ 0.003 and
for interaction P¼ 0.06. Comparison of genotype effect
within HFD/OVX/E2 groups (P< 0.05). In contrast to
abdominal and gonadal fat pads, relative weight of the sub-
cutaneous fat pads in female HFD mice did not differ sta-
tistically by OVX, E2 replacement, or by P47phox genotype
(Table 1). In addition to significant interactions between E2
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Figure 1. Effects of p47phox genotype and estrogen status on body weight gain in female mice fed high fat “Western” diets. WT: wild type; p47 KO: p47phox�/�mouse;

HFD: high fat diet; OVX: ovariectomy; OVX E2: ovariectomy with estrogen replacement. (a) Intact mice, P< 0.05 WT vs. p47phox�/� mice. (b) OVX mice, NS WT vs.

p47phox�/� mice. (c) OVX E2 mice, P< 0.05 WT vs. p47phox�/� mice. Data are mean�SEM for n¼ 9/group. * Genotype difference in body weight P< 0.05.

Table 1. The relationship between estrogen status, p47phox genotype, and fad pad size after feeding HFD.

Fat pad Genotype Intact OVX OVX/E2

Abdominal

Wt (g) WT 0.25� 0.02b 0.60� 0.10*,# 0.33� 0.08b

p47phox KO 0.15� 0.03a 0.56� 0.07*,# 0.13� 0.02a

% Body weight WT 1.00� 0.10 1.80� 0.20* 1.30� 0.20b

p47phox KO 0.80� 0.20 1.70� 0.10*,# 0.60� 0.20a

Gonadal

Wt (g) WT 1.10� 0.30b 1.50� 0.10a,# 0.80� 0.10b

p47phox KO 0.50� 0.10a 1.90� 0.10b,*,# 0.40� 0.10a

% Body weight WT 4.50� 1.20b 4.40� 0.10a,# 3.00� 0.10b

p47phox KO 2.50� 0.50a 5.60� 0.40b,*,# 2.00� 0.10a

Subcutaneous

Wt (g) WT 0.10� 0.03 0.20� 0.03* 0.18� 0.05b

p47phox KO 0.08� 0.02 020� 0.02*,# 0.10� 0.02a

% Body weight WT 0.40� 0.15 0.60� 0.10 0.70� 0.30

P47phox KO 0.40� 0.15 0.60� 0.10 0.40� 0.10

Note: Data are mean�SEM for n¼ 6–8/group; means with differing letters differ by genotype (P< 0.05) within estrogen status a<b.

*Effect of OVX vs. Intact within genotype P< 0.05.
#Effect of E2 treatment in OVX groups within genotype P< 0.05.

E2: estradiol; OVX: ovariectomized.
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status and p47phox genotype on visceral fat pad weights,
additional effects were observed on the size distribution
of adipocytes in the gonadal fat pad (Table 2). HFD
p47KO mice had a larger proportion of small adipocytes
<3000 lM and a smaller proportion of hypertrophic adipo-
cytes>5000 lM thanHFDWTmice. Whereas OVX reduced
the proportion of small adipocytes and increased the pro-
portion of large hypertrophic adipocytes in WT mice, this
did not occur in OXV p47KO mice. Moreover, after E2
replacement, the effect of p47phox genotype on adipocyte
size in HFD-fed mice was particularly evident. HFD/
OVX/E2 P47KO mice had 2.6-fold more small adipocytes
and 3.2-fold fewer large hypertrophic adipocytes than
HFD/OVX/E2 WT female mice.

Interaction between p47phox genotype and estrogen
status regulates whole body energy status in female
mice fed high fat “Western” diets

No significant effects of genotype per se were observed on
VO2 (Table 3). However, the effect of estrogenic status on
VO2 was highly significant (P¼ 0.005) and there was a

significant interaction between genotype and estrogenic
status P � 0.05 with regards to oxygen consumption. VO2
was reduced by OVX compared to the intact groups and
significantly increased in the OVXþE2 groups. The effect
of E2 replacement was greater in the p47KO mice than WT
mice. Overall RER and heat production did not differ by
genotype or by estrogenic status. However, in both cases,
there was a significant interaction between the two. RER
and heat production were slightly elevated in Western diet-
fed WT mice by OVX and reduced in the OVXþE2 group.
In contrast, in p47KO mice, the opposite response to OVX
and E2 replacement was observed (interaction P¼ 0.004)
(Table 3). No significant effects of genotype, estrogenic
status, or interaction between the two were observed on
mouse activity as measured in the CLAMS system.

Interaction between p47phox genotype and estrogen
status regulates serum leptin and adiponectin levels in
female mice fed high fat “Western” diets

Significant interactions between genotype, estrogen status
and level of serum adipokines were observed (Table 4).

Figure 2. Effects of p47phox genotype and estrogen status on relative weight of visceral fat (abdominalþgonadal fat pads) of female mice fed high fat “Western” diets.

WT: wild type; p47 KO: p47phox�/� mouse; HFD: high fat diet; OVX: ovariectomy; OVX E2: ovariectomy with estrogen replacement. #P< 0.05 HFD/OVX vs. HFD within

genotype; *P< 0.05 HFD/OVX vs. HFD/OVX/E2 within genotype; b> a, P< 0.05 genotype within group with same estrogen status. Data are mean�SEM for n¼ 6–

8/group.

Table 2. The relationship between estrogen status, p47phox�/� genotype and mean adipocyte size in gonadal fat pads.

Adipocyte size (lM)

Genotype (%)

Wild Type P47phox KO

HF HF/OVX HF/OVX/E2 HF HF/OVX HF/OVX/E2

<3000 15 7 22 22 33 58

3000–4000 13 8 13 16 6 17

4000–5000 16 11 17 20 9 10

>5000 52 71 50 43 47 16

Note: Data are the average % of cells within the lM dimensions listed in n¼ 6–8 mice/group.

E2: estradiol; HF: high fat; OVX: ovariectomized.
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Serum leptin concentrations were lower in intact HFD
p47KO mice then in intact HFD WT mice (P< 0.05). OVX
increased leptin concentrations significantly in both geno-
types and there was no genotype difference between OVX
groups. E2 treatment reduced serum leptin in both geno-
types (P< 0.05) but there was no genotype difference
between WT OVXþE2 and p47KO OVXþE2 groups.
Serum adiponectin values were higher in the intact WT
HFD group compared to the intact HFD p47KO group
(P< 0.05). Moreover, significantly increased adiponectin
concentrations after OVX were only observed in the WT
group and OVX groups differed by genotype (P< 0.05).
E2 treatment resulted in reduced adiponectin levels only
in the WT group (P< 0.05) but adiponectin values did not
differ by genotype in OVXþE2 groups.

Interaction of p47phox genotype and E2 signaling affects
expression of NOX enzymes in adipose tissue

mRNA expression of the major NOX enzymes expressed in
adipose tissue—NOX2 and NOX4—was examined in the
gonadal fat pads from mice in the current study by real-
time RT-PCR. In both HFD WT and HFD p47KO mice,
expression of NOX2 mRNA was elevated 3–4-fold by
OVX and suppressed back to the level observed in intact
mice by E2 replacement. Overall ANOVA for genotype
effect P¼ 0.9; effect of estrogenic status P¼ 0.03; interaction
P¼ 0.8. However, the effect of OVX and E2 replacement
only reached statistical significance at P< 0.05 in the
p47KO mice (Figure 3(a)). It should be noted that the
increase in NOX2 mRNA could only result in increased
NOX2 activity in OVX WT mice since in the absence of
p47phox protein in the p47KO mice NOX2 would be
unable to form a functional complex. NOX4 mRNA expres-
sion did not respond to OVX in HFD WT mice, but was

markedly upregulated by OVX in HFD p47KO mice
(P< 0.05) (Figure 2(b)). E2 replacement significantly sup-
pressed NOX4 mRNA expression in HFD/OVX p47KO
mice (P< 0.05). Moreover, NOX4 mRNA expression was
lower in HFD/OVX/E2 p47KO mice compared to the
HFD/OVX/E2 WT group (P< 0.05).

Interaction of p47phox genotype and E2 signaling affects
PPARc signaling pathways in adipose tissue

There were no significant differences in PPARc mRNA
expression or expression of mRNA encoding PPARc
target genes CD36, lipoprotein lipase (LPL), or leptin in
the gonadal fat pads of WT mice after OVX or E2 replace-
ment (Figure 4). However, expression of PPARc targets was
highly responsive to E2 status in p47KOmice. In particular,
CD36 and LPL mRNA levels were increased by OVX in
HFD p47KO mice relative to intact HFD p47KO mice
(P< 0.05) and mRNA expression was suppressed in the
HFD/OVX/E2 p47KO group relative to the HFD/OVX
p47KO group (P< 0.05) (Figure 4(b) and (c)). Overall
ANOVA for genotype/estrogen status interaction P¼ 0.1
for CD36 and P¼ 0.05 for LPL. LPL mRNAwas expressed
at higher levels in intact HFD WT mice compared to intact
HFD p47KO mice (P< 0.05). This genotype effect on LPL
mRNA expression was reversed after OVX but then
restored in HFD/OVX/E2 WT mice relative to HFD/
OVX/E2 p47KO mice (P< 0.05) (Figure 4(c)). Expression
of leptin mRNA revealed a similar pattern but data were
too variable for the genotype/estrogen interaction to reach
significance. ANOVA for genotype P¼ 0.9; ANOVA for
estrogenic status P¼ 0.02, ANOVA for interaction P¼ 0.2
(Figure 4(d)).

Interaction of p47phox genotype and E2 signaling
regulates gonadal adipose tissue pathology developed
in response to HFD

It has been shown that when intake of calories/fatty acids
exceeds the capacity of fat cells to store the excess energy,
some adipocytes undergo cell death in the form of pyrop-
tosis.28 This is characterized by formation of cytosolic
inflammasome complexes in response to signaling through
danger- or pathogen-associated molecular patterns such as
the NOD-like receptor Nlrp3 and the thioredoxin interact-
ing/inhibiting protein txnip.28 Inflammasome complex for-
mation results in proteolysis via caspase 1 and increased
expression and processing of inflammatory cytokines, in
particular IL-1b.9 Nlrp3 mRNA was expressed more

Table 3. Effect of p47phox genotype and estrogen status on whole body energy utilization.

Outcomes

WT P47 KO P-values from ANOVA

HF HF/OVX HF/OVX/E2 HF HF/OVX HF/OVX/E2 Genotype Diet HF HF/OVX HF/OVX/E2 Interaction

VO2 1 (0.14) 0.96 (0.07) 1.05 (0.08) 1.09 (0.11) 0.81 (0.04) 1.34 (0.08) 0.3324 0.0047* a,b b a 0.0552

RER 1 (0.03) 1.08 (0.01) 1.04 (0.01) 1.08 (0.03) 1.02 (0.02) 1.07 (0.02) 0.2936 0.6503 0.0034*

Heat 1 (0.14) 1.12 (0.07) 0.99 (0.07) 0.99 (0.09) 0.91 (0.04) 1.22 (0.06) 0.9502 0.4135 0.0380*

Activity 1 (0.30) 0.59 (0.07) 1.07 (0.23) 0.97 (0.29) 0.59 (0.14) 0.99 (0.29) 0.8369 0.0874 0.9836

Note: Data are mean (SE) n¼ 6–8/group; *indicates P< 0.05, b> a.

OVX: ovariectomized; HF: high fat.

Table 4. Relationship between estrogen status, p47phox genotype, and

serum adipokine levels after feeding HFD.

Adipokine Genotype Intact OVX OVX1E2

Leptin Wild Type 24� 4b 32� 4*,# 16� 4

(ng/mL) P47phox –/– 11� 4a 33� 4*,# 10� 5

Adiponectin Wild Type 222� 43b 350� 38b,* 106� 42

(mg/mL) P47phox–/– 153� 38a 206� 40a 137� 42

Note: Data are mean�SEM for n¼ 6–8/group; means with differing letters differ

by genotype (P< 0.05) a<b.

*Effect of OVX within genotype (P< 0.05).
#Effect of E2 within genotype (P< 0.05).

.OVX: ovariectomized; E2: estradiol.
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highly in gonadal fat from both intact and OVX HFD WT
compared to intact and OVX HFD p47KO mice (P< 0.05)
(Figure 5(a)). Txnip mRNA expression was elevated by
OVX. Estrogenic status overall ANOVA P¼ 0.03 but this
only achieved statistical significance within genotype in

p47KO mice (Figure 5(b)). Likewise, Tixnip mRNA expres-
sion was suppressed significantly by E2 treatment of
HFD/OVX mice in p47KO but not WT mice (P< 0.05)
(Figure 5(b)). Caspase 1 mRNA expression in gonadal fat
pads was unaffected by OVX or E2 replacement in HFDWT

Figure 4. Effects of p47phox genotype and estrogen status on expression of (a) PPARc mRNA and downstream gene targets – (b) CD36 mRNA; (c) Lipoprotein lipase

(LPL) mRNA and (d) leptin mRNA in gonadal fat pads of female mice fed high fat “Western” diets. WT: wild type; p47 KO: p47phox�/� mouse; HFD: high fat diet; OVX:

ovariectomy; OVX E2: ovariectomy with estrogen replacement. #P< 0.05 HFD/OVX vs. HFD within genotype; *P< 0.05 HFD/OVX vs. HFD/OVX/E2 within genotype;

b> a, P< 0.05 genotype within group with same estrogen status. Data are mean�SEM for n¼ 6–8/group.

Figure 3. Effects of p47phox genotype and estrogen status on expression of (a) NOX2 mRNA and (b) NOX4 mRNA in gonadal fat pads of female mice fed high fat

“Western” diets. WT: wild type; p47 KO: p47phox�/� mouse; HFD: high fat diet; OVX: ovariectomy; OVX E2: ovariectomy with estrogen replacement. #P< 0.05 HFD/

OVX vs. HFD within genotype; *P< 0.05 HFD/OVX vs. HFD/OVX/E2 within genotype; b> a, P< 0.05 genotype within group with same estrogen status. Data are mean

�SEM for n¼ 6–8/group.
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mice. However, OVX increased and E2 replacement
decreased caspase 1 mRNA expression (P< 0.05) in
p47KO mice. Caspase 1 mRNA was regulated by estrogen
status only in p47KO mice. A significant genotype effect
was observed in HFD/OVX mice with greater expression
in p47KO mice compared to WT. The genotype effect was
reversed in the HFD/OVX/E2 groups where caspase
mRNA expression was greater in WT mice (Figure 5(c)).
Overall ANOVA for genotype P¼ 0.1, ANOVA for estro-
genic status 0.01, ANOVA for genotype/estrogenic status
interaction P¼ 0.0002. IL-1b mRNA expression was
increased by OVX only in the p47KO mice (P< 0.05).
Moreover, E2 replacement significantly suppressed IL-1b
m RNA expression in p47KO HFD/OVX mice (P< 0.05)
(Figure 5(d)).

Adipocyte death as a result of HFDwas accompanied by
pathological and molecular markers of inflammation and
ER stress in gonadal fat pads of female mice. These markers
were also affected by both E2 status and p47phox genotype
and genotype/estrogenic status interactions (Figure 6). In
HFD p47KOmice, but not HFDWT mice, mRNA encoding
the ER stress marker CHOP10/GADD153 mRNA expres-
sion was elevated by OVX and suppressed to levels seen in
intact mice by E2 replacement (P< 0.05) (Figure 6(a)).
Although mean mRNA expression for TNFa in gonadal
fat was higher in all treatment groups from WT mice com-
pared to p47KO mice, there was no evidence of E2-specific

regulation (Figure 6(b)). No difference in expression was
observed between groups in WT mice. Similar patterns of
mRNA expression to GADD153 were observed for IL-6 and
RANTES mRNAs in p47KO mice (Figure 6(c) and (d)).
However, differences between groups did not reach statis-
tical significance. Expression of mRNA encoding the
chemokine Mcp-1 in gonadal fat pads from HFD mice
was also affected by interaction between estrogenic status
and genotype. Overall ANOVA for genotype P¼ 0.9;
ANOVA for estrogenic status P¼ 0.08; ANOVA for interac-
tion P¼ 0.04. Mcp-1 mRNAwas greater in intact HFD/WT
than intact HFD/p47KO mice (P< 0.05) and was greater in
WT HFD/OVX/E2 mice relative to p47KO HFD/OVX/E2
mice (P< 0.05) (Figure 6(e)). Crown-like structures of mac-
rophages surrounding dead adipocytes were evident in the
intact HFD WT group, but absent from the intact HFD
p47KO group (Figure 6(f), P< 0.005, Figure 7). OVX
increased incidence of crown-like structures in both geno-
types coincident with increased body weight gain and
increased adiposity. However, incidence was lower in
HFD/OVX p47KO mice compared to HFD/OVX WT
mice (P< 0.005). E2 replacement abolished development
of crow-like structures in HFD/OVX mice of both geno-
types (P< 0.005) (Figures 6(f) and 7).

In addition to inflammation, HFD-associated obesity
results in matrix remodeling in fat pads and adipose
tissue fibrosis characterized by increased expression of

Figure 5. Effects of p47phox genotype and estrogen status on expression of genes involved in adipocyte pyroptosis in the gonadal fat pads of female mice fed high fat

“Western” diets. (a) Nlrp3 mRNA; (b): txnip mRNA; (c): Caspase 1 mRNA; (d): Interleukin (IL)1b mRNA. WT: wild type; p47 KO: p47phox�/� mouse; HFD: high fat diet;

OVX: ovariectomy; OVX E2: ovariectomy with estrogen replacement. #P< 0.05 HFD/OVX vs. HFD within genotype; *P<0.05 HFD/OVX vs. HFD/OVX/E2 within

genotype; b> a, P< 0.05 genotype within group with same estrogen status. Data are mean�SEM for n¼ 6–8/group.
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matrix metaloproteinases (Mmps) and collagen deposition
(5). Expression of Mmp2 mRNA was greater in intactHFD
WT than intact HFD p47KO mice and whereas Mmp2
expression was E2 independent in WT mice, E2 regulation
was evident in p47KO mice with increases after OVX and
suppression by E2 replacement (P< 0.05) (Figure 8(a)).
Similar expression patterns were observed for collagen
1A1 and collagen 6a3 mRNA (Figure 8(b) and (c)).
Expression of both mRNAs was higher in intact HFD WT
than intact HFD p47KO mice (P< 0.05) and E2 regulation

was only statistically significant after p47phox dele-
tion (P< 0.05).

Interaction of p47phox genotype and E2 signaling
regulates glucose homeostasis after feeding of HFD

In HFD WT mice, OVX and E2 replacement had little effect
on fasting HOMA values or areas under the glucose and
insulin time courses following glucose tolerance testing. In
contrast, fasting HOMA and plasma glucose values

Figure 6. Effects of p47phox genotype and estrogen status on gonadal fat pad inflammation in female mice fed high fat “Western” diets. (a) CHOP/Gad153 mRNA; (b)

Tumor necrosis factor (TNF)a mRNA; (c): Interleukin (IL)6 mRNA; (d): Rantes mRNA; (e): Mcp-1 mRNA; (f): Crown-like structures. WT: wild type; p47 KO: p47phox�/�

mouse; HFD: high fat diet; OVX: ovariectomy; OVX E2: ovariectomy with estrogen replacement. #P< 0.05 HFD/OVX vs. HFD within genotype; *P< 0.05 HFD/OVX vs.

HFD/OVX/E2 within genotype; b> a, P< 0.05 genotype within group with same estrogen status. Data are mean�SEM for n¼ 6–8/group.

Figure 7. Representative pictures of crown-like structures in gonadal fat pads of female mice fed high fat “Western” diets. WT: wild type; p47 KO: p47phox�/� mouse;

HFD: high fat diet; OVX: ovariectomy; OVX E2: ovariectomy with estrogen replacement. (A color version of this figure is available in the online journal.)
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following the glucose tolerance test were highly regulated
by E2 in HFD p47KO mice (Figure 9). Fasting HOMA
values and plasma glucose values following the glucose
tolerance test were lower in HFD/OVX WT mice than in
HFD/OVX p47KO mice (P< 0.05) and fasting HOMAwas
higher in HFD/OVX/E2 WT mice than in HFD/OVX/E2
p47KO mice (Figure 9(a) and (b)) (P< 0.05). Overall
ANOVA for genotype/estrogenic status interaction
P¼ 0.006 for HOMA and P¼ 0.01 for the area under the
plasma glucose time course. Moreover, the area under the
plasma insulin time course following glucose challenge
was higher in HFD/OVX/E2 WT mice then in HFD/
OVX/E2 p47KO mice indicating greater insulin resistance
in the HFD WT mice under these conditions. Overall
ANOVA for genotype/estrogenic status interac-
tion P¼ 0.01.

Discussion

Obesity and chronic feeding of HFD result in appearance of
metabolic syndrome including insulin resistance and
hyperglycemia.7,10 These parameters appear to be highly
influenced by NOX genotype/gender interactions.
Previous studies from our laboratory have shown that stro-
mal vascular cells from the fat pads of p47KO mice exhibit
lower basal and stimulated production of hydrogen perox-
ide compared to cells from WT mice.26 We and others have
demonstrated that global knockdown or inactivation of

NOX2 activity also result in reduced weight gain and adi-
posity, adipose tissue inflammation and increased insulin
sensitivity after high fat feeding.22–24,26 These effects appear
to be independent of any effects on food intake. Part of the
effect appears mediated by NOX2 activity in myeloid cells
since targeted myeloid-specific deletion results in lower
body weight, reduced adipose tissue inflammation, and
delayed adiposity after high fat feeding.25 Additional
effects appear due to the role of NOX2-mediated ROS sig-
naling on adipocyte differentiation and whole-body energy
expenditure associated with increased expression of mito-
chondrial respiratory complexes and mitochondrial uncou-
pling.26 We have shown that the effects of NOX2
inactivation on body composition, energy expenditure,
and insulin sensitivity were much greater in female than
male mice where the NOX2 cytosolic coactivator p47phox is
ablated.26 However, the relative contribution of NOX2 sig-
naling in adipocytes vs. liver or skeletal muscle to these
physiological endpoints awaits high fat feeding studies in
tissue-specific knockout mice. The current study was
designed to determine if the mechanisms underlying the
sexual dimorphism in effects of NOX2 inactivation
involved negative cross-talk between NOX2 and estrogen
signaling pathways. Data in the intact females are consis-
tent with our previous findings demonstrating reduced
body weight and gonadal fat pad weight, decreased adipo-
kine production, reduced adipose tissue inflammation and
fibrosis markers in p47 KO mice compared to wild type

Figure 8. Effects of p47phox genotype and estrogen status on gonadal fat pad markers of matrix remodeling and fibrosis in female mice fed high fat “Western” diets. (a)

Mmp2 mRNA; (b) Collagen Col1a1 mRNA; (c) Collagen Col6a3 mRNA. WT: wild type; p47 KO: p47phox�/� mouse; HFD: high fat diet; OVX: ovariectomy; OVX E2:

ovariectomy with estrogen replacement. #P< 0.05 HFD/OVX vs. HFD within genotype; *P< 0.05 HFD/OVX vs. HFD/OVX/E2 within genotype; b> a, P< 0.05 genotype

within group with same estrogen status. Data are mean�SEM for n¼ 6–8/group.

Figure 9. Effects of p47phox genotype and estrogen status on insulin resistance and glucose homeostasis in female mice fed high fat “Western” diets. (a) HOMA values

after overnight fast; (b) Area under the 120 min glucose-time curve following glucose injection in oral glucose tolerance test; (c) Area under the 120 min insulin-time

curve following glucose injection in oral glucose tolerance test. WT: wild type; p47 KO: p47phox�/� mouse; HFD: high fat diet; OVX: ovariectomy; OVX E2: ovariectomy

with estrogen replacement. #P< 0.05 HFD/OVX vs. HFD within genotype; *P< 0.05 HFD/OVX vs. HFD/OVX/E2 within genotype; b> a, P<0.05 genotype within group

with same estrogen status. Data are mean�SEM for n¼ 6–8/group.
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females fed a high fat “Western diet.” Overall, the endpoint
differences observed in intact female WT and p47 KO mice
either disappeared or were reversed in mice following OVX
and the ovariectomy effect was blocked in OVX mice
treated with E2, consistent with a role for E2 in maintaining
genotype differences between intact WT and p47KO mice.
Across multiple parameters, it was evident that the effects
of OVX and E2 replacement were also significantly greater
in the p47KO mice than in WT mice, suggesting that
E2 effects on body composition and insulin sensitivity are
significantly attenuated when NOX2-dependent ROS sig-
naling pathways are active. Body weight was increased
(P< 0.05) in both WT and p47KO mice after OVX, but the
genotype difference was abolished. E2 treatment sup-
pressed body weight in both OVX genotypes but signifi-
cantly reduced body weight gain in the HFD/OVX/E2
p47KO mice relative to HFD/OVX/E2 WT mice became
evident with age. Gonadal fat pad weight became greater
in OVX p47KO mice than in OVX WT mice while serum
leptin values were increased and equalized, effects which
were reversed with E2 treatment. Interestingly, serum adi-
ponectin levels remained lower in HFD/OVX p47 KO mice
compared to HFD/OVX WT mice suggesting additional
levels of regulation. Adipose tissue inflammation, as mea-
sured by the appearance of crown-like structures, was
increased by OVX in both genotypes but the genotype
difference of higher inflammation in WT mice was main-
tained. Interestingly, E2 treatment abolished adipose tissue
inflammation in both genotypes. Consistent with our pre-
vious data, in female mice, adipocyte size skewed towards
large >5000 lM cells in WT mice of all treatments. In con-
trast, a larger proportion of adipocytes in p47 KOmice were
small <3000 lM.26 This was particularly evident in the
OVX/E2 p47KO group and was associated with reduced
expression of PPARc mRNA and downstream gene targets
including CD36, lipoprotein lipase, and leptin compared to
WT OVX/E2 mice. Expression of NOX2 mRNA itself
appears to be estrogen-regulated since it was significantly
upregulated by OVX and suppressed by further E2 treat-
ment. In WT, but not p47KO, mice this would be accompa-
nied by increased NOX2-dependent ROS signaling. This
might contribute to the large increase in adipose tissue
inflammation seen in OVX WT mice. Although little effect
of OVX or E2 replacement was seen on NOX4 expression in
WT mice, NOX4 was highly regulated by estrogenic status
in p47 KOmice. This suggests that NOX signaling can affect
expression of other NOX enzymes and is consistent with
previously reported results of NOX2 upregulation after
NOX4 ablation and vice versa.29,30 The substantial upregu-
lation of constitutively active NOX4 expression in OVX
p47KO mice could explain the significant increases in
markers of adipocyte pyroptosis, adipose tissue inflamma-
tion and reduced insulin sensitivity seen in these relative to
OVX WT mice. NOX4 expression in adipocytes has previ-
ously been linked to increased expression of chemotactic
factors, such as MCP-1, and to development of insulin
resistance.18

In conclusion, our data are consistent with our previous
studies demonstrating sexual dimorphism in protection
against high fat-induced obesity and metabolic syndrome

in NOX2 inactivated p47KOmice. The data suggest that the
basis of this sexual dimorphism is negative cross talk
between NOX2-dependent ROS signaling and E2 signaling
pathways. In addition, the more robust phenotype
observed in high fat-fed p47KO mice than in high fat-fed
myeloid-specific NOX2 knockout mice points to additional
roles of NOX2-signaling in pre-adipocytes in regulation of
white adipocyte differentiation and in energy expenditure
in other organs such as liver and skeletal muscle. This
requires further investigation in high fat-fed mice where
ablation of NOX2 is specific to pre-adipocytes, hepatocytes,
and myocytes. One difficulty in interpretation of the cur-
rent data is the apparent compensation of NOX4 for loss of
NOX2 activity after OVX. Additional studies where both
NOX2 and NOX4 are knocked down are required to
completely understand the role of NOX-dependent ROS
signaling in regulation of body composition and energy
expenditure in the face of high fat feeding. An additional
limitation of the current study is that we cannot distinguish
ROS-signaling interactions with the different ER signaling
pathways. Further studies using ERa, membrane bound
ERa, ERb and GPR30-specific agonists or cell-specific
knockouts will be required to completely understand
the basis of negative cross-talk between these pathways.
Our data do suggest that negative cross-talk between
NOX-signaling and E2 signaling is associated with regula-
tion of body composition and energy expenditure and that
loss of estrogens at menopause contributes to development
of visceral obesity, adipose tissue inflammation and fibro-
sis, and development of metabolic syndrome as the result
of increased NOX signaling.
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