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Abstract

Accumulation of reactive oxygen species (ROS) is an important pathogenic mechanism

underling the loss of bone mass and strength with aging and other conditions leading to

osteoporosis. The transcription factor erythroid 2-related factor2 (Nrf2) plays a central role

in activating the cellular response to ROS. Here, we examined the endogenous response of

bone regulated by Nrf2, and its relationship with bone mass and architecture in the male and

female murine skeleton. Young (3 month-old) and old (15 month-old) Nrf2 knockout (KO)

mice of either sex exhibited the expected reduction in Nrf2 mRNA expression compared to

wild type (WT) littermates. Nrf2 deletion did not lead to compensatory increase in Nrf1 or

Nrf3, other members of this transcription factor family; and instead, Nrf1 expression was

lower in KO mice. Compared to the respective WT littermate controls, female KO mice,

young and old, exhibited lower expression of both detoxifying and antioxidant enzymes;

young male KO mice, displayed lower expression of detoxifying enzymes but not antioxidant

enzymes; and old male KO mice showed no differences in either detoxifying or antioxidant

enzymes. Moreover, old male WT mice exhibited lower Nrf2 levels, and consequently lower

expression of both detoxifying and antioxidant enzymes, compared to old female WT mice.

These endogenous antioxidant responses lead to delayed rate of bone acquisition in female

KO mice and higher bone acquisition in male KO mice as quantified by DXA and μCT, dem-

onstrating that Nrf2 is required for full bone accrual in the female skeleton but unnecessary

and even detrimental in the male skeleton. Therefore, Nrf2 regulates the antioxidant endog-

enous response and bone accrual differently depending on sex and age. These findings

suggest that therapeutic interventions that target Nrf2 could be developed to enhance the

endogenous antioxidant response in a sex- and age-selective manner.
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Introduction

Oxidative stress results from the imbalance between free radical generation and the scavenging

activity of intracellular antioxidant mechanisms. Accumulation of reactive oxygen species

(ROS) causing oxidative damage in different tissues occurs with aging, obesity, menopause,

and arthritis, and it is also a crucial pathogenic factor in osteoporosis and metabolic bone dis-

eases [1, 2]. Accumulation of ROS increases osteoclast differentiation directly by activating the

transcription factor nuclear factor of activated T–cells, cytoplasmic 1 (NFATc1) in pre-osteo-

clasts and indirectly by enhancing the expression in cells of the osteoblastic lineage of the

receptor activator of nuclear factor kappa-B ligand (RANKL) and tumor necrosis factor α
(TNFα), which in turn stimulate osteoclastogenesis [3–5]. Conversely, ROS accumulation

decreases the number of osteoblasts by inhibiting their proliferation and differentiation and by

inducing premature osteoblast apoptosis [6–9]. In addition, ROS induces apoptosis of osteo-

cytes, the most abundant cells in bone that regulate osteoclast and osteoblast function [10, 11].

The transcription factor erythroid 2-related factor2 (Nrf2) belongs to the Cap-N-Collar

family of regulatory proteins that also comprises Nrf1, Nrf3 and p45NFE2 [12]. Nrf2 is ubiqui-

tously expressed and largely responsible for basal and inducible expression of proteins

involved in drug metabolism and the cellular response to oxidative stress [13]. The levels of

Nrf2 are controlled by ubiquitination and proteosomal degradation. Nrf2 protein is main-

tained at low levels by its inhibitor, kelch like ECH associated protein 1 (Keap1), which seques-

ters Nrf2 in the cytosol and facilitates its degradation via the proteasome [13]. Nrf2 is redox-

sensitive and under excessive oxidative stress Nrf2 degradation is hindered leading to its accu-

mulation in the cytoplasm and its nuclear translocation [13]. Nrf2 then, binds to antioxidant

response elements (AREs) and increases the transcription of cytoprotective genes, which in

turn attempt to decrease ROS. Nrf2 regulates the expression of phase II detoxifying enzymes,

including NAD(P)H quinone dehydrogenase 1 (NQO1), heme oxygenase 1 (OH-1), ferritin

light chain 1 (FTL1) and glutathione S-transferase phosphate 1 (GSTP), which are responsible

for indirectly neutralizing ROS by conjugating xenobiotics, increasing their solubility and

facilitating their excretion. Nrf2 also controls the expression of antioxidant enzymes, including

thio-redoxin reductase 1 (TXNRD1) and superoxide dismutase 1 (SOD1), which directly

degrade ROS [14, 15].

Mice in which Nrf2 is globally deleted are viable and exhibit no obvious phenotypic abnor-

malities [16]. However, consistent with the cytoprotective role of this transcription factor,

Nrf2 knockout (KO) mice are more prone to oxidative injury, carcinogenesis and chemical

inflammation [17–19], and to develop degenerative diseases associated with elevated oxidative

stress including age-related macular degeneration, diabetes, and Parkinson’s disease [20–22].

Earlier studies showed that female Nrf2 KO mice exhibit a deficit in postnatal bone acquisi-

tion and increased bone loss [23, 24]. However, controversial results were found when study-

ing male mice, since Park et al reported increased bone mass in Nrf2 KO mice [25], whereas

Sun et al reported reduced bone mass and defective anabolic response to bone loading [26].

Therefore, it is still unclear whether Nrf2 regulates bone acquisition and maintenance and if

Nrf2 effects are different in the female and male mice skeleton. Moreover, none of the previous

studies examined whether the different effects at the bone tissue level are due to a distict

endogenous antioxidant response dependent on the sex.

To address these unresolved issues, we examined the bone phenotype of female and male,

young and old, Nrf2 KO mice and wild type (WT) littermate controls. Our findings demon-

strate that Nrf2 regulates bone accrual differently depending on the sex, being required in the

female skeleton but dispensable (and even detrimental) in the male skeleton. Further, the

absence of Nrf2 protects from bone loss in old male mice suggesting that Nrf2 negatively
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influences bone maintenance in the male skeleton. Moreover, the sex-dependent effects of

Nrf2 deletion at the tissue level correlate with different antioxidant endogenous responses, as

the expression of phase II detoxifying enzymes is strictly dependent on Nrf2 in females but not

in males, thus suggesting sex-specific mechanisms for controlling the defense against ROS in

bone.

Materials and methods

Mice

WT and Nrf2 KO littermate mice were generated by crossing Nrf2 heterozygous mice

(B6.129X1- Nfe2/2tm1Ywk/J) purchased from the Jackson Labs. Nrf2 KO mice were originally

produced by injection of targeted 129X1/SvJ-derived JM-1 embryonic stem cells into blasto-

cysts, followed by breeding of chimeric mice with C57BL/6 mice [27]; and have been back-

crossed more than 10 generations into C57BL/6 strain. Mice were genotyped by PCR of

genomic DNA using the following primers: Nrf2 common (GCC TGA GAG CTG TAG GCC C),

Nrf2 WT REV (GGA ATG GAA AAT AGC TCC TGC C) and Nrf2 mutant REV (GAC AGT ATC
GGC CTC AGG AA), (Invitrogen,Grand Island, NY). Bands were detected by gel electrophoresis

corresponding to PCR products of 200 and 400 bp for the WT and KO alleles, respectively (Fig

1A). Mice were housed in the Indiana University Laboratory Animal Research Center

(LARC), fed with regular diet (Harlan/ Teklad 7001, Indianapolis, In, USA), received water ad

libitum, and maintained on a 12-h light/dark cycle. All animal procedures were approved by

the Institutional Animal Care and Use Committee of Indiana University School of Medicine.

Analysis of the skeletal phenotype

A longitudinal analysis of Nrf2 KO skeletal phenotype was performed in mice until 15 months

of age. Bone mineral density (BMD) measurement and micro-CT (μCT) analysis were done as

previously described [28, 29]. Mice were anesthetized via inhalation of 2.5% (vol/vol) isoflur-

ane (Abbott Laboratories) mixed with O2 (1.5 L/min), and BMD of the total body, excluding

the head and the tail, the lumbar spine (L1–6), and the femur was measured by dual energy X-

ray absorptiometry (DXA) by using a PIXImus II densitometer (GE Medical Systems).

For μCT analysis, lumbar vertebrae (L5) from 3 and 15-month-old mice were dissected,

cleaned of soft tissue, wrapped in gauze with saline, and frozen at -20˚C until analyzed at 6 μm

resolution using a Scanco μCT 35 instrument (Scanco Medical, Brüttisellen, Switzerland) [30].

Biochemical markers

Plasma and serum was obtained from blood from the facial vein of mice after 3-h fasting at 2, 5

and 15 months of age. Circulating levels of procollagen type 1 amino-terminal propeptide

(P1NP) and C-telopeptide fragments of Type I collagen (CTX) were measured in serum and

plasma, respectively, by using ELISA kits (Immunodiagnostic Systems Ltd) [31–33]. Alkaline

phosphatase (ALP) was measured in serum on a Randox Daytona analyzer (Randox Laborato-

ries Limited, Northern Ireland, U.K) at the General Clinical Research Center of Indiana Uni-

versity School of Medicine.

Bone histomorphometry

Vertebrae (L1–L3) from 15 month-old mice were dissected, fixed in 10% buffered formalin,

and embedded in methyl methacrylate as published [34]. For dynamic bone histomorpho-

metric analysis, mice were injected IP with calcein (30 mg/kg; Sigma Chemical Co., St. Louis,

MO, USA) and alizarin (50mg/kg; Sigma) 12 and 5 days before euthanasia, respectively, as

Nrf2 regulation of bone mass and the antioxidant endogenous response

PLOS ONE | DOI:10.1371/journal.pone.0171161 February 2, 2017 3 / 18



previously described [35]. Thick (100 μm) cross-sections of L1-3 were prepared using a dia-

mond embedded wire saw (Histosaw, Delaware Diamond Knives, Wilmington, DE) and

ground to a final thickness of approximately 40 μm. Dynamic histomorphometric analysis was

performed on unstained sections, avoiding the primary spongiosa. Total, single and double-

labeled perimeter, and inter-label width were measured on the L1-3 vertebrae surfaces. A value

of 0.1 μm/d was used for mineral apposition rate (MAR) when single labels were present but

double labels were not detected [36]. Static bone histomorphometric analysis was performed

in longitudinal sections of L1-3 vertebrae stained for von Kossa and counterstained with tolui-

dine blue. All measurements were obtained using a semiautomatic analysis system, OsteoMea-

sure high-resolution digital video system (OsteoMetrics Inc., Decatur, GA) attached to a

microscope equipped with an ultraviolet light source (Nikon Optiphot 2 microscope, Melville,

NY). The terminology and units used are those recommended by the Histomorphometry

Nomenclature Committee of the American Society for Bone and Mineral Research [37].

Quantitative PCR

Total RNA extraction and quantitative PCR (qPCR) were performed as reported previously

[29]. Briefly, total RNA was extracted from lumbar vertebrae L6 by using TRIzol (Invitrogen,

Fig 1. Deletion of the transcription factor Nrf2 does not lead to compensatory increases in Nrf2 or

Nrf3. (A) Mice genotyping. PCR products of 200 and 400 bp correspond to WT and KO alleles, respectively.

(B, C) Nrf2, Nrf1 and Nrf3 mRNA expression in lumbar vertebra 6 (L6) was quantified by qPCR and

normalized by the housekeeping gene GAPDH. Bars represent means ± SD, n = 3–5 mice/ group. * p<0.05

versus respective WT by two-way ANOVA, followed by pairwise multiple comparisons using Tukey method.

# p<0.05 vs respective WT by t-Test.

doi:10.1371/journal.pone.0171161.g001
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Grand Island, NY) and reverse-transcribed the RNA using the High-Capacity cDNA Archive

Kit (Applied Biosystems, Foster City, CA) according to the manufacturer’s instructions. Gene

expression was analyzed by qPCR using primer probe sets from Applied Biosystems or from

Roche Applied Science (Roche Applied Science, Indianapolis, IN). Relative mRNA expression

levels were normalized to the house-keeping gene GAPDH by using the ΔCt method [28, 29].

Statistical analysis

Gene expression, μCT, bone markers and histological measurements were reported as the

mean ± standard deviation. Differences were evaluated by 2x2 two-way ANOVA with factors

sex and genotype. If a significant main effect or interaction was found, the Tukey-Kramer mul-

tiple comparison procedure was used to examine pairwise differences among the four treat-

ment combinations. Student’s t test was used to analyze differences between WT and Nrf2 KO

for each sex. P values<0.05 were considered statistically significant.

Longitudinal profiles of total, femoral and spinal BMD measurements were estimated as

mean ± standard error. For each gender by genotype combination, the longitudinal profiles of

total, femoral, and spinal BMD were modeled as a nonlinear mixed model with four parameters,

b0, b1, b2, and b3 that varied from mouse to mouse. This model is a spline that increases with

age up to b2, the point of peak bone mass, and then levels out or decreases. The first part of the

spline is of the form b0+b1�(1/age) and describes the relationship for age less than or equal to

b2. The second part is of the form b0+(b1/b2)+b3�(age-b2) and describes the relationship for

age greater than b2. In this model, b0+b1 corresponds to BMD at 1 month, b1 represents the

curvature of the relationship from 1 month up to b2, and b3 is the slope of the relationship for

age greater than b2. Note that b1 is negative because BMD increases as 1/age decreases. Data for

all mice were included in a single model that allowed each of the four parameters to vary

according to the design. We performed two-way significance tests (main effects of sex and geno-

type and the sex by genotype interaction) for each parameter. Based on the results of these sig-

nificance tests, final models were run with selected parameters constrained to be equal in

subsets of the four design groups. Using these models, estimates and standard errors of BMD at

age 1 month (b0+b1), curvature (b1), age at peak bone mass (b2), slope after peak (b3), BMD at

peak ((b0+(b1/b2)), and BMD at age 15 months ((b0+(b1/b2)+b3�(15-b2)) were calculated.

Analyses were performed using SigmaStat (SPSS Science) and PROC NLMIXED in SAS 9.3

(SAS Institute, Cary, NC).

Results

The absence of Nrf2 does not induce a compensatory effect of Nrf1 and

Nrf3 gene expression

Mice were genotyped as detailed in methods section (Fig 1A). Young (3 month-old) and old

(15 month-old) KO mice of either sex exhibited the expected reduction in Nrf2 mRNA expres-

sion compared with WT littermates, as demonstrated by mRNA expression in bone (Fig 1B

and 1C). In addition, old WT male mice exhibited lower Nrf2 expression than old female WT

mice (Fig 1B and 1C).

We next investigated whether Nrf2 deletion lead to compensatory effects by increasing the

expression of Nrf1 or Nrf3. The lack of Nrf2 decreased Nrf1 mRNA expression in female and

male KO bones, although changes showed statistical significance only in young mice (Fig 1A

and 1B). Further, Nrf2 deletion did not alter Nrf3 expression in female bone or in old male

bone, but decreased it in bones from young male Nrf2 KO mice. Therefore, Nrf2 deletion does

Nrf2 regulation of bone mass and the antioxidant endogenous response
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not lead to compensatory increases in Nrf1 or Nrf3; but instead Nrf2 deletion leads to

decreases in Nrf1 and Nrf3 expression depending on the sex and age.

Cytoprotective proteins genes are differentially regulated by Nrf2

deletion in the female and male skeleton

It is known that in other tissues Nrf2 regulates phase II detoxifying enzymes and antioxidant

enzymes. We found that indeed the expression of phase II detoxifying enzymes in bone also

depends on Nrf2. Thus, transcripts for NQO1, OH-1, FTL1 and GSTP, were downregulated in

young and old female KO mice and young male KO mice (Fig 2A and 2B). In addition, similar

to the lower Nrf2 expression exhibited by WT old male mice (Fig 1C), WT old male mice

exhibited lower expression of phase II detoxifying enzymes compared with old WT female

mice (Fig 2B). Moreover, the levels of these mRNA transcripts were not further decreased by

Nrf2 deletion in old male mice.

Similar to the regulation of phase II detoxifying enzymes, the expression of the antioxidant

enzymes TXNRD1 and SOD1 was lower in female KO mice of either age (Fig 3). In contrast,

TXNRD1 and SOD1 expression was not different in male KO bone of either age compared to

the respective littermate WT. However, the expression of these antioxidant enzymes was lower

in old WT male mice compared with old WT female mice, resembling the pattern followed by

the expression of phase II detoxifying enzymes and Nrf2 itself. These results demonstrate that

phase II detoxifying and antioxidant enzymes are dependent on Nrf2 in female mice, whereas

in male mice, the expression of antioxidant enzymes appears to be controlled by alternative

mechanisms.

Fig 2. Phase II detoxifying enzyme expression in bone depends on Nrf2 in female and male mice. The

mRNA expression of phase II detoxifying enzymes was quantified by qPCR and normalized by GAPDH in L6

of 3 month-old (A) and 15 month-old (B) mice. Bars represent means ± SD, n = 3–5 mice/ group. * p<0.05

versus respective WT by two-way ANOVA, followed by pairwise multiple comparisons using Tukey method.

doi:10.1371/journal.pone.0171161.g002
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The transcription factor Nrf2 is required for bone acquisition in a sex-

specific manner

To determine the consequences of Nrf2 deletion on bone accrual and maintenance, we per-

formed a longitudinal analysis of total, femoral and spinal BMD in cohorts of WT and Nrf2

KO male and female mice (Fig 4). Female KO mice exhibited lower BMD (total, femoral and

spinal) at 3–6 month of age compared with littermate WT female mice. In contrast, no differ-

ences were detected in total BMD at any age in male KO mice. However, they exhibited higher

spinal BMD at 3 and 5 months of age, which remained elevated at 12 and 15 months of age.

Higher femoral BMD at 9 and 12 months of age were also observed in male KO mice com-

pared with the respective WT littermates.

Fig 3. The expression of the antioxidant enzymes is dependent on Nrf2 in female but not in male mice.

Expression of antioxidant enzymes was quantified as in Fig 2. Bars represent means ± SD, n = 3–5 mice/

group. * p<0.05 versus respective WT by two-way ANOVA, followed by pairwise multiple comparisons using

Tukey method.

doi:10.1371/journal.pone.0171161.g003
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BMD values were modeled using a nonlinear mixed model (Fig 5). KO female mice exhib-

ited lower initial BMD (at 1 month of age) than WT littermates, whereas no differences were

detected in male mice at this age (Table 1A and Fig 5). The early rate of total bone accrual (b1)

did not vary with sex or genotype. Although female KO mice reached adult peak of bone mass

(b2) 1.98 months later than female WT mice, they both attained the same peak of bone mass

(Fig 5A). On the other hand, male KO mice attained 2.63% higher peak of total bone mass

than WT littermates, while the age at peak of bone mass did not differ. In this model, the

parameter b3 was set to zero indicating that there was no change in BMD from peak to 15

months.

Similarly to total BMD, female KO mice showed lower femoral BMD at 1 month of age

compared with WT mice, but male KO mice displayed higher BMD than their WT littermates

(Table 1B and Fig 5B). Female KO mice attained peak femoral bone mass 2.10 months later

than WT littermates, whereas males from both genotypes attained peak bone mass at the same

age. Female KO mice attained 2.53% lower BMD in the femur than female WT mice at peak of

bone mass. Once they reached peak bone mass in the femur, females and males from each

genotype maintained it until the end of the experiment at 15 months of age.

Longitudinal analysis of BMD in the spine showed lower initial BMD (b0+b1) in KO mice

from both sexes, while the early rate of bone accrual (b1) did not vary with sex or genotype

(Table 1C and Fig 5C). Female and male KO mice reached adult peak spinal bone mass (b2)

Fig 4. Nrf2 regulates bone mass by sex specific mechanisms. Longitudinal analysis of total (A), femoral

(B) and spinal (C) BMD up to 15 month of age in Nrf2 KO and WT littermate female and male mice. BMD was

assessed monthly by DEXA, n = 9–15 mice/ group. # p<0.05 versus respective WT by t- Test.

doi:10.1371/journal.pone.0171161.g004
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1.61 months later than WT mice of the same sex (Fig 5A, 5B and 5C). No differences were

found in peak spinal bone mass in female mice, whereas male KO mice attained a 3.1% higher

peak than WT littermates (Fig 5C). After reaching peak bone mass, spinal BMD decreased in

all mice, at a common slope of 0.00075 g/cm2/month (b3) (Table 1C). Thus, female WT mice

lost 12.32% and female KO mice lost 12.45% of spinal BMD while male WT mice lost 13.84%

and KO mice lost 13.42% (Fig 5C).

Consistent with the BMD results, μCT analysis of lumbar vertebra (L5) showed that Nrf2

deficiency affected bone micro-architecture. Thus, young female KO mice exhibited lower

bone volume (BV/TV) compared with WT littermates (Fig 6A and 6B, and Table 2). In addi-

tion, both young and old female KO exhibited lower trabecular number (Tb. N) and higher

trabecular spacing (Tb. Sp). In contrast, old male KO mice exhibited higher bone volume and

trabecular thickness (Tb. Th) and lower Tb. Sp compared with WT littermates. Taken

together, these findings demonstrate an opposite effect of Nrf2 on bone acquisition depending

on the sex.

Fig 5. Nrf2 is required for bone acquisition in a sex-specific manner. Longitudinal profiles of total,

femoral and spinal BMD measurements were estimated as mean ± standard error, n = 9–15 mice/ group.

Estimates and standard errors of BMD at age 1 month (b0+b1), curvature (b1), age at peak bone mass (b2),

slope after peak (b3), BMD at peak ((b0+(b1/b2)), and BMD at age 15 months ((b0+(b1/b2)+b3*(15-b2)) were

calculated. For each sex by genotype combination the longitudinal profiles of total, femoral, and spinal BMD

were modeled as a nonlinear mixed model with four parameters, b0, b1, b2, and b3 that varied from mouse to

mouse. The first part of the spline is of the form b0+b1*(1/age) and describes the relationship for age less

than or equal to b2. The second part is of the form b0+(b1/b2)+b3*(age-b2) and describes the relationship for

age greater than b2.

doi:10.1371/journal.pone.0171161.g005
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Nrf2 deletion increases bone remodeling markers or bone formation

markers in female or male Nrf2 KO mice, respectively, without

significantly altering tissue bone formation indexes

At 15 months of age, female KO mice exhibited higher circulating levels of the osteoblast

marker ALP and the resorption marker CTX, but no changes in P1NP, a bonafide marker of

bone formation P1NP, although no changes in any of these markers were detected in younger

mice (Fig 7A). Consistent with the higher bone accrual in male KO mice, circulating P1NP

was higher at 2 and 5 months of age, although it was not different at 15 months of age com-

pared to WT littermates (Fig 7B). However, no differences between male KO and WT litter-

mates were detected in ALP or CTX at any age. Histomorphometric analysis showed that bone

formation indexes, osteoid volume, and osteoblast number were not different in male KO

mice at 15 month of age compared with WT littermates, except for a significantly lower MAR

in male KO mice (Fig 7C and 7D). Osteocyte density was lower in male compared with female

WT mice. In addition, female KO mice exhibited lower, whereas male KO mice exhibited

higher osteocyte density compared with the respective WT littermate mice (Fig 7D).

Table 1. Longitudinal analysis of BMD in KO mice and WT littermates. In this model, b0+b1 corresponds to BMD at age = 1 month, b1 represents the

curvature of the relationship from 1 month up to b2, b2 is the age at peak bone mass, and b3 is the slope of the relationship for age greater than b2. Two-way

significance tests (main effects of gender and genotype and the gender by genotype interaction) for each parameter were performed. Estimates and standard

errors of BMD at age 1 month (b0+b1), curvature (b1), age at peak bone mass (b2), slope after peak (b3), BMD at peak ((b0+(b1/b2)), and BMD at age 15

months ((b0+(b1/b2)+b3*(15-b2)) were calculated.

A Total Females Males

WT Nrf2 KO WT Nrf2 KO

BMD at 1 month (b0+b1) 0.0338 ± 0.0004 0.0320 ± 0.0005 a 0.0338 ± 0.0004 0.0348 ± 0.0005

Curvature (b1) -0.0246 ± 0.0006 -0.0246 ± 0.0006 -0.0246 ± 0.0006 -0.0246 ± 0.0006

Age at peak bone mass (b2) 5.1071 ± 0.4828 7.0971 ± 0.6366 b 3.3311 ± 0.2169 3.5002 ± 0.2594

Slope after peak (b3) 0 0 0 0

BMD at peak (b0+(b1/b2) 0.0536 ± 0.0003 0.0532 ± 0.0002 0.0510 ± 0.0002 0.0524 ± 0.0001 a

BMD at 15 months (b0+(b1/b2))+b3*(15-b2)) 0.0536 ± 0.0003 0.0532 ± 0.0002 0.0519 ± 0.0002 0.0463 ± 0.0001 a

B Femur Females Males

WT Nrf2 KO WT Nrf2 KO

BMD at 1 month (b0+b1) 0.0397 ± 0.0115 0.0368 ± 0.0011 a 0.0397 ± 0.0013 0.0426 ± 0.0013 a

Curvature (b1) -0.0366 ± 0.0006 -0.0366 ± 0.0006 -0.0443 ± 0.0022 -0.0443 ± 0.0022

Age at peak bone mass (b2) 7.2510 ± 0.1502 9.3564 ± 0.1533 b 3.4760 ± 0.2989 3.4184 ± 0.3052

Slope after peak (b3) 0 0 0 0

BMD at peak (b0+(b1/b2) 0.0713 ± 0.0005 0.0695 ± 0.0005 a 0.0714 ± 0.0003 0.0740 ± 0.0005 a

BMD at 15 months (b0+(b1/b2))+b3*(15-b2)) 0.0713 ± 0.0005 0.0695 ± 0.0005 a 0.0714± 0.0003 0.0740 ± 0.0005 a

C Spine Females Males

WT Nrf2 KO WT Nrf2 KO

BMD at 1 month (b0+b1) 0.3823 ± 0.0009 0.0358 ± 0.0010 a 0.3823 ± 0.0009 0.0358 ± 0.0010 a

Curvature (b1) -0.0312 ± 0.0015 -0.0312 ± 0.0015 b -0.0312 ± 0.0015 -0.0312 ± 0.0015 b

Age at peak bone mass (b2) 4.6757 ± 0.4935 6.2914 ± 0.5845 2.3018 ± 0.1504 3.9176 ± 0.3261

Slope after peak (b3) 0.0007 ± 0.00008 0.0007 ± 0.00008 0.0007 ± 0.00008 0.0007 ± 0.00008

BMD at peak (b0+(b1/b2)) 0.0628 ± 0.0006 0.0621 ± 0.0005 0.0559 ± 0.0006 0.0576 ± 0.0006 b

BMD at 15 months (b0+(b1/b2))+b3*(15-b2)) 0.0550 ± 0.0008 0.0544 ± 0.0007 0.0481 ± 0.0006 0.0499 ± 0.0008 b

a p<0.05 vs respective WT
b p<0.001 vs respective WT

doi:10.1371/journal.pone.0171161.t001
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Fig 6. Nrf2 is requiered for full bone accrual in the female skeleton but unnecessary, and even

detrimental, in the male skeleton. μCT analysis of cancellous bone microarchitecture in L5 vertebrae in

3-month-old mice (A) and in 15-month-old mice (B). Bars represent means ± SD, n = 7–8 or 11–15 mice/

group, respectively. * p<0.05 versus respective WT by two-way ANOVA, followed by pairwise multiple

comparisons using Tukey method. Representative images of vertebrae from young and old female and male

Nrf2 KO and wild type littermate controls are shown in (C).

doi:10.1371/journal.pone.0171161.g006

Table 2. Micro-CT analysis of Nrf2 KO mice and WT littermates. Total volume (TV), bone volume (BV), connectivity density (CONN d), structure model

index (SMI) of lumbar vertebrae (L5) was measured in cancellous bone of young (3 month-old) and old (15 month-old) female and male WT of Nrf2 KO mice.

The numbers represent means ± SD, n = 6–9 or 9–12 mice/ group for young and old mice, respectively.

3 month-old 15 month-old

WT Nrf2 KO WT Nrf2 KO

Female Male Female Male Female Male Female Male

TV (mm3) 0.98±0.08 1.01±0.05 1.03±0.64 1.04±0.10 1.09±0.09 1.16±0.09 1.11±0.16 1.12±0.14

BV (mm3) 0.18±0.06 0.17±0.03 0.14±0.03 a 0.22±0.05 a, b 0.12±0.05 0.10±0.02 0.12±0.08 0.12±0.04

CONN d (1/(mm3) 169.20±56.60 187.70±37.50 137.90±35.00 216.65±37.90 b 32.00±16.81 72.07±16.80 b 43.00±18.24 64.82±14.00 b

SMI 1.32±0.50 1.40±0.35 1.77±0.40 1.36±0.50 1.85±0.44 2.06±0.44 1.86±0.48 2.00±0.30

Mean/Density of BV

(material) [mg HA/ccm]

829.90±24.30 848.40±14.20 827.34±22.80 832.90±22.15 876.22±27.33 862.46±23.15 877.53±22.70 867.67±19.22

a p<0.05 versus respective WT and
b p<0.05 versus female mice, by two-way ANOVA, followed by pairwise multiple comparisons using Tukey method.

doi:10.1371/journal.pone.0171161.t002
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Gene expression analysis showed similarities as well as differences between the expression

of osteoblast and osteoclast genes in female versus male KO mice (Fig 8). In female KO mice,

Runx2, collagen 1A and OPG expression is reduced in both 3 and 15 month-old mice; whereas

RANKL expression is reduced in the young mice and osteocalcin, osterix, cathepsin K and

TRAP expression is reduced in the old mice. Young male KO mice exhibited similar decreases

in these osteoblast and osteoclast markers compared to female mice, except that calcitonin

receptor expression was decreased. Further, old male KO mice exhibited increased expression

of collagen 1A but no other changes in gene expression compared to WT littermates of the

same age. No differences in the expression of Sost or the Wnt target gene axin 2 were found in

bones of mice of either sex at any age (not shown).

Fig 7. Nrf2 deletion increases bone remodeling markers or bone formation markers in female or male

Nrf2 KO mice, respectively, without significantly altering tissue bone formation indexes. Circulating

levels of alkaline phosphatase (ALP), procollagen type 1 amino-terminal propeptide (P1NP) and C-telopeptide

fragments (CTX) were measured in female (A) and male (B) WT and Nrf2 KO mice at the indicated ages. Bars

are means ± S.D, n = 8–10 mice/ group. # p<0.05 by t- Test. Dynamic (C) and static (D) histomorphometric

parameters were scored in L1-L3 lumbar vertebral bone sections of 15-month-old WT and Nrf2 KO male

mice. Mineralizing surface (MS)/BS, mineral apposition rate (MAR), and bone formation rate (BFR)/BS were

quantified in unstained sections. Osteoid volume (OV)/BS, number of osteoblasts (N.Ob)/BS, and number of

osteocytes (N.Ot)/ B.Ar were measured in sections stained with von Kossa and counterstained with toloudine

blue. Bars are means ± S.D, n = 6–8 mice/ group. * p<0.05 versus respective WT by two-way ANOVA,

followed by pairwise multiple comparisons using Tukey method.

doi:10.1371/journal.pone.0171161.g007
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Discussion

In this study, we report the endogenous antioxidant response in bone and its correlation with

the skeletal phenotype of mice with global deletion of Nrf2, a transcription factor with pur-

ported role in bone mass homeostasis. Our findings demostrate that genes responsible for cel-

lular protection from the damaging effects of ROS are regulated by Nrf2 depending on the sex

and age. We found that in female young and old mice, Nrf2-dependent mechanisms are

responsible for regulating the expression of detoxifying and antioxidant enzymes; in young

Fig 8. Osteoclast and osteoblast gene expression in Nrf2 KO and WT mice. mRNA expression was

measured and expressed as in Figs 1–3. Bars represent means ± SD, n = 3–5 mice/ group. * p<0.05 versus

respective WT by two-way ANOVA, followed by pairwise multiple comparisons using Tukey method.

doi:10.1371/journal.pone.0171161.g008
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male mice, Nrf2-dependent mechanisms regulate the expression of detoxifying enzymes

whereas Nrf2-independent mechanisms regulate antioxidant enzymes; and lastly, in old male

mice, Nrf2-independent mechanisms are responsible for the full antioxidant endogenous

response, regulating both detoxifying and antioxidant enzymes in bone (Fig 9). The dissimilar

regulation of cytoprotective genes correlates with different effects of Nrf2 on bone accrual and

maintenance depending on the sex. Thus, there is delayed rate of bone acquisition in female

but higher bone acquisition in male KO mice demonstrating the requirement of Nrf2 for full

bone accrual in the female skeleton but not in the male skeleton. Our findings suggest that

therapeutic interventions that target Nrf2 could be developed to facilitate the defense against

the damagind effects of ROS in a sex- and age-selective manner.

The results of our study provide clarification on the conflicting previous reports showing

sexual dimorphism in the skeletal phenotype of Nrf2 KO mice [23–26]. Kim et al showed

by μCT performed at 3, 6 and 8 weeks of age that female Nrf2 KO mice of C57BL/J6 back-

ground exhibit reduced bone mass in distal femur [23]. Ibañez et al reported that female KO

mice of the same strain display reduced bone quality compared to WT mice [24]. These results

are consistent with our current findings in female KO mice. In contrast to our findings with

male mice, Sun et al reported that male Nrf2 KO mice of C57BL6/129SV mixed background

exhibited lower BMD than WT littermates [26]. However, Park et al reported that at 9 weeks

of age KO mice of the same mixed background display higher femoral bone mass and

increased BV/TV by μCT analysis, although the gender of the animals was not specified in his

report [25]. The discrepancies among these previous studies could be due to the fact that mice

of different sex or age were examined and, in view of our findings, a different antioxidant

response in bone would be expected. The mechanistic bases by which Nrf2 modulates the cel-

lular response to ROS differently in females and males are unknown. Potentially, crosstalk

between Nrf2 activation and signaling downstream of the sex steroid receptors could contrib-

ute to the divergent regulation of cytoprotective genes in female as compared with male bone.

Indeed, estrogen-dependent signaling increases Nrf2 activity in several cell types [38–40]. The

fact that maintaining an optimal antioxidant response in bone is dependent on Nrf2 expres-

sion in females but not in males suggests that mechanisms other than Nrf2 defend against oxi-

dative stress in the male skeleton. Among the mechanisms that counteract the adverse

Fig 9. Nrf2 regulates the antioxidant endogenous response and bone accrual differently depending

on the sex and age. Scheme summarizing the findings of the study. In female young and old mice, Nrf2

dependent mechanisms are responsible for regulating the expression of detoxifying and antioxidant enzymes

in bone. In young male mice, Nrf2 dependent mechanisms regulate the expression of detoxifying enzymes

whereas Nrf2 independent mechanisms regulate antioxidant enzymes. Nrf2 independent mechanisms are

responsible for the full antioxidant endogenous response, in old male mice, regulating both detoxifying and

antioxidant enzymes.

doi:10.1371/journal.pone.0171161.g009
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consequences of oxidative stress, the forkhead box O (FoxO) transcription factors have been

shown to regulate the expression of antioxidant enzymes and regulate skeletal homeostasis

[41]. Sirtuin1 (Sirt1), a nicotinamide adenine dinucleotide oxidized (NAD+)-dependent class

III deacetylase, regulates the activity of FoxOs, and changes in the levels of Sirt1 expression are

associated with the onset of degenerative diseases characterized by increased ROS, including

osteoporosis [42, 43]. Whether these mechanisms confer cellular protection in a sex-depen-

dent manner remains unknown. Future studies are warranted to investigate whether differ-

ences in the levels of Sirt1 or in the activity of FoxOs could explain the different response of

bone to Nrf2 deficiency between females and males.

The potential implications of the decreased endogenous antioxidant response for the skele-

tal phenotype in mice lacking Nrf2 remain unknown. However, the fact that female Nrf2 KO

mice exhibit deficient bone accrual compaired to WT littermate mice points to an important

role in Nrf2-dependent anti-oxidant and detoxifying enzymes in bone acquisition in the

female skeleton. Remarkably, however, Nrf2-dependent events appear not to be relevant for

bone accrual in the male skeleton pointing to alternative mechanisms controlling ROS balance

in this sex. We cannot exclude the possibility that at least part of the differential bone response

to the absence of Nrf2 in males versus females could be secondary to systemic effects rather

than being due to a bone cell-autonomous response since the Nrf2 KO mice lack Nrf2 expres-

sion and function in all tissues. Future studies with tissue and cell specific KO are warranted to

distinguish between these two possibilities. In contrast to bone accrual that is dependent on

Nrf2 in a sex-dependent manner, bone maintenance appears to be independent of Nrf2 in

both sexes, as the rate of bone loss after adult peak bone mass is similar in the female and male

skeleton in both WT and KO mice.

Overall, the basal phenotype of KO mice is mild suggesting that under physiological condi-

tions Nrf2-dependent signaling does not have major consequences for bone accrual and main-

tenance. However, exaggerated ROS production has been shown to be an important factor for

the bone loss that ensues with sex steroid deficiency, aging and excess of glucocorticoids [1–3,

44]. This evidence raises the possibility that the differences observed under basal conditions

could be exacerbated in pathological conditions in which ROS accumulates. Future studies

will be required to directly test this possibility.

Acknowledgments

We thank Dr. Jesus Delgado-Calle, Dr. Lilian I. Plotkin, Amy Y. Sato, Hannah M. Davis, and

Anthony Acton for technical support and assistance in tissue collection. This research was sup-

ported by the National Institutes of Health NIH-NCCAM (RO1-AT008754 and AT008754-

O2S1), the Veterans Administration (1 I01 BX002104-01 to TB), and the Indiana Clinical and

Translational Sciences Institute (CTSI).

Author Contributions

Conceptualization: TB CW DB GGP MP.

Data curation: GGP MC KM CCM.

Formal analysis: GGP GM LM.

Funding acquisition: TB CW.

Investigation: GGP MC KM CCM.

Methodology: TB GGP DB.

Nrf2 regulation of bone mass and the antioxidant endogenous response

PLOS ONE | DOI:10.1371/journal.pone.0171161 February 2, 2017 15 / 18



Project administration: TB.

Resources: TB.

Supervision: TB CW.

Validation: GGP TB DB.

Visualization: GGP TB.

Writing – original draft: GGP TB.

Writing – review & editing: GGP TB DB MP GM CW.

References
1. Manolagas SC. From Estrogen-Centric to Aging and Oxidative Stress: A Revised Perspective of the

Pathogenesis of Osteoporosis. Endocr Rev 2010; 31:266–300. doi: 10.1210/er.2009-0024 PMID:

20051526

2. Almeida M, Han L, Ambrogini E, Weinstein RS, Manolagas SC. Glucocorticoids and tumor necrosis fac-

tor (TNF) alpha increase oxidative stress and suppress WNT signaling in osteoblasts. J Biol Chem

2011; 286:44326–35. doi: 10.1074/jbc.M111.283481 PMID: 22030390

3. Callaway DA, Jiang JX. Reactive oxygen species and oxidative stress in osteoclastogenesis, skeletal

aging and bone diseases. J Bone Miner Metab 2015; 33:359–70. doi: 10.1007/s00774-015-0656-4

PMID: 25804315

4. Bai XC, Lu D, Liu AL, Zhang ZM, Li XM, Zou ZP et al. Reactive oxygen species stimulates receptor acti-

vator of NF-kappaB ligand expression in osteoblast. J Biol Chem 2005; 280:17497–506. doi: 10.1074/

jbc.M409332200 PMID: 15731115

5. Lean JM, Jagger CJ, Kirstein B, Fuller K, Chambers TJ. Hydrogen peroxide is essential for estrogen-

deficiency bone loss and osteoclast formation. Endocrinology 2005; 146:728–35. doi: 10.1210/en.

2004-1021 PMID: 15528306

6. Xu ZS, Wang XY, Xiao DM, Hu LF, Lu M, Wu ZY et al. Hydrogen sulfide protects MC3T3-E1 osteoblas-

tic cells against H2O2-induced oxidative damage-implications for the treatment of osteoporosis. Free

Radic Biol Med 2011; 50:1314–23. doi: 10.1016/j.freeradbiomed.2011.02.016 PMID: 21354302

7. Mody N, Parhami F, Sarafian TA, Demer LL. Oxidative stress modulates osteoblastic differentiation of

vascular and bone cells. Free Radic Biol Med 2001; 31:509–19. PMID: 11498284

8. Bai X, Lu D, Bai J, Zheng H, Ke Z, Li X et al. Oxidative stress inhibits osteoblastic differentiation of bone

cells by ERK and NF-kappaB. Biochem Biophys Res Commun 2004; 314:197–207. PMID: 14715266

9. Arai M, Shibata Y, Pugdee K, Abiko Y, Ogata Y. Effects of reactive oxygen species (ROS) on antioxi-

dant system and osteoblastic differentiation in MC3T3-E1 cells. IUBMB Life 2007; 59:27–33. doi: 10.

1080/15216540601156188 PMID: 17365177

10. Almeida M, Han L, Martin-Millan M, Plotkin LI, Stewart SA, Roberson PK et al. Skeletal involution by

age-associated oxidative stress and its acceleration by loss of sex steroids. J Biol Chem 2007;

282:27285–97. doi: 10.1074/jbc.M702810200 PMID: 17623659

11. Almeida M, Han L, Ambrogini E, Bartell SM, Manolagas SC. Oxidative Stress Stimulates Apoptosis and

Activates NF-{kappa}B in Osteoblastic Cells via a PKC{beta}/p66shc Signaling Cascade: Counter Reg-

ulation by Estrogens or Androgens. Mol Endocrinol 2010.

12. Pepe AE, Xiao Q, Zampetaki A, Zhang Z, Kobayashi A, Hu Y et al. Crucial role of nrf3 in smooth muscle

cell differentiation from stem cells. Circ Res 2010; 106:870–9. doi: 10.1161/CIRCRESAHA.109.211417

PMID: 20093628

13. Bryan HK, Olayanju A, Goldring CE, Park BK. The Nrf2 cell defence pathway: Keap1-dependent and

-independent mechanisms of regulation. Biochem Pharmacol 2013; 85:705–17. doi: 10.1016/j.bcp.

2012.11.016 PMID: 23219527

14. Dinkova-Kostova AT, Talalay P. Direct and indirect antioxidant properties of inducers of cytoprotective

proteins. Mol Nutr Food Res 2008; 52 Suppl 1:S128–S138.

15. Tebay LE, Robertson H, Durant ST, Vitale SR, Penning TM, Dinkova-Kostova AT et al. Mechanisms of

activation of the transcription factor Nrf2 by redox stressors, nutrient cues, and energy status and the

pathways through which it attenuates degenerative disease. Free Radic Biol Med 2015; 88:108–46. doi:

10.1016/j.freeradbiomed.2015.06.021 PMID: 26122708

Nrf2 regulation of bone mass and the antioxidant endogenous response

PLOS ONE | DOI:10.1371/journal.pone.0171161 February 2, 2017 16 / 18

http://dx.doi.org/10.1210/er.2009-0024
http://www.ncbi.nlm.nih.gov/pubmed/20051526
http://dx.doi.org/10.1074/jbc.M111.283481
http://www.ncbi.nlm.nih.gov/pubmed/22030390
http://dx.doi.org/10.1007/s00774-015-0656-4
http://www.ncbi.nlm.nih.gov/pubmed/25804315
http://dx.doi.org/10.1074/jbc.M409332200
http://dx.doi.org/10.1074/jbc.M409332200
http://www.ncbi.nlm.nih.gov/pubmed/15731115
http://dx.doi.org/10.1210/en.2004-1021
http://dx.doi.org/10.1210/en.2004-1021
http://www.ncbi.nlm.nih.gov/pubmed/15528306
http://dx.doi.org/10.1016/j.freeradbiomed.2011.02.016
http://www.ncbi.nlm.nih.gov/pubmed/21354302
http://www.ncbi.nlm.nih.gov/pubmed/11498284
http://www.ncbi.nlm.nih.gov/pubmed/14715266
http://dx.doi.org/10.1080/15216540601156188
http://dx.doi.org/10.1080/15216540601156188
http://www.ncbi.nlm.nih.gov/pubmed/17365177
http://dx.doi.org/10.1074/jbc.M702810200
http://www.ncbi.nlm.nih.gov/pubmed/17623659
http://dx.doi.org/10.1161/CIRCRESAHA.109.211417
http://www.ncbi.nlm.nih.gov/pubmed/20093628
http://dx.doi.org/10.1016/j.bcp.2012.11.016
http://dx.doi.org/10.1016/j.bcp.2012.11.016
http://www.ncbi.nlm.nih.gov/pubmed/23219527
http://dx.doi.org/10.1016/j.freeradbiomed.2015.06.021
http://www.ncbi.nlm.nih.gov/pubmed/26122708


16. Niture SK, Khatri R, Jaiswal AK. Regulation of Nrf2-an update. Free Radic Biol Med 2014; 66:36–44.

doi: 10.1016/j.freeradbiomed.2013.02.008 PMID: 23434765

17. Chan K, Kan YW. Nrf2 is essential for protection against acute pulmonary injury in mice. Proc Natl Acad

Sci U S A 1999; 96:12731–6. PMID: 10535991

18. Ramos-Gomez M, Kwak MK, Dolan PM, Itoh K, Yamamoto M, Talalay P et al. Sensitivity to carcinogen-

esis is increased and chemoprotective efficacy of enzyme inducers is lost in nrf2 transcription factor-

deficient mice. Proc Natl Acad Sci U S A 2001; 98:3410–5. doi: 10.1073/pnas.051618798 PMID:

11248092

19. Khor TO, Huang MT, Kwon KH, Chan JY, Reddy BS, Kong AN. Nrf2-deficient mice have an increased

susceptibility to dextran sulfate sodium-induced colitis. Cancer Res 2006; 66:11580–4. doi: 10.1158/

0008-5472.CAN-06-3562 PMID: 17178849

20. Zhao Z, Chen Y, Wang J, Sternberg P, Freeman ML, Grossniklaus HE et al. Age-related retinopathy in

NRF2-deficient mice. PLoS ONE 2011; 6:e19456. doi: 10.1371/journal.pone.0019456 PMID: 21559389

21. Aleksunes LM, Reisman SA, Yeager RL, Goedken MJ, Klaassen CD. Nuclear factor erythroid 2-related

factor 2 deletion impairs glucose tolerance and exacerbates hyperglycemia in type 1 diabetic mice. J

Pharmacol Exp Ther 2010; 333:140–51. doi: 10.1124/jpet.109.162271 PMID: 20086057

22. Johnson DA, Johnson JA. Nrf2—a therapeutic target for the treatment of neurodegenerative diseases.

Free Radic Biol Med 2015; 88:253–67. doi: 10.1016/j.freeradbiomed.2015.07.147 PMID: 26281945

23. Kim JH, Singhal V, Biswal S, Thimmulappa RK, Digirolamo DJ. Nrf2 is required for normal postnatal

bone acquisition in mice. Bone Res 2014; 2:14033. doi: 10.1038/boneres.2014.33 PMID: 26273528

24. Ibanez L, Ferrandiz ML, Brines R, Guede D, Cuadrado A, Alcaraz MJ. Effects of Nrf2 deficiency on

bone microarchitecture in an experimental model of osteoporosis. Oxid Med Cell Longev 2014;

2014:726590. doi: 10.1155/2014/726590 PMID: 25120886

25. Park CK, Lee Y, Kim KH, Lee ZH, Joo M, Kim HH. Nrf2 is a novel regulator of bone acquisition. Bone

2014; 63:36–46. doi: 10.1016/j.bone.2014.01.025 PMID: 24521946

26. Sun YX, Li L, Corry KA, Zhang P, Yang Y, Himes E et al. Deletion of Nrf2 reduces skeletal mechanical

properties and decreases load-driven bone formation. Bone 2015; 74:1–9. doi: 10.1016/j.bone.2014.

12.066 PMID: 25576674

27. Chan K, Lu R, Chang JC, Kan YW. NRF2, a member of the NFE2 family of transcription factors, is not

essential for murine erythropoiesis, growth, and development. Proc Natl Acad Sci U S A 1996;

93:13943–8. PMID: 8943040

28. Rhee Y, Allen MR, Condon K, Lezcano V, Ronda AC, Galli C et al. PTH receptor signaling in osteocytes

governs periosteal bone formation and intra-cortical remodeling. J Bone Miner Res 2011; 26:1035–46.

doi: 10.1002/jbmr.304 PMID: 21140374

29. Tu X, Rhee Y, Condon KW, Bivi N, Allen MR, Dwyer D et al. Sost downregulation and local Wnt signal-

ing are required for the osteogenic response to mechanical loading. Bone 2012; 50:209–17. doi: 10.

1016/j.bone.2011.10.025 PMID: 22075208

30. O’Brien CA, Plotkin LI, Galli C, Goellner J, Gortazar AR, Allen MR et al. Control of bone mass and

remodeling by PTH receptor signaling in osteocytes. PLoS ONE 2008; 3:e2942. doi: 10.1371/journal.

pone.0002942 PMID: 18698360

31. Hilton MJ, Tu X, Wu X, Bai S, Zhao H, Kobayashi T et al. Notch signaling maintains bone marrow mes-

enchymal progenitors by suppressing osteoblast differentiation. Nat Med 2008; 14:306–14. doi: 10.

1038/nm1716 PMID: 18297083

32. Tu X, Chen J, Lim J, Karner CM, Lee SY, Heisig J et al. Physiological Notch signaling maintains bone

homeostasis via RBPjk and Hey upstream of NFATc1. PLoS Genet 2012; 8:e1002577. doi: 10.1371/

journal.pgen.1002577 PMID: 22457635

33. Sakata T, Wang Y, Halloran BP, Elalieh HZ, Cao J, Bikle DD. Skeletal unloading induces resistance to

insulin-like growth factor-I (IGF-I) by inhibiting activation of the IGF-I signaling pathways. J Bone Miner

Res 2004; 19:436–46. doi: 10.1359/JBMR.0301241 PMID: 15040832

34. Pacheco-Costa R, Hassan I, Reginato RD, Davis HM, Bruzzaniti A, Allen MR et al. High Bone Mass in

Mice Lacking Cx37 Due to Defective Osteoclast Differentiation. J Biol Chem 2014; 289:8508–20. doi:

10.1074/jbc.M113.529735 PMID: 24509854

35. Warden SJ, Galley MR, Hurd AL, Richard JS, George LA, Guildenbecher EA et al. Cortical and trabecu-

lar bone benefits of mechanical loading are maintained long term in mice independent of ovariectomy. J

Bone Miner Res 2014; 29:1131–40. doi: 10.1002/jbmr.2143 PMID: 24436083

36. Hauge E, Mosekilde L, Melsen F. Missing observations in bone histomorphometry on osteoporosis:

implications and suggestions for an approach. Bone 1999; 25:389–95. PMID: 10511104

37. Dempster DW, Compston JE, Drezner MK, Glorieux FH, Kanis JA, Malluche H et al. Standardized

nomenclature, symbols, and units for bone histomorphometry: A 2012 update of the report of the

Nrf2 regulation of bone mass and the antioxidant endogenous response

PLOS ONE | DOI:10.1371/journal.pone.0171161 February 2, 2017 17 / 18

http://dx.doi.org/10.1016/j.freeradbiomed.2013.02.008
http://www.ncbi.nlm.nih.gov/pubmed/23434765
http://www.ncbi.nlm.nih.gov/pubmed/10535991
http://dx.doi.org/10.1073/pnas.051618798
http://www.ncbi.nlm.nih.gov/pubmed/11248092
http://dx.doi.org/10.1158/0008-5472.CAN-06-3562
http://dx.doi.org/10.1158/0008-5472.CAN-06-3562
http://www.ncbi.nlm.nih.gov/pubmed/17178849
http://dx.doi.org/10.1371/journal.pone.0019456
http://www.ncbi.nlm.nih.gov/pubmed/21559389
http://dx.doi.org/10.1124/jpet.109.162271
http://www.ncbi.nlm.nih.gov/pubmed/20086057
http://dx.doi.org/10.1016/j.freeradbiomed.2015.07.147
http://www.ncbi.nlm.nih.gov/pubmed/26281945
http://dx.doi.org/10.1038/boneres.2014.33
http://www.ncbi.nlm.nih.gov/pubmed/26273528
http://dx.doi.org/10.1155/2014/726590
http://www.ncbi.nlm.nih.gov/pubmed/25120886
http://dx.doi.org/10.1016/j.bone.2014.01.025
http://www.ncbi.nlm.nih.gov/pubmed/24521946
http://dx.doi.org/10.1016/j.bone.2014.12.066
http://dx.doi.org/10.1016/j.bone.2014.12.066
http://www.ncbi.nlm.nih.gov/pubmed/25576674
http://www.ncbi.nlm.nih.gov/pubmed/8943040
http://dx.doi.org/10.1002/jbmr.304
http://www.ncbi.nlm.nih.gov/pubmed/21140374
http://dx.doi.org/10.1016/j.bone.2011.10.025
http://dx.doi.org/10.1016/j.bone.2011.10.025
http://www.ncbi.nlm.nih.gov/pubmed/22075208
http://dx.doi.org/10.1371/journal.pone.0002942
http://dx.doi.org/10.1371/journal.pone.0002942
http://www.ncbi.nlm.nih.gov/pubmed/18698360
http://dx.doi.org/10.1038/nm1716
http://dx.doi.org/10.1038/nm1716
http://www.ncbi.nlm.nih.gov/pubmed/18297083
http://dx.doi.org/10.1371/journal.pgen.1002577
http://dx.doi.org/10.1371/journal.pgen.1002577
http://www.ncbi.nlm.nih.gov/pubmed/22457635
http://dx.doi.org/10.1359/JBMR.0301241
http://www.ncbi.nlm.nih.gov/pubmed/15040832
http://dx.doi.org/10.1074/jbc.M113.529735
http://www.ncbi.nlm.nih.gov/pubmed/24509854
http://dx.doi.org/10.1002/jbmr.2143
http://www.ncbi.nlm.nih.gov/pubmed/24436083
http://www.ncbi.nlm.nih.gov/pubmed/10511104


ASBMR Histomorphometry Nomenclature Committee. J Bone Miner Res 2013; 28:2–17. doi: 10.1002/

jbmr.1805 PMID: 23197339

38. Chen CS, Tseng YT, Hsu YY, Lo YC. Nrf2-Keap1 antioxidant defense and cell survival signaling are

upregulated by 17beta-estradiol in homocysteine-treated dopaminergic SH-SY5Y cells. Neuroendocri-

nology 2013; 97:232–41. doi: 10.1159/000342692 PMID: 22948038

39. Wu J, Williams D, Walter GA, Thompson WE, Sidell N. Estrogen increases Nrf2 activity through activa-

tion of the PI3K pathway in MCF-7 breast cancer cells. Exp Cell Res 2014; 328:351–60. doi: 10.1016/j.

yexcr.2014.08.030 PMID: 25172557

40. Yu J, Zhao Y, Li B, Sun L, Huo H. 17beta-estradiol regulates the expression of antioxidant enzymes in

myocardial cells by increasing Nrf2 translocation. J Biochem Mol Toxicol 2012; 26:264–9. doi: 10.1002/

jbt.21417 PMID: 22730333

41. Ambrogini E, Almeida M, Martin-Millan M, Paik JH, DePinho RA, Han L et al. FoxO-Mediated Defense

against Oxidative Stress in Osteoblasts Is Indispensable for Skeletal Homeostasis in Mice. Cell Metab

2010; 11:136–46. doi: 10.1016/j.cmet.2009.12.009 PMID: 20142101

42. Haigis MC, Sinclair DA. Mammalian sirtuins: biological insights and disease relevance. Annu Rev

Pathol 2010; 5:253–95. doi: 10.1146/annurev.pathol.4.110807.092250 PMID: 20078221

43. Bartell SM, Kim HN, Ambrogini E, Han L, Iyer S, Serra US et al. FoxO proteins restrain osteoclastogen-

esis and bone resorption by attenuating H2O2 accumulation. Nat Commun 2014; 5:3773. doi: 10.1038/

ncomms4773 PMID: 24781012

44. Sato AY, Tu X, McAndrews KA, Plotkin LI, Bellido T. Prevention of glucocorticoid induced-apoptosis of

osteoblasts and osteocytes by protecting against endoplasmic reticulum (ER) stress in vitro and in vivo

in female mice. Bone 2015; 73:60–8. doi: 10.1016/j.bone.2014.12.012 PMID: 25532480

Nrf2 regulation of bone mass and the antioxidant endogenous response

PLOS ONE | DOI:10.1371/journal.pone.0171161 February 2, 2017 18 / 18

http://dx.doi.org/10.1002/jbmr.1805
http://dx.doi.org/10.1002/jbmr.1805
http://www.ncbi.nlm.nih.gov/pubmed/23197339
http://dx.doi.org/10.1159/000342692
http://www.ncbi.nlm.nih.gov/pubmed/22948038
http://dx.doi.org/10.1016/j.yexcr.2014.08.030
http://dx.doi.org/10.1016/j.yexcr.2014.08.030
http://www.ncbi.nlm.nih.gov/pubmed/25172557
http://dx.doi.org/10.1002/jbt.21417
http://dx.doi.org/10.1002/jbt.21417
http://www.ncbi.nlm.nih.gov/pubmed/22730333
http://dx.doi.org/10.1016/j.cmet.2009.12.009
http://www.ncbi.nlm.nih.gov/pubmed/20142101
http://dx.doi.org/10.1146/annurev.pathol.4.110807.092250
http://www.ncbi.nlm.nih.gov/pubmed/20078221
http://dx.doi.org/10.1038/ncomms4773
http://dx.doi.org/10.1038/ncomms4773
http://www.ncbi.nlm.nih.gov/pubmed/24781012
http://dx.doi.org/10.1016/j.bone.2014.12.012
http://www.ncbi.nlm.nih.gov/pubmed/25532480

