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Abstract 27 
Keap1 is a negative regulator of Nrf2, a master transcription factor that regulates 28 
cytoprotection against oxidative and electrophilic stresses. Although several studies 29 
have suggested that the Keap1-Nrf2 system contributes to bone formation besides the 30 
maintenance of redox homeostasis, how Nrf2 hyperactivation by Keap1-deficiency 31 
affects the bone formation remains to be explored, as the Keap1-null mice are juvenile 32 
lethal. To overcome this problem, we utilized viable Keap1-deficient mice that we have 33 
generated by deleting the esophageal Nrf2 in Keap1-null mice (NEKO mice). We found 34 
that the NEKO mice exhibit small body size and low bone density. Although 35 
nephrogenic diabetes insipidus has been observed in both the NEKO mice and renal 36 
specific Keap1-deficient mice, the skeletal phenotypes are not recapitulated in the renal 37 
specific Keap1-deficient mice, suggesting that the skeletal phenotype by Nrf2 38 
hyperactivation is not related to the renal phenotype. Experiments with primary culture 39 
cells derived from Keap1-null mice showed that differentiation of both osteoclasts and 40 
osteoblasts were attenuated, demonstrating that impaired differentiation of osteoblasts 41 
rather than osteoclasts is responsible for bone hypoplasia caused by Nrf2 42 
hyperactivation. Thus, we propose that the appropriate control of Nrf2 activity by 43 
Keap1 is essential for maintaining bone homeostasis. 44 
(194/200 words) 45 
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Introduction 47 
Bone homeostasis is believed to be maintained on the balance between formation and 48 
resorption mediated by osteoblasts and osteoclasts, respectively (Manolagas, 2000). 49 
Reactive oxygen species (ROS) have been implicated as an important factor regulating 50 
the bone homeostasis. Several in vitro and in vivo studies reported that increased 51 
oxidative stress shows negative effects on bone formation by modulating differentiation 52 
and survival of osteoblasts (Mody et al, 2001; Lean et al, 2003; Bai et al, 2004; Jun et al, 53 
2008). Clinical studies have also demonstrated that dysregulation of the antioxidant 54 
system and subsequent ROS accumulation are both important mediators of bone loss 55 
(Asagiri and Takayanagi, 2007). However, it remains to be clarified how oxidative 56 
stresses induce bone loss. 57 

Transcription factor Nrf2 (nuclear factor erythroid 2-related factor 2) plays a key 58 
role in the cytoprotection from oxidative stress and xenobiotic stress (Itoh et al, 1997; 59 
Suzuki et al, 2013). Under unstressed conditions, Nrf2 protein level is maintained at low 60 
level as Nrf2 is ubiquitinated by Keap1 (Kelch-like ECH-associated protein 1)-based 61 
ubiquitin E3 ligase complex and degraded by the proteasome (Itoh et al, 1999; 62 
Kobayashi et al, 2004; Suzuki and Yamamoto, 2015). Upon the exposure to oxidative 63 
and/or xenobiotic stresses that inactivates Keap1, Nrf2 is stabilized and activates 64 
transcription of various cytoprotective genes, conferring resistance against the stresses 65 
(Suzuki and Yamamoto, 2017). 66 

It has been reported that osteoclast differentiation is enhanced by Nrf2 deficiency 67 
(Hyeon et al, 2013) and suppressed by Nrf2 activation through deletion of Keap1 (Sakai 68 
et al, 2017), suggesting that Nrf2 suppress bone resorption and subsequently promote 69 
bone formation. In contrast, overexpression of Nrf2 negatively regulate 70 
osteoblastgenesis of MC3T3-E1 cells (Hinoi et al, 2006). Although these observations 71 
suggest that differentiation of both osteoclasts and osteoblasts is suppressed by Nrf2 72 
activation, physiological effects of the Nrf2 activation on bone development have not 73 
been fully clarified yet. 74 

Nrf2 is constitutively activated in Keap1-null mouse (Wakabayashi et al, 2003), so 75 
that the Keap1-null mouse is a good model for the understanding of physiological 76 
contribution of Nrf2 activation to bone homeostasis. However, juvenile lethal due to 77 
hyperkeratosis in the upper digestive tract, which leads to the obstruction of the 78 
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esophagus and death by starvation made it infeasible to assess the effects of 79 
Keap1-deficiency on bone homeostasis (Wakabayashi et al, 2003). In this study, 80 
therefore, we decided to utilize a viable mouse model harboring systemic activation of 81 
Nrf2, in which a squamous epithelium-specific Nrf2-deficiency in the context of 82 
systemic Keap1-deficiency (Keap1–/–::Nrf2Flox/Flox::K5-Cre or NEKO mice) corrects the 83 
hyperkeratosis of the esophagus, and subsequent lethality, while hyperactivation of Nrf2 84 
is observed in most tissues, with the exception of the esophagus and skin (Suzuki et al, 85 
2017). We found that NEKO mice exhibited small body size and low bone density. 86 
Experiments with primary cells derived from Keap1-null mice indicates that 87 
differentiation of both osteoclasts and osteoblasts is attenuated, indicating that Nrf2 88 
activation inhibits differentiation of both osteoclasts and osteoblasts. These results 89 
support the notion that reduction of bone formation in NEKO mice is due to inhibition 90 
of osteoblast differentiation by Nrf2 activation and that Nrf2 activation lead to 91 
hypoplasia of bone mass by impairing differentiation of osteoblasts. 92 

93 
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Results 94 

NEKO mice exhibit bone hypoplasia 95 
To investigate function of Nrf2 on bone development, we examined Keap1-null mice in 96 
which Nrf2 is constitutively activated. Because of their juvenile lethality due to 97 
hyperkeratosis of esophagus (Wakabayashi et al, 2003), it has been difficult to examine 98 
adult Keap1-null mice. We generated NEKO mice that are able to survive until 99 
adulthood. NEKO mice harbor hyperactivation of Nrf2 in most tissues with the 100 
exception of the esophagus and skin (Suzuki et al, 2017). 101 

We first examined whole appearance of the mouse using X-ray photography (Fig 102 
1A,B). The picture showed that NEKO mouse was smaller than control mouse, but 103 
skeletal malformation was not observed in NEKO mice (Fig 1A,B). This phenotype was 104 
not observed in the Keap1–/–::Nrf2–/– mice (Wakabayashi et al, 2003), indicating that the 105 
skeletal phenotype is due to hyperactivation of Nrf2. Consistent with the small body of 106 
NEKO mice, femur length of NEKO mice is significantly smaller than that of control 107 
mice (Fig 1C,D), indicating the impaired growth of NEKO mice. 108 

To further investigate bone mass, we examined femur of NEKO and control mice 109 
at age of 8-10 weeks by 3-dimensional reconstruction CT imaging (Fig. 2A,B). Whole 110 
appearance of femur from NEKO mice shows increased radiolucency and smaller bone 111 
size (Fig. 2A,B). Cross-section image of femur visually shows that thinner cortical bone 112 
and sparser trabecular bone in NEKO mice (Fig. 2C,D). Bone morphometric parameters 113 
were also assessed from proximal to distal area of femur with a µCT analysis program. 114 
Consistent with the 3-dimensional reconstruction imaging results, a dramatic decrease 115 
in cortical bone thickness (Ct. Th., Fig. 2E), volume bone mineral density (vBMD., Fig. 116 
2F) and cortical bone tissue mineral density (CB. TMD., Fig. 2G) in NEKO mice.  117 

The decrease of bone mass was reproducibly observed even in elder NEKO mice 118 
(Fig S1A-C). Showing very good agreement with the result of femur, three-dimensional 119 
reconstruction image of cranial bone displays that the radiolucency is increased in 120 
NEKO mice compared to control mice (Fig S2A-D), while no malformation in NEKO 121 
mice is observed (Fig S2A-D). Thickness of femur growth plate was not affected in 122 
NEKO mice although intensity of Alcian blue positive cartilage in growth plate tends to 123 
be decreased in NEKO mice (Fig S3), suggesting that chondrogenesis is also mildly 124 
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affected by Keap1 deficiency. In addition, blood ionized calcium level of NEKO mice 125 
was lower than that of control mice (Fig. 2H), indicating that the severe bone 126 
hypoplasia leads to reduction of blood ionized calcium level in NEKO mice. These 127 
results demonstrate that hyperactivation of Nrf2 leads to severe bone hypoplasia in 128 
mouse. 129 
 130 
Bone hypoplasia of NEKO mice is not linked to their renal failure 131 
Because NEKO mice display nephrogenic diabetes insipidus (Suzuki et al, 2017), we 132 
tested whether bone hypoplasia of NEKO mice is due to their renal dysfunction. To this 133 
end, we examined kidney-specific Keap1-deficient mice 134 
(Keap1Flox/Flox::Pax8-rtTA::tetO-Cre, or Keap1 TKO mice), and treated the mice with 135 
DOX from the embryonic stage, by administration of DOX to the pregnant mother. The 136 
Keap1 gene was specifically deleted in the renal tubular cells, and the Keap1 TKO mice 137 
displays nephrogenic diabetes insipidus, like NEKO mice (Suzuki et al, 2017). Femur 138 
length of Keap1 TKO mice is comparable to that of control mice (Fig. S3A,B). X-ray 139 
photography and 3-dimensional reconstruction imaging shows no different appearance 140 
between Keap1 TKO and control mice (Fig. S3C,D and S4A-D). In addition, there is no 141 
difference of bone morphometric parameters and blood ionized calcium level between 142 
Keap1 TKO and control mice (Fig. S4E-H), demonstrating that the severe bone 143 
hypoplasia in NEKO mice is not attributable to their renal dysfunction. 144 
 145 
Nrf2 hyperactivation leads to perturbation of bone homeostasis 146 
We next investigated how Keap1-deficiency affects the differentiation of osteoblasts 147 
and osteoclasts. First, we conducted in vitro differentiation experiments of osteoclasts 148 
using bone marrow (BM)-derived cells from NEKO and control mice. The BM cells 149 
were cultured in the medium supplemented with M-CSF and RANKL (Fig. 3A). After 150 
two-day pre-culture with M-CSF, RANKL was added to induce osteoclast 151 
differentiation. Five days after the induction, mature differentiated osteoclasts were 152 
visualized by TRAP staining. Whereas control BM cells produced the largest number of 153 
TRAP-positive multi-nucleated mature osteoclasts (Fig. 3B), NEKO mouse-derived BM 154 
cells produced fewer or practically no osteoclasts (Fig. 3C). This showed very good 155 
agreement with the previous report that osteoclast differentiation of splenic cells from 156 
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Keap1-deficient mice was impaired (Sakai et al, 2017). These results indicate that Nrf2 157 
activation suppresses osteoclast differentiation. 158 

Because NEKO mice showed severe bone hypoplasia despite the diminished 159 
osteoclast production from BM cells, we surmised that osteoblast differentiation might 160 
also be impaired in NEKO mice. To address this hypothesis, we conducted in vitro 161 
osteoblast differentiation experiment using newborn calvarias of Keap1+/– and Keap1–/– 162 
mice. Collected cells were pre-cultured for two days and induced to differentiate to 163 
osteoblasts by adding ascorbic acid, dexamethasone and β-glycerophosphate (Fig. 3D). 164 
Osteoblast differentiation was examined by measuring alkaline phosphatase (AP) 165 
staining. While the osteoblast differentiation of cells from Keap1+/– mice was nicely 166 
observed, that of Keap1–/– mice were severely impaired (Fig. 3E). Taken together, these 167 
results thus indicate that Nrf2 suppresses osteoblast differentiation and that reduction of 168 
bone mass in NEKO mice is due to impaired bone homeostasis by decreased osteoblast 169 
differentiation. 170 

171 
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Discussion 172 

It has been shown that the Keap1-deficient mouse is a useful model for the study of 173 
Nrf2 hyperactivation, the juvenile lethality of mice hampers uses of the mice 174 
(Wakabayashi et al, 2003). To overcome this difficulty, we recently generated alive 175 
model of Keap1-null mouse referred to as NEKO mouse (Suzuki et al, 2017). In this 176 
study, we examined pathophysiological contribution of Nrf2 activation to bone 177 
formation utilizing the NEKO mice. We found that hyperactivation of Nrf2 leads to low 178 
bone density. This novel phenotype of Nrf2 activation is independent of nephrogenic 179 
diabetes insipidus identified in NEKO mice in the previous study (Suzuki et al, 2017). 180 
Primary culture experiments using newborn calvarias cells from Keap1-null 181 
mice indicate that impaired osteoblast differentiation is responsible for bone hypoplasia 182 
caused by the Nrf2 hyperactivation. These results indicate that the Nrf2 hyperactivation 183 
leads to bone hypoplasia. 184 

The finding that osteoblast differentiation of primary newborn calvarias cells is 185 
impaired by the Keap1-deficiency is consistent with the previous observation that Nrf2 186 
overexpression in osteoblastic MC3T3 cells showed osteoblast differentiation defects 187 
(Hinoi et al, 2006). Nrf2 has been reported to interact with Runx2, a master 188 
transcription factor of osteoblastgenesis, and interferes with the Runx2-dependent 189 
transcriptional activation (Hinoi et al, 2006). Although Nrf2 in general acts as an 190 
activator (Katoh et al, 2001; Sekine et al, 2016), in certain context Nrf2 acts as a 191 
suppressor of gene expression; for instance, genes for inflammatory cytokines 192 
(Kobayashi et al, 2016). Therefore, the repressor function of Nrf2 for Runx2 gene could 193 
be a plausible mechanism underlying the impaired osteoblastgenesis by Nrf2. Another 194 
report showed that some members of leucine zipper (bZIP) transcriptional factors. such 195 
as C/EBPβ and ATF4, are involved in osteoblastgenesis (He et al, 2001), implying that 196 
Nrf2 might compete with the other bZIP members for their binding sequence. Moreover, 197 
a recent report shows that Nrf2 activation impairs quiescence and bone marrow 198 
reconstitution capacity of hematopoietic stem cells (Murakami et al, 2017), implying 199 
that supply of osteoblasts may be impaired by the Nrf2 activation. Regarding for 200 
molecular mechanism of Nrf2-mediated suppression of osteoclastgenesis, we previously found 201 
that Keap1-deficient macrophages were unable to differentiate into osteoclasts in vitro via 202 
attenuation of RANKL-mediated signaling and expression of NFATc1 (nuclear factor of 203 
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activated T cells cytoplasmic 1) (Sakai et al, 2017). 204 
In light of the use of Nrf2-inducing compounds as potential medical treatments, 205 

many studies have shown that pharmacological Nrf2 induction gives rise to a protective 206 
effect against a variety stresses, including ischemia-reperfusion injury (Nezu et al, 2017), 207 
carcinogenesis (Kensler and Wakabayashi, 2010) and inflammation (Keleku-Lukwete et 208 
al, 2017; Kobayashi et al, 2016). Although there are many papers that have assessed 209 
effects of Nrf2-induing chemicals (Kensler et al, 2013; Suzuki and Yamamoto, 2017), to 210 
our knowledge it has never been verified that such Nrf2 inducers provoke impairment 211 
of bone homeostasis. In this regard, we previous found that Nrf2 induction during 212 
development cause nephrogenic diabetes insipidus (Suzuki et al, 2017), but the Nrf2 213 
induction during adulthood will not cause such adverse effects in the kidney. These 214 
observations suggest that the Nrf2-inducer treatment may have a critical period during 215 
development. Further investigation will be required to address whether Nrf2 is actually 216 
induced in bone cells under physiological or pathological conditions. 217 

Of note, de novo mutations in human NRF2 gene that induce NRF2 were recently 218 
identified (Huppke et al, 2017), and the cases with the NRF2 induction displayed mild 219 
developmental delay, short stature and delayed bone age (Huppke et al, 2017). The 220 
phenotypes observed in the cases are consistent with the phenotype we have observed in 221 
the NEKO mice, including the small body length and low bone density. These 222 
observations in human cases and in NEKO mouse analysis in combination support the 223 
contention that the Nrf2 hyperactivation in certain developmental window leads to the 224 
impairment of bone formation and homeostasis. 225 

226 
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Experimental procedures 227 

Mice 228 
Generation of esophageal Nrf2-deficient and systemic Keap1-null mice (NEKO, 229 
Keap1-/-::Nrf2Flox/Flox::Keratin5-Cre) and renal tubule-specific Keap1 knockout mice 230 
(Keap1 TKO, Keap1Flox/Flox::Pax8-rtTA::TetO-Cre) were described previously (Suzuki 231 
et al, 2017). For analysis of NEKO mice, littermate mice (Nrf2Flox/Flox::K5-Cre:Keap1+/– 232 
or Nrf2Flox/Flox::Keap1+/––) were used as controls. For analysis of Keap1 TKO mice, 233 
littermate mice (Keap1Flox/Flox or Keap1Flox/Flox::Pax8-rtTA) were used as controls. 234 
Pregnant female mice were fed with 1-mg/ml doxycyline (DOX) in the drinking water. 235 
Blood samples were collected from the mice and analyzed using iSTAT-1 analyzer 236 
(Abott) for blood ionized calcium (Ca) level. All mice were kept in 237 
specific-pathogen-free conditions and were treated according to the regulations of The 238 
Standards for Human Care and Use of Laboratory Animals of Tohoku University 239 
and Guidelines for Proper Conduct of Animal Experiments of the Ministry of Education, 240 
Culture, Sports, Science, and Technology of Japan. 241 
 242 
Osteoblast differentiation culture 243 
For in vitro osteoblast differentiation, newborn calvarias were digested with 1-mg/ml 244 
collagenase (Wako) and 2-mg/mL Dispase (Gibco) at 37°C for 15 minutes with the 245 

repeat of this at least 5 times. The cells were then cultured withα-MEM (Wako) with 246 

10% FBS for 5-7 days. After primary culture cells were treated with 0.25% 247 
Trypsin-EDTA solution (Sigma), cells were cultured in osteogenic medium (50-μM 248 
ascorbic acid, 10-nM dexamethasone, and 10-mM β-glycerophosphate) for 14 days. For 249 
quantifying alkaline phosphatase (ALP) activity, ALP assay was performed as described 250 
(Nishikawa et al, 2010). For quantitative analysis, the densities of scanned images of 251 
stained plate were measured using Image J software.  252 
 253 
Osteoclast differentiation culture 254 
The in vitro osteoclast differentiation was conducted as described (Nishikawa et al, 255 
2010). Briefly, bone marrow cells were flushed out from femur and tibia of female mice 256 
in each genotype at 7-10 weeks. The cells were cultured in 10% FBS-αMEM with 10 257 
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ng/ml of M-CSF (R&D Systems) for 2 days, and osteoclast precursor cells were 258 
obtained. The cells were cultured in 10% FBS-αMEM with 50-ng/ml RANKL (Oriental 259 
Yeast) in the presence of 10-ng/ml M-CSF for additional 5 days. Quantification 260 
of tartrate-resistant acid phosphatase (TRAP) activity was performed by TRACP & ALP 261 
double-stain Kit (Takara). To evaluate osteoclast differentiation, TRAP-positive 262 
multi-nucleated cells were counted as mature osteoclasts. For quantitative analysis, the 263 
densities of scanned images of stained plate were measured using Image J software. 264 
 265 
Microcomputed tomography analysis 266 
Whole body or full length of femur of several stage female mice was µCT scanned with 267 
a Latheta LCT-200 (Hitachi-Aloka) to analyze bone shape, lipid volume and bone 268 
morphometry. Three-dimensional reconstruction images of bone were obtained by 269 
Amira (M@xnet). 270 
 271 
Alcian blue staining 272 
Fumures were fixed in 70% ethanol, decalcified paraffin-embedded, and sectioned to 273 
stain with alcian blue. For quantitative analysis, the densities and thickness of scanned 274 
images were measured using Image J software. 275 
 276 
Statistical analyses 277 
Data are expressed as the mean ± SD. For statistical analysis, pairwise comparisons 278 
were made by Mann-Whitney U test. P-values < 0.05 were considered statistically 279 
significant. 280 
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Figure legends 374 

 375 
Figure 1 NEKO mice show small body and femur length 376 
(A, B) X-ray photographs of whole mouse body of control (A) and NEKO (B) 377 
littermate male mice at 8-10 weeks. Scale bars, 1.5 cm. (C) The representative femur 378 
appearance of control (left) and NEKO (right) mice. Right femur of male mice at 8-10 379 
weeks. Scale bars, 5 mm. (D) Femur length from proximal end of macro-nodular or 380 
femur head to the distal end of femur of control (n=6) and NEKO (n=6) male mice. 381 
*p<0.05. 382 
 383 
Figure 2 NEKO mice show decreased bone mass compared to control mice 384 
(A-D) Three-dimensional re-constructional images of femurs from µCT analysis 385 
obtained from 8-10 week-old control and NEKO male mice. (A, B) Representative 386 
overview of femur. Scale bars, 2.5 mm. (C, D) The representative cross sections of 387 
distal femur at 0.3-0.8 mm above the distal growth plate. Scale bars, 500 µm. (E-G) 388 
Bone morphometric parameters assessed with a µCT analysis program of femur of 8-10 389 
week-old control (n=3) and NEKO (n=3) male mice. (E) Average cortical thickness (Ct. 390 
Th) of control (black) and NEKO (red) mice. (F) Volume bone mineral density (vBMD) 391 
of control (black) and NEKO (red) mice. (G) Cortical bone tissue mineral density (CB. 392 
TMD) of control (black) and NEKO (red) mice. Data are means ± SE. *p<0.05, 393 
**p<0.01. (H) Blood ionized calcium (Ca) level in control (n=5) and NEKO (n=6) 394 

mixed-gender mice at 3-6 weeks of age. Data are means ± SE. **p<0.01. 395 

 396 
Figure 3 Nrf2 activation suppresses both osteoclastgenesis and osteoblastgenesis 397 
(A) Osteoclast differentiation protocol. Osteoclast progenitor cells were obtained from 398 
femur of 6-8-week-old NEKO and control littermate mixed gender mice, and were 399 
cultured with M-CSF and RANKL. (B, C) Representative images of cultured 400 
osteoclasts obtained from femur of control (B) and NEKO (C) mixed gender mice were 401 
subjected to TRAP staining. Scale bars, 100 µm. (D) Relative intensity of TRAP 402 
staining of cultured osteoclasts obtained from femur of control (n=3) and NEKO (n=3) 403 

mice. Data are means ±  SE. *p<0.05. (E) Osteoblast differentiation protocol. 404 
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Newborn calvarias were digested with collagenase and Dispase, and harvested in 405 
α-MEM medium. After several passages, the osteoblast cells were cultured with 406 
osteoblast differentiation medium. Keap1+/– and Keap1–/– osteoblast cells were cultured 407 
with ascorbic acid, ß-glycerophosphate and dexamethasone for 14 days. (E) Cultured 408 
cells were stained with ALP staining at each time point. Representative data are shown. 409 
(F) Relative intensity of ALP staining of cultured osteoblasts obtained from 410 

Keap1+/– (n=3) and Keap1–/– (n=3) mice. Data are means ± SE. *p<0.05. 411 



Figure S1 

0

1

2

3 Ct. Th (x10-1 mm)

Proximal Distal

**

0

200

400

600

800

1000

1200

1400

1600 CB.TMD (mg/cm3)

0

100

200

300 vBMD (mg/cm3)

A

C

Proximal Distal

**

Proximal Distal

** ** ** ** ** ** **

**
*

B

** ** **

** **
**

** ** ** **
**

** **

NEKO

Control

NEKO

Control

NEKO

Control

9-10 month-old 



Figure S2 

G H

D E

NEKO

ControlControl

NEKO

A B

C D



Figure S3 

NEKOControl

A B

C D
Growth plate thickness



Figure S4 

14

15

16

17

18

0 1 2 3

Femur length 
(mm)

Keap1TKOControl

A Keap1 TKOControl

B

C D

Keap1
TKOControl



Control

Keap1 TKO

Figure S5

A

B

0

0.5

1

1.5

2

2.5 Ct.Th (x10-1 mm)

Proximal Distal

Keap1 TKO

Control

0

200

400

600

800 vBMD (mg/cm3) 

Proximal

F

G

0

400

800

1200

1600
CB.TMD (mg/cm3)

Keap1 TKO

Control

Proximal Distal

Keap1 TKO

Control

E

H

Distal

Control

Keap1 TKO

C

D

1.2

1.3

1.4

1.5

1.6

0 1 2 3

Blood ionized Ca (mmol/L)

Keap1
TKO

Control



Yoshida et al. 

 1 

Figure S1 1 
(A-C) µCT bone morphometric parameters of femur of control (n=3) and NEKO (n=3) 2 
male mice at 9-10 months. (A) Average cortical thickness (Ct. Th) of control (black) and 3 
NEKO (red) mice. (B) Volume bone mineral density (vBMD) of control (black) and 4 
NEKO (red) mice. (C) Cortical bone tissue mineral density (CB. TMD) of control 5 
(black) and NEKO (red) mice. Data are means ± SE.  *p<0.05, **p<0.01. 6 
 7 
Figure S2 8 
(A-D) Three-dimensional reconstruction images of side view (A, C) and front view (B, 9 
D) of skulls from control (A, B) and NEKO (C, D) female mice at 8-10 weeks.  10 
 11 
Figure S3 12 
(A, B) Representative images of Alcian blue staining of femur growth plate obtained 13 
from control (A) and NEKO (B) male mice at 8-10 weeks. Scale bars, 100 µm. (C) 14 
Femur growth plate thickness of control and NEKO male mice at 8-10 weeks. (D)  15 
 16 
Figure S4 17 
Macroscopic view (A), length (B) and three-dimensional re-constructional images (C, 18 
D) of femurs from control (n=5) and Keap1 TKO (n=4) male mice at 21-28 weeks. 19 
Scale bars indicate 5.0 mm (A) and 2.5 mm (C, D). 20 
 21 
Figure S5 22 
(A, B) Whole body X-ray photographs of control and Keap1 TKO littermate male mice 23 
at 21-28 weeks. Scale bars, 1.5 cm. (C, D) Three-dimensional reconstruction images of 24 
cross-section of distal femur at 0.3-0.8 mm above the growth plate. Scale bars, 500 µm. 25 
(E-G) Bone morphometric parameters of control (n=4) and Keap1 TKO (n=5) mice at 26 
21-28 weeks. (E) Average cortical thickness (Ct. Th) of control (black) and Keap1 TKO 27 
(blue) mice, (F) Volume bone mineral density (vBMD) of control (black) and Keap1 28 
TKO (blue) mice. (G) Cortical bone tissue mineral density (CB. TMD) of control 29 
(black) and Keap1 TKO (blue) mice. Data are means ± SE. (H) Blood ionized calcium 30 
(Ca) level in control (n=8) and Keap1 TKO (n=11) mixed-gender mice. Data are means 31 
± SE. 32 
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