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Abstract

Exposure to tobacco smoke (TS) has been considered a risk factor for osteonecrosis of the 

femoral head (ONFH). Soluble epoxide hydrolase inhibitors (sEHIs) have been found to reduce 

inflammation and oxidative stress in a variety of pathologies. This study was designed to 

assess the effect of sEHI on the development of ONFH phenotypes induced by TS exposure 

in spontaneously hypertensive (SH) rats. SH and normotensive Wistar Kyoto (WKY) rats were 

exposed to filtered air (FA) or TS (80 mg/m3 particulate concentration) 6 h/day, 3 days/week 

for 8 weeks. During this period, sEHI was delivered through drinking water at a concentration 

of 6 mg/L. Histology, immunohistochemistry, and micro-CT morphometry were performed for 

phenotypic evaluation. As results, TS exposure induced significant increases in adipocyte area, 

bone specific surface (BS/BV), and trabecular separation (Tb.SP), as well as significant decreases 

in bone mineral density (BMD), percent trabecular area (Tb.Ar), HIF-1a expression, bone volume 
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fraction (BV/TV), trabecular numbers (Tb.N), and trabecular thickness (Tb.Th) in both SH and 

WKY rats. However, the protective effects of sEHI were mainly observed in TS-exposed SH rats, 

specifically in the density of osteocytes, BMD, Tb.Ar, HIF-1a expression, BV/TV, BS/BV, Tb.N, 

and Tb.SP. Our study confirms that TS exposure can induce ONFH especially in SH rats, and 

suggests that sEHI therapy may protect against TS exposure-induced osteonecrotic changes in the 

femoral head.

Keywords

Tobacco smoke; Osteonecrosis the femoral head; Spontaneously hypertensive rats; Soluble 
epoxide hydrolase inhibitors

1. Introduction

Osteonecrosis of the femoral head (ONFH) remains a significant clinical challenge (Mont 

et al., 2006). Epidemiological data showed an incidence of ONFH in the United States 

between 300 to 600 thousand cases in the early 2000s, with an annual onset of about 10 to 

20 thousand new cases (Aldridge and Urbaniak, 2004; Choi et al., 2015; Lieberman et al., 

2003). Recently, tobacco smoke (TS) has been recognized as a key independent risk factor 

for bone loss and increased fracture risk (Kanis et al., 2005; Krall and Dawson-Hughes, 

1999; Patel et al., 2013). Specifically, a national survey of 30,030 individuals in China 

found that there was significantly elevated risk for non-traumatic ONFH associated with 

TS exposure (D. W. Zhao et al., 2015). This relationship was also demonstrated in a 

previous study of spontaneously hypertensive (SH) rats, an established model of ONFH 

when exposed to TS (Xu et al., 2018).

Smoking and hypertension are both risk factors for endothelial dysfunction and 

cardiovascular and cerebrovascular events (Naito et al., 1993). Reports suggest that 

endothelial dysfunction, cardiovascular and cerebrovascular events are closely related to 

femoral head necrosis (Sung et al., 2018). As the SH rat model demonstrates a wide variety 

of phenotypic similarities to human disease including hormonal imbalances, oxidative 

stress, inflammation, and hypercoagulation (Karanovic et al., 2021; Kozlowska et al., 2019; 

F. F. Wang et al., 2021), investigation of novel therapeutic interventions in the SH rat 

TS exposure model has direct applicability toward future translation and improving our 

understanding of the pathophysiologic mechanisms between hypertension, TS exposure, and 

ONFH. Komiyama et al. (Komiyama et al., 2006) found that 5 to 20 weeks of age was 

a critical period for the exhibition of ossification disturbance, incomplete ossification, and 

osteonecrosis in the SH rats, and vascular endothelial growth factor (VEGF) played an 

important role in such processes. So, we selected 12 weeks of rats exposed to smoking until 

20 weeks of age to observe the changes of the femoral head.

Soluble epoxide hydrolase inhibitors (sEHI) are antihypertensive agents which prevent the 

degradation of epoxyeicosatrienoic acids and have been shown to have benefits in numerous 

cardiovascular diseases including hypertension, renal disease, and stroke (Guedes et al., 

2018; Imig and Hammock, 2009; Imig et al., 2005; Khan et al., 2013; Lee et al., 2014; 

Morisseau and Hammock, 2013; L. Wang et al., 2012; W. Zhang et al., 2007; X. Zhao et al., 
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2004). In addition, a previous study showed that sEHI treatment was anti-inflammatory after 

acute tobacco smoke exposure (Smith et al., 2005). Given that there have been numerous 

hypotheses regarding the role of vascular disease and endothelial dysfunction in ONFH, 

as well as the mainstay role of vascular disease in the SH rat model of osteonecrosis 

(Chiamvimonvat et al., 2007; Cui et al., 2021; Kerachian et al., 2006; Shibahara et al., 2000), 

we hypothesize that sEHI treatment may confer therapeutic benefits in ONFH worsened 

from tobacco smoke exposure.

Therefore, in the present study, SH and normotensive Wister-Kyoto (WKY) rats received 

tobacco smoke exposure with and without sEHI treatment with filtered air controls. 

Development and extent of ONFH were characterized with histopathologic analyses and 

microCT assessment, as well as immunohistochemistry for key vascular factors mediating 

angiogenesis and intraosseous hypoxic stress responses.

2. Methods

2.1. Rats

Twelve-week-old male normotensive WKY and SH rats (n=6 per group; Charles River 

Laboratories, Portage, MI) were purchased and housed in polycarbonate cages（two rats 

per cage）with bedding(Harlan Company, Indianapolis, Indiana) under a 12-hour light-dark 

cycle with continuous access to food （Lab Diet 5001 Rodent Diet, Newco Company, 

Rancho Cucamonga, California）and water. They were allowed to acclimate for one-week 

prior to the onset of experimental exposures. Animals were handled in accordance with 

standards established by the US Animal Welfare Acts as set forth in the National Institutes 

of Health guidelines and by the University of California, Davis, Animal Care and Use 

Committee. Rats were euthanized by interperitoneal injection with Pentobarbital (100mg/

kg).

2.2. Treatment groups:

Both groups of WHY and SH rats were randomized to filtered air (FA), mixed side 

stream tobacco smoke (TS), or TS with sEHI treatments. TS exposure was maintained at 

a particulate concentration of 90 mg total suspended particulates (TSP) per cubic meter for 

6 hours each day, 3 days per week for 8 weeks using the TE-10 smoke exposure system 

combusting 3R4F research cigarettes (Nicotine=0.73mg/cigarette, Tar = 9.4mg / cigarette, 

Source: University of Kentucky) with a 35 mL puff volume over 2 seconds. Measurements 

of tobacco smoke constituents were taken at regular intervals of 30 minutes for carbon 

monoxide, 2 hours for total suspended particulates, and once daily for nicotine(Table 1). 

sEHI 1-trifluoromethoxyphenyl-3-(1-propionylpiperidin-4-yl) urea (TPPU) was delivered 

through the drinking water dissolved in a polyethylene glycol-400 (PEG) vehicle at a 

concentration of 6 mg/L (water intake is about 35ml/d, equivalent to 1mg/kg TPPU/kg body 

weight) (Zhang et al., 2020) Groups not receiving sEHI received only the vehicle (0.2% 

PEG-400) in drinking water.
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2.3. Micro-CT bone structural analysis

The left femur head structure of each animal was analyzed using micro-CT (Siemens, 

Inveon MM system, USA). Three-dimensional bone structure parameters and image slices 

were analyzed and reconstructed (Inveon Acquisition Workplace V1.5, Research Workplace 

V4.1). These included total bone mineral density (BMD), cortical thickness (Ct.Th), bone 

volume (BV) per unit total volume (BV/TV), trabecular separation (Tb.Sp), and trabecular 

thickness (Tb.Th).

2.4. Histopathologic assessment of femoral head

Femoral head samples were decalcified for 20 days in 10% tetrasodium-EDTA and 4% 

phosphate buffered formalin solution. The femoral heads were then paraffin-embedded and 

sectioned at a 5-micron thickness and H&E stained (American Tech Master Scientific 

Inc., Lodi, CA). Stained bone sections were used for quantification of trabecular area, 

osteocyte number, number of empty lacunae, and adipocyte area. Five randomly-selected 

non-necrotic sights were used for each section, with blind counts performed by JX and KW. 

Trabecular bone staining was analyzed for area using Image-Pro Plus software (Image-Pro 

Plus version 6.0, Media Cybernetics). Epiphyseal cartilage ossification and osteonecrosis 

were also classified according to a 4-stage system (Table 2). Staging of epiphysis cartilage 

ossification is based upon histology degree of epiphysis in both SHR and WKY. Femoral 

heads were classified to four stages: stage 0 (indicating ossification less than 1/2 of the 

femoral head), stage 1 (indicating ossification of 1/4 to 1/2 of the femoral head), stage 3 

(indicating ossification of 1/2 to 3/4 of the femoral head), and stage 3 (indicating ossification 

of more than 3/4 of the femoral head). Stage of osteonecrosis is determined based upon 

histology degree of epiphysis in both SHR and WKY: stage 0 (osteonecrosis area less than 

¼), stage 1 (osteonecrosis area between ¼ to ½), stage 2 (osteonecrosis area between ½ to 

¾), and stage 3 (osteonecrosis area more than ¾).

2.5. Immunohistochemistry

Immunohistochemistry (IHC) staining to determine tissue expression of vascular endothelial 

growth factor (VEGF) and hypoxia inducible factor-1α (HIF-1α) was performed to assess 

changes of angiogenesis and hypoxia stress in the femoral heads, respectively. Briefly, the 

tissue sections were subjected to 3% hydrogen peroxidase for 10 minutes to deactivate 

the endogenous peroxidase activity and rinsed in PBS. After being blocked with 10% 

goat normal antiserum for 30 min at room temperature, tissue sections were incubated 

with primary antibodies (rabbit anti-rat VEGF or HIF-1a polyclonal antibodies, with rabbit 

polyclonal IgG as isotype controls, Abcam, Waltham, MA, USA) overnight at 4°C, followed 

by incubation with biotinylated secondary antibodies (goat anti-rabbit) for 30 minutes. 

Immunoreactivity was visualized using diaminobenzidine (DAB) as the substrate. All 

sections were counterstained with hematoxylin. All slides were coded and counted without 

knowledge of the treatment groups. For each slide, 5 non-necrotic sights were randomly 

selected for intensity scoring and proportion scoring, respectively. The average intensity 

of cellular staining was visually scored 0 (none, for negatively stained cells), 1 (weak), 

2 (moderate), and 3 (strong), respectively, while the proportion of staining was scored 0 
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(positive area <5%), 1 (positive area 5 – 25%), 2 (positive area 26 – 50%), 3 (positive area 

51 – 75%), and 4 (positive area >75%), respectively.

2.6. Statistical analysis

All quantitative parameters were analyzed using 2-way analysis of variance (ANOVA) 

with Sidak’s multiple comparisons post-hoc test with animal group (WKY and SH) and 

respiratory exposure as main effects. Statistical significance was considered at P < 0.05. All 

results are presented as mean with error bars indicating standard deviation.

3. Results

3.1. General observation

All the smoking rats had sparse hairiness, and drinking less water compare to un-smoke 

rats, obviously at one day after smoke. Body weight of TS exposed SHR gain not obviously 

with the extension of time, but un-exposed SHR weight increased significantly with time. 

The WKY rats increased body weight in varying degrees with the extension of time, and 

unexposed WKY rats was more pronounced than TS exposed. The application of SEHI did 

not improve the weight of rats.

The WKY FA rats all had more than half ossification of the femoral head. Qualitatively, 

trabecular bone of these animals was observed to have uniform distribution, thickness, and 

orderly arrangement. This is contrasted with the SH TS group, in which no animals had 

complete ossification, and two thirds of animals had less than half ossification of the femoral 

head.

Qualitatively, the trabecular bone was observed to be thinner with more disorganized 

arrangement in these animals. Remaining distributions of both ossification and osteonecrosis 

among all animal groups are shown in Tables 2 and 3. Although the TS exposure group 

showed greater rates of increased osteonecrosis than the FA group for each rat type 

respectively, the SH TS group demonstrated a reduced rate of osteonecrosis with addition of 

sEHI that was equal to the WKY-FA group.

3.2. Histopathological changes of the femoral head

As shown in the histological images in Figure 1, there were distinct qualitative changes in 

the appearance of the femoral head when rats of both groups were exposed to TS (Fig. 1, 

A vs. C and B vs. D). Specifically, the trabecular bone showed a looser appearance with 

increased space in the bone marrow cavity, increased porosity, and sparse, thin trabecular 

organization. The severity of these changes was greater for the SH rats compared to the 

WKY rats (Fig. 1, C vs. D). However, with sEHI treatment as shown in Fig. 1E and 1F, the 

debilitative changes associated with TS exposure are not observed, and the tissue appears 

more qualitatively similar to the FA exposure group. However, the SH TS-sEHI group did 

show some remaining traces of osteonecrosis, indicating that sEHI was not completely 

protective against TS exposure.

Quantitative measures of histopathological changes included number of empty lacunae, 

adipocyte area, trabecular area, and osteocyte concentration (Fig. 2). SH TS rats showed 
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a significantly increased number of empty lacunae compared to FA and TS-sEHI groups 

(Fig. 2A, P < 005, respectively). However, the SH FA and SH TS-sEHI groups demonstrated 

no significant differences in number of empty lacunae (Fig. 2A). There was significantly 

increased adipocyte area with TS exposure in SH rats while the increase in WKY rats 

was not statistically significant (Fig. 2B). SH rats showed significant improvements in both 

trabecular area as well as osteocyte concentration with sEHI treatment after TS exposure 

(Fig. 2, C and D), while WKY rats did not demonstrate an increase in trabecular area 

with sEHI treatment after statistically significant loss of trabecular area after TS exposure 

(Fig. 2C). Finally, WKY rats did not share the decrease in osteocyte concentration after TS 

exposure seen in SH rats (Fig. 2D).

3.3. Immunohistochemistry of femoral heads

Immunohistochemistry images and results of immunohistochemistry analysis of HIF-1a and 

VEGF expression are shown in Figures 3. SH rats exposed to TS showed significantly 

decreased levels of both HIF-1a and VEGF expression compared to WKY rats exposed to 

TS (Fig. 3, C and D). However, sEHI treatment resulted in significantly increased levels of 

HIF-1a in SH rats only to levels similar to SH rats exposed to FA (Fig. 3C). There was a 

greater quantitative decrease in VEGF for SH rats trending toward statistical significance 

compared to FA exposure not seen in WKY rats, in which VEGF expression remained 

similar between TS and FA exposure (Fig. 3D).

3.4. Microstructure analysis of femoral heads

Representative micro-CT images of rat femoral heads are shown in Figure 4. Qualitative 

decreases in ossification were observed with TS exposure for both animal groups (Fig. 4, 

A vs. C and B vs. D). Improvements in ossification with sEHI treatment after TS exposure 

were seen in SH animals but were absent in WKY animals (Fig. 4, E vs. C and F vs. D).

Quantitative parameters of ossification and microstructural organization showed similar 

trends of improvement for SH animals receiving sEHI treatment after TS exposure (Fig. 

5). Bone mineral density, bone volume fraction, and number of trabeculae all showed 

statistically significant increases with sEHI treatment after TS exposure in SH rats to levels 

statistically similar to the SH FA exposure group (Fig. 5, A to C). Bone mineral density 

and volume fraction remained depressed in WKY rats after TS exposure regardless of sEHI 

treatment (Fig. 5A). In addition, SH rats demonstrated statistically significant changes in 

trabecular thickness and bone surface-to-volume fraction after TS exposure not shared by 

the WKY group (Fig. 5, D and E). Again, trabecular thickness and bone surface-to-volume 

fraction returned to levels similar to the FA controls for SH rats after sEHI treatment (Fig. 

5, D and E). The trabecular separation of SH rats was significantly higher than that of 

WKY rats for FA and TS exposure groups. However, there was no significant difference in 

trabecular separation for the groups after sEHI treatment following TS exposure (Fig. 5F).

4. Discussion

In a previous study, we showed that TS exposure led to significant increases in ossification 

delay, bone microstructural damage, and histopathological changes associated with ONFH 
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in SH rats (Xu et al., 2018). These findings were consistent with results of clinical 

investigations on the relationship between TS and ONFH, including multiple case-control 

studies showing an increased risk of ONFH in tobacco smokers (Wen et al., 2017). To 

our knowledge, the present study is the first application of sEHI for the treatment of 

TS-induced ONFH in SH rats. Our results have shown that sEHI is protective against the 

debilitative microstructural and histopathological changes in the femoral head associated 

with TS exposure. This protective effect resulted in the return of microstructural and 

histopathological measures of the TS-sEHI group to levels seen in the SH FA control 

group. More specifically, the measures evaluated represent key pathologic indicators of 

early ONFH or ONFH progression, including hyperplastic adipocytes, empty lacunae, 

mineralization, and trabecular microstructural organization. These results were primarily 

seen in the previously validated SH rat model of ONFH (Xu et al., 2018); while the 

WKY control group showed similar changes after TS exposure to a lesser extent, the sEHI 

treatment did not show significant efficacy, suggesting that the therapeutic mechanism of 

sEHI may target a pathologic characteristic of SH rats.

Possible mechanistic explanations for the therapeutic efficacy for sEHI against ONFH 

likely involve the underlying vascular endothelial pathophysiology related to inflammation, 

oxidative stress, and the hypoxic response (Chiamvimonvat et al., 2007; Imig and 

Hammock, 2009; Kerachian et al., 2006). This is supported by the increase in HIF-1a 

expression after sEHI treatment and the similar but not statistically significant increase 

in VEGF expression. The role of VEGF in promoting angiogenesis and osteogenesis has 

be well documented (Dreyer et al., 2020; Hu and Olsen, 2016; Li et al., 2016). Beyond 

upregulating VEGF expression (in hypoxic tissues) and inducing mesenchymal stem cell 

differentiation to osteoblast and osteocyte, HIF-1a can enhance the formation of type H 

blood vessels in the metaphyseal region and sub-periosteum during osteogenesis (Peng et al., 

2020; Yellowley and Genetos, 2019; J. Zhang et al., 2020). Previous models of TS-induced 

limb ischemia and lung injury have demonstrated that decreased expression of HIF-1a and 

VEGF are mechanistic mediators of TS-induced inflammation and loss of angiogenesis 

(Basic et al., 2012; Daijo et al., 2016; Michaud et al., 2003; Pouya and Kerachian, 2015). 

Inflammation and reduced angiogenesis are also considered key factors in the pathogenesis 

of ONFH in current vascular hypotheses (Cui et al., 2021; Kerachian et al., 2006; Pouya 

and Kerachian, 2015). In addition, other previous investigations of therapeutic applications 

of sEHI in the context of vascular disease have also emphasized its anti-inflammation and 

vasodilatory effects(Imig et al., 2009; Imig et al., 2012; Khan et al., 2013), which may 

certainly also share applicability to ONFH in which maintaining blood supply to the femoral 

head is a key aspect of preventing disease progression.

Hyperplastic adipocytes and increased empty lacuna both are early pathological indicators of 

ONFH (Bermeo et al., 2014; Vaughan et al., 2015). Significantly increased number of empty 

lacuna and adipocyte area exhibited in the TS SH rats indicated that TS exposure inhibited 

osteogenesis, leading to the pathological change of ONFH. Given that the bone marrow 

stem cells (BMSCs) are capable of differentiation towards adipocytes as well as osteoblasts 

(Gimble, 1990; Gimble et al., 2006), significantly increased intramedullary adipocytes, as 

observed in the TS SHR group, may indicate diversion of BMSC differentiation from 

osteoblasts to adipocytes, which contributes to bone loss. In addition, TS-inhibited VEGF 
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expression may theoretically slow the development of the preliminary ossification center 

and the subsequent formation of mature bone tissue (Cohen, 2006). Thus, our data confirm 

that sEHI treatment is associated with significantly increased trabecular area and osteocyte 

concentration, which significantly contributes to bone formation in the femoral head.

Recently, micro-CT has been considered the gold standard for assessing bone morphology 

and microarchitecture in small animal models, which contributes to the reconstruction of 

a 3D representation of the bone to show the spatial distribution of bone mineral density 

(Bouxsein et al., 2010). Micro-CT-derived 2D and 3D morphologic measurements highly 

complement those from 2D histomorphometry (Alexander et al., 2001; Barbier et al., 

1999; Kapadia et al., 1998). For example, femoral heads from WKY versus SH rats 

subjected to FA exhibit similar 2D histomorphometric features, however, micro-CT-aided 

measurements clearly demonstrated the changes in trabecular bone microarchitecture linked 

to bone loss in the FA SH rats. Our data demonstrate that sEHI treatment can maintain 

BMD, bone volume fraction, as well as trabecular number, thickness, and separation 

following TS exposure, demonstrating the protective effect against TS-induced bone loss. 

These micro-CT-derived morphological characters are consistent with those generated from 

histomorphometry showing that sEHI treatment maintains the number of empty lacunae and 

percent trabecular area, as well as the concentration of osteocytes in the tissue in SH rats 

subjected to TS exposure.

Our data further confirms that the SH rat provides a useful model for the study of TS 

exposure induced ONFH. It has been well documented that spontaneously hypertensive 

rats exhibit spontaneously developed phenotypes of ONFH, which may make them more 

susceptible to steroid usage and exposure to TS (Murata et al., 2007; Xu et al., 2018). In the 

present study, femoral heads from WKY versus SH rats subjected to FA exhibit similar 2D 

histomorphometric features, however, micro-CT-aided measurements clearly demonstrated 

the changes in trabecular bone microarchitecture linked to bone loss in the FA SH rats. Such 

changes in the microarchitecture of the femoral head in SH rats may make the femoral head 

more susceptible to TS induced osteonecrosis. Accordingly, SH rats also exhibited higher 

responsiveness versus WKY rats to sEHI therapy against TS-induced osteonecrotic changes 

in the femoral heads. The underlying mechanisms remain to be investigated.

Taken together, this study proposes that exposure to TS is a significant risk factor of ONFH, 

especially in the individuals with hypertension, and sEHI treatment is protective against 

osteonecrotic changes induced by TS exposure.
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Fig. 1. Influence of TS exposure and sEHI treatment on the histology of the femoral heads.
Representative images of H & E-stained tissue sections from WKY or SH rats subjected 

to FA, TS, or TS plus sEHI. Arrows indicate empty lacuna. Scale bars = 200 mm, n = 6 

per groups. WKY, normotensive Wistar Kyoto rats; SH, spontaneously hypertensive rats; 

FA, exposure to filtered air; TS, exposure to tobacco smoke; sEHI, treatment with soluble 

epoxide hydrolase inhibitor.
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Fig. 2. Influence of TS exposure and sEHI treatment on the cellular components of the femoral 
heads.
Numbers of empty (A), percent adipocyte area (B), percent trabecular area (C), and 

osteocyte concentrations (D) in the femoral heads from SH and WKY rats subjected to FA 

(black bars), TS (light gray bars), or TS and sEHI (dark gray bars). * P < 0.05 vs. the group 

indicated, ns = not significant, n = 6 per group. WKY, normotensive Wistar Kyoto rats; 

SH, spontaneously hypertensive rats; FA, exposure to filtered air; TS, exposure to tobacco 

smoke; sEHI, treatment with soluble epoxide hydrolase inhibitor.
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Fig. 3. Influence of TS exposure and sEHI treatment on the expression of HIF-1a and VEGF.
Representative immunohistochemistry images of HIF-1a (A) and VEGF (B) of the femoral 

heads from WKY or SH rats subjected to FA, TS, or TS plus sEHI. Arrows indicate 

typical immunoreactive cells in intramedullary vessels. The intensity of immunostaining 

was measured to score the expression of HIF-1a (C) and VEGF (D) of each group. * P 
< 0.05 vs. the group indicated, n = 6 per group. WKY, normotensive Wistar Kyoto rats; 

SH, spontaneously hypertensive rats; FA, exposure to filtered air; TS, exposure to tobacco 

smoke; sEHI, treatment with soluble epoxide hydrolase inhibitor. Corresponding images of 

isotypic control staining not shown.
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Fig. 4. Morphological influence of TS exposure and sEHI treatment on the femoral heads.
Representative coronal plane micro-CT-derived reconstructed 3D structure of the femoral 

heads from WKY or SH rats subjected to FA, TS, or TS plus sEHI. N = 6 per group. WKY, 

normotensive Wistar Kyoto rats; SH, spontaneously hypertensive rats; FA, exposure to 

filtered air; TS, exposure to tobacco smoke; sEHI, treatment with soluble epoxide hydrolase 

inhibitor.
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Fig. 5. Influence of TS exposure and eEHI treatment on the trabecular bone microarchitecture.
Micro-CT-derived trabecular bone morphometric indices including bone mineral density 

(A), bone volume/total volume (B), trabecular number (C), trabecular thickness (D), bone 

surface/bone volume (E), and trabecular separation (F) were obtained from the femoral 

heads of WKY or SH rats subjected to FA, TS, or TS plus sEHI. * P < 0.05 vs. the group 

indicated, ns = not significant, n = 6 per group. WKY, normotensive Wistar Kyoto rats; 

SH, spontaneously hypertensive rats; FA, exposure to filtered air; TS, exposure to tobacco 

smoke; sEHI, treatment with soluble epoxide hydrolase inhibitor.
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Table 1.

Conditions for tobacco exposure

Relative Humidity Temp Carbon Monoxide Nicotine Gravimetric TSP

(% RH) (°C) (ppm) (mg/m3) (mg/m3)

Mean 37.53 77.87 240.55 9.04 61.79

±SD ±9.19 ±1.1 ±41.33 ±3.71 ±12.03

Note：TSP, Total Suspended Particulates.
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Table 2.

Percent ossification stages of the femoral heads (%)

Rat strain Treatments Stage 0
No ossification

Stage 1
Less than ½ ossification

Stage 2
More than ½ ossification

Stage 3
Complete ossification

WKY

FA 0 0 50 50

TS 17 17 17 50

TS + sEHI 0 50 17 33

SH

FA 0 17 17 67

TS 33 33 33 0

TS + sEHI 0 33 33 33

Notes: WKY, normotensive Wistar Kyoto rats; SH, spontaneously hypertensive rats; FA, exposure to filtered air; TS, exposure to tobacco smoke; 
sEHI, treatment with soluble epoxide hydrolase inhibitor. N = 6 per group.
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Table 3.

Percent osteonecrosis stages of the femoral heads (%)

Rat strain Treatments Stage 0
No osteonecrosis

Stage 1
¼ to ½ osteonecrosis

Stage 2
½ to ¾ osteonecrosis

Stage 3
More than ¾ osteonecrosis

WKY

FA 83 17 0 0

TS 67 0 17 17

TS + sEHI 100 0 0 0

SH

FA 67 33 0 0

TS 50 17 17 17

TS + sEHI 83 17 0 0

Notes: WKY, normotensive Wistar Kyoto rats; SH, spontaneously hypertensive rats; FA, exposure to filtered air; TS, exposure to tobacco smoke; 
sEHI, treatment with soluble epoxide hydrolase inhibitor. N = 6 per group.
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