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Tobacco smoke-induced chronic obstructive pulmonary disease
(COPD) is a prolonged inflammatory condition of the lungs characterized by progressive and largely irreversible airflow limitation attributable to a number of pathologic mechanisms, including bronchitis,
bronchiolitis, emphysema, mucus plugging, pulmonary hypertension,
and small-airway obstruction. Soluble epoxide hydrolase inhibitors
(sEHIs) demonstrated anti-inflammatory properties in a rat model
after acute exposure to tobacco smoke. We compared the efficacy
of sEHI t-TUCB (trans-4-{4-[3-(4-trifluoromethoxy-phenyl)-ureido]cyclohexyloxy}-benzoic acid) and the phosphodiesterase-4 (PDE4)
inhibitor Rolipram (Biomol International, Enzo Life Sciences, Farmingdale, NY) to reduce lung injury and inflammation after subacute
exposure to tobacco smoke over a period of 4 weeks. Pulmonary
physiology, bronchoalveolar lavage, cytokine production, and histopathology were analyzed to determine the efficacy of sEHI and Rolipram to ameliorate tobacco smoke–induced inflammation and injury
in the spontaneously hypertensive rat. Both t-TUCB and Rolipram inhibited neutrophil elevation in bronchoalveolar lavage. sEHI t-TUCB
suppressed IFN-g, while improving lung function by reducing tobacco
smoke–induced total respiratory resistance and tissue damping (smallairway and peripheral tissue resistance). Increases in tobacco smoke–
induced alveolar airspace size were attenuated by t-TUCB. Rolipram
inhibited the production of airway mucus. Both t-TUCB and Rolipram
inhibited vascular remodeling–related growth factor. These findings
suggest that sEHI t-TUCB has therapeutic potential for treating COPD
by improving lung function and attenuating the lung inflammation
and emphysematous changes caused by tobacco smoke. To the best
of our knowledge, this is the first report to demonstrate that sEHI exerts
significant protective effects after repeated, subacute tobacco smoke–
induced lung injury in a rat model of COPD.
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Chronic obstructive pulmonary disease (COPD) is a major cause of
morbidity and mortality worldwide, and is expected to become the
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CLINICAL RELEVANCE
Inflammation is provoked by inflammatory leukocytes and
mediators thought to play a critical role in the development
of chronic obstructive pulmonary disease (COPD). Soluble
epoxide hydrolase inhibitors were shown to possess therapeutic efficacy in the treatment and management of acute
inflammatory disease. It is not known whether soluble epoxide hydrolase inhibitors could ameliorate the pulmonary
inflammation induced by repeated, subacute exposure to
tobacco smoke. The efficacy of a potent soluble epoxide hydrolase inhibitor, trans-4-{4-[3-(4-trifluoromethoxy-phenyl)ureido]-cyclohexyloxy}-benzoic acid, to partly ameliorate the
impact of injury attributable to repeated exposure to tobacco
smoke suggests that the inhibition of soluble epoxide hydrolase could have high therapeutic potential for the treatment of
COPD.

third leading cause of death by 2020 (1). COPD is characterized
by chronic airflow limitation, with progressive deterioration over
time and limited reversibility after bronchodilator therapy (2).
The pathology of COPD is complex and heterogeneous, demonstrating inflammation, small-airway remodeling, the hypersecretion of mucus, and emphysema. The primary cause of COPD is
tobacco smoke, which induces leukocyte activation, cytokine production, enhanced proinflammatory gene expression, increased
reactive oxygen and nitrogen species production, and enhanced
biosynthesis of oxidized lipids (3–6).
According to a commonly held belief, anti-inflammatory therapy for COPD may slow disease progression. Current COPD
therapy mainly focuses on reducing symptoms and preventing
exacerbation with short-acting and long-acting bronchodilators
as monotherapy, or in combination with long-acting b2 agonist
bronchodilators and inhaled corticosteroids (7). The failure
of inhaled corticosteroid used alone or in combination with b2
agonists to reduce COPD inflammation has intensified the
search for effective drugs for the disease (2, 8). Because COPD
is relatively insensitive to currently marketed drugs (9), it is
hoped that novel, anti-inflammatory agents will be found.
Phosphodiesterase-4 (PDE4) inhibitors are the most advanced
anti-inflammatory therapies currently used for the clinical management of COPD. The elevation of cellular cyclic adenosine
monophosphate can lead to broad anti-inflammatory cellular
effects, and PDE4 is the predominant PDE isoenzyme in most
inflammatory cells thought to play a role in the pathogenesis of
COPD (2). Despite reports of PDE4 inhibitor efficacy in Phase
III clinical trials and the recent approval of Roflumilast by the
European Medicines Agency for the treatment of COPD (10),
the class-specific side effects (e.g., nausea and diarrhea) of the
high-dose administration of these drugs limit their therapeutic
use (11, 12).
Epoxyeicosatrienoic acids (EETs), products of the epoxygenation of arachidonic acid by cytochrome P450 monoxygenases,

Wang, Yang, Guo, et al.: Soluble Epoxide Hydrolase Inhibitor and COPD

exert antiinflammatory effects (13). EETs are metabolized by
cyclooxygenase (COX) and the b-oxidation pathway, but most
EETs are converted to diols by soluble epoxide hydrolase (sEH)
(14). The pharmacological inhibition of sEH increases plasma EET
concentrations (15). A large number of studies reported the lowering of blood pressure in different models of systemic hypertension
(16), the prevention of cardiac remodeling after aortic banding
(17), and the suppression of inflammation elicited by bacterial
LPS (18) with the inhibition of sEH. We previously demonstrated
anti-inflammatory effects with the sEH inhibitor 12-(3-adamantane1-yl-ureido)-dodecanoic acid n-butyl ester after acute exposure to
tobacco smoke in spontaneously hypertensive (SH) rats (19). In the
present study, we characterize: (1) a model of tobacco smoke–
induced COPD in SH rats to demonstrate COPD-like lung inflammation, airway obstruction, the hypersecretion of mucus, and
emphysematous changes; and (2) the efficacy of trans-4-{4-[3-(4trifluoromethoxy-phenyl)-ureido]-cyclohexyloxy}-benzoic acid (tTUCB), a newer generation of sEH inhibitor (sEHI), compared with
the prototypic PDE4 inhibitor Rolipram on the attenuation of tobacco smoke–induced lung injury in SH rats. We found that t-TUCB
has therapeutic potential for treating COPD by reducing lung inflammation and weight loss, improving lung function, and attenuating the
emphysematous changes caused by exposure to tobacco smoke.

MATERIALS AND METHODS
Additional details on measurement methods are provided in the online
supplement.

Animals
This study was performed under the auspices of the Animal Care and
Use Committee of the University of California at Davis. Twelve-weekold male SH rats were purchased from Charles River Laboratories (Portage, MI) and allowed to acclimate 1 week before the onset of exposure
to tobacco smoke.

Exposure to Tobacco Smoke
SH rats, divided into groups of 4 to 8 animals, were exposed to filtered
air or tobacco smoke. Whole-body exposure to cigarette smoke occurred for 6 hours/day, 3 days/week for a total of 4 weeks at a concentration of 80 to 90 mg/m3 total suspended particulates, using a TE10
smoke exposure system (20) that burns 3R4F research cigarettes (Tobacco and Health Research Institute, University of Kentucky, KY)
with a 35-ml puff volume of 2-second duration, once each minute
(smoking standard of the Federal Trade Commission).
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Figure 1. Effects of trans-4-{4-[3-(4-trifluoromethoxy-phenyl)-ureido]cyclohexyloxy}-benzoic acid (t-TUCB) and Rolipram on tobacco smoke
(TS) exposure–induced weight loss in spontaneously hypertensive (SH)
rats. Body weight measurements were taken before and after smoke
exposure each week. The weekly mean weights measured before
smoke exposure each week are reported. The time course is presented
for body weight changes of age-matched, non–TS-exposed animals as
controls (open circles), TS-exposed animals treated with vehicle (solid
squares), TS-exposed animals treated with soluble epoxide hydrolase
inhibitors (sEHI) t-TUCB (solid triangles), and TS-exposed animals treated with Rolipram (open diamonds). Data are expressed as means 6
SEM for 4–8 animals/group. wk, weeks. *P , 0.05, TS-exposed groups
were significantly different from the control group. yP , 0.05, treatment group with sEHI t-TUCB was significantly different from the TS
vehicle group.

compliance, and elastance of the whole respiratory system. Forced
oscillation perturbation was consequently applied and resulted in central airway resistance, tissue damping, and tissue elastance.

Tissue Preparation
Immediately after pulmonary function testing, the trachea was recannulated, the left lung bronchus was tied, and the right lung was lavaged with
Ca21/Mg21–free Hanks’ buffered salt solution (HBSS). Bronchoalveolar lavage fluid (BALF) was collected in tubes and kept on ice until
further processing. The lavaged lobes from the right lung were frozen
in liquid nitrogen and stored at 2808 C until use. The left lung was
embedded in paraffin for histology.

Bronchoalveolar Lavage Analysis
BALF was centrifuged for 10 minutes at 48 C, and the cell pellet was
resuspended in Ca21/Mg21–free HBSS (21). The total cell number was
determined using a hemocytometer. BALF cell differentials were determined by counting the number of mononuclear cells, neutrophils,
and eosinophils (300 cells/sample).

Drugs and Delivery
We synthesized sEHI t-TUCB, whereas Rolipram was purchased from
Biomol International (Enzo Life Sciences, Farmingdale, NY). Both
compounds were delivered via drinking water 1 week before smoke exposure and continued throughout the 4-week study. We used doses of
1.5 mg/kg t-TUCB and 0.3 mg/kg Rolipram, dissolved in polyethylene
glycol (PEG) 400 in drinking water, to give a final PEG concentration of
2% (vol/vol). Age-matched animals exposed only to filtered air with vehicle only in their drinking water served as sham controls.

Pulmonary Function Measurements
Eighteen hours after the end of tobacco smoke exposure, rats were
deeply anesthetized with ketamine and xylazine. The trachea of each
animal was cannulated and connected to a FlexiVent (Scireq, Montreal,
PQ, Canada) data acquisition system. Animals were ventilated at a frequency of 90 breaths/minute, at a tidal volume of 10 ml/kg. Measures of
respiratory system input impedance were obtained to allow for the
unique distinction between central and peripheral lung mechanics. A
“snapshot perturbation” maneuver was imposed to measure the resistance,

Cytokine Analysis of Lung Homogenates
Lung homogenates from rats were analyzed for 24 different cytokines
and chemokines (IL-1a, IL-1b, IL-2, IL-4, IL-5, IL-6, IL-7, IL-10, IL12p70, IL-13, IL-17, IL-18, eotaxin, granulocyte colony-stimulating factor, granulocyte/macrophage colony-stimulating factor, growth-related
oncogene-KC/keratinocyte-derived chemokine, IFN-g, macrophage colony-stimulating factor, macrophage inflammatory protein [MIP]-1a,
MIP-3a, regulated upon activation, normal T cell expressed, and secreted,
TNF-a, vascular endothelial growth factor [VEGF], and erythropoietin),
using a fluorescent bead multiplex assay from Bio-Rad Laboratories
(Hercules, CA). The assay was performed according to the manufacturer’s instructions.

Oxylipin Measurements by Liquid
Chromatography–Mass Spectrometry
Analysis of oxylipins from lung tissues was performed according to
Yang and colleagues (22). Oxylipins were extracted by solid phase
extraction. Elutions were evaporated and reconstituted with 50 ml
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leukotrienes eluting first, followed by hydroxy and epoxy fatty acids.
Quality control samples were analyzed to ensure the stability of the
analytical calibration throughout the analysis. Analyst software version
1.5 (AB Sciex, Foster City, CA) was used to quantify the results,
according to standard curves.

Histopathologic Measurements of the Lung
Five-micrometer-thick sections of lung tissue were deparaffinized and
stained with (1) hematoxylin and eosin (American Master Tech Scientific, Lodi, CA) for the measurement of alveolar airspace size, and (2)
alcian blue/periodic acid–Schiff (AB/PAS; American Master Tech Scientific) for the detection of mucous glycoconjugate. To determine the
fraction of epithelial mucosubstance staining, as well as the mean linear
intercept (MLI) of alveoli, images were projected onto a monitor and
overlaid with a test grid generated by Stereology Toolbox software
(Morphometrix, Davis, CA). For details of the calculation for volume
fractions and MLI, please see the online supplement.

Statistical Analysis

Figure 2. Effects of t-TUCB and Rolipram on leukocyte profile in bronchoalveolar lavage. (A) Percent of mononuclear cells (including macrophages, monocytes, and lymphocytes). (B) Percentages of neutrophils
in the bronchoalveolar lavage (BAL). Data are expressed as means 6
SEM for 4–8 animals/group. *P , 0.05, TS-exposed groups were significantly different from control group. yP , 0.05, treatment group
with sEHI t-TUCB was significantly different from the TS vehicle
group. zP , 0.05, treatment group with Rolipram was significantly
different from the TS vehicle group.

200 nM 1-cyclohexyl ureido, 3-dodecanoic acid methanol solution. Liquid chromatography was performed on an Eclipse Plus C18 column
(Agilent Corporation, Palo Alto, CA). Analytes were eluted according
to their polarity, with the most polar analytes, prostaglandins, and

Data were analyzed using SAS version 8.2 statistical software (SAS Institute, Cary, NC). Two-way ANOVA was used, and when significance
was achieved, a Bonferroni post hoc test was applied. For analysis of
the correlation between oxylipins with airway obstruction based on
FlexiVent measurements, linear regression was used to analyze correlations according to the Pearson correlation coefficient. P , 0.05 was
considered significant.

RESULTS
Effects of sEHI t-TUCB and Rolipram on Body Weight
after Exposure to Tobacco Smoke

Before exposure to tobacco smoke (TS), group body weights
were similar. After 1 week of TS exposure, all three groups exposed to TS (TS vehicle, TS t-TUCB, and TS Rolipram) weighed
significantly less than the control group exposed only to filtered
air and vehicle (Figure 1). Weight loss continued through the
4-week exposure period for all three TS groups. However, the

Figure 3. Effects of t-TUCB and Rolipram on pulmonary inflammatory cytokines. Inflammatory cytokine (A) IL-1b, (B) IL-6, (C) IFN-g, and (D) IL12p70 concentrations in whole-lung homogenate are reported. Data are expressed as mean 6 SEM for 4–8 animals/group. *P , 0.05, TS-exposed
groups were significantly different from the control group. yP , 0.05, treatment group with sEHI t-TUCB was significantly different from the
TS vehicle group.
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t-TUCB regarding weight loss, but the data did not achieve
statistical significance.
Effects of t-TUCB and Rolipram on TS–Induced Leukocyte
Recruitment to the Lung

Figure 4. Effects of t-TUCB and Rolipram on vascular endothelial
growth factor (VEGF) in the lung. Data are expressed as means 6
SEM for 4–8 animals/group. *P , 0.05, TS-exposed groups were significantly different from the control group. yP , 0.05, treatment group
with sEHI t-TUCB was significantly different from the TS vehicle group.
z
P , 0.05, treatment group with Rolipram was significantly different
from the TS vehicle group.

degree of weight loss with TS t-TUCB treatment was significantly less compared with the TS vehicle group. Animals treated with Rolipram showed a trend similar to those treated with

In control rats, the majority of leukocytes recovered in the BALF
were mononuclear cells (primarily macrophages), accounting for
approximately 90% of the total cells (Figure 2A). Four weeks of
repeated TS exposure resulted in significantly increased total
leukocyte counts (89 3 103/ml versus 22 3 103/ml, P , 0.01)
and neutrophil counts (67 3 103/ml versus 0.8 3 103/ml, P ,
0.001) in the vehicle-only group compared with the filtered air
plus vehicle control group, respectively. Whereas neutrophils
consisted of 3.4% 6 0.6% of the total cells in the control BALF,
they comprised 47.9% 6 4.4% in the BALF of the TS/vehicle
group, a significant difference between the two treatment
groups. TS exposure plus treatment with sEHI t-TUCB or the
PDE4 inhibitor Rolipram markedly decreased the percentage
of neutrophils in the BALF to 28% 6 12.7% and 30.2% 6
7.8%, respectively (Figure 2B). The dose of t-TUCB and Rolipram used in the present study did not significantly alter the
increase in total leukocyte numbers in the BALF induced by TS
exposure (data not shown).

Figure 5. Effects of t-TUCB and Rolipram on pulmonary function in the lung. (A) Total respiratory resistance (R) and (B) elastance (E), (C) compliance
(C), (D) central airway resistance (Rn), (E) tissue damping (G), and (F) elastance (H) are shown. Data are expressed as means 6 SEM for 4–8 animals/
group. *P , 0.05, TS–exposed groups were significantly different from the control group. yP , 0.05, treatment group with sEHI t-TUCB was
significantly different from the TS vehicle group. zP , 0.05, treatment group with Rolipram was significantly different from the TS vehicle group.
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Figure 6. Effects of t-TUCB and Rolipram on oxylipins in the lung. (A) Major oxylipins prostaglandin E2 (PGE2), (B) 13-hydroxyoctadecadienoic acid,
and (C) 5-oxo-6,8,11,14-eicosatetraenoic acid and (D) the epoxyeicosatrienoic acids (EETs)/diols ratio are shown. Data are expressed as means 6
SEM for 4–8 animals/group. *P , 0.05, TS-exposed groups were significantly different from the control group. yP , 0.05, treatment group with sEHI
t-TUCB was significantly different from the TS vehicle group. zP , 0.05, treatment group with Rolipram was significantly different from the TS
vehicle group.

Effects of t-TUCB and Rolipram on Inflammatory Cytokines
and VEGF in Lung Homogenate

The increase in neutrophils after 4 weeks of TS exposure in the
vehicle-only group was accompanied by significant increases in
proinflammatory cytokines IL-1b and IL-6 and Th1 cytokines
IFN-g and IL-12p70 in lung homogenate (Figures 3A–3D). Exposure to TS plus treatment with t-TUCB or Rolipram did not
result in the significantly inhibited production of inflammatory cytokines IL-1b or IL-6, but tended to decrease Th1
cytokines, such as IFN-g. In fact, the concentration of IFN-g
was significantly lower in animals treated with sEHI t-TUCB
compared with the TS and vehicle groups. VEGF protein
expression was significantly increased in rats exposed to TS
and vehicle, compared with control rats. This results was in
contrast to a significant decrease in VEGF compared with
control rats exposed to TS and either t-TUCB or Rolipram
(Figure 4).
Effects of t-TUCB and Rolipram on Pulmonary Function

Exposure to TS for 12 days over a 4-week period produced significant changes in lung function. TS-exposed and vehicle-treated animals had significantly elevated total respiratory resistance (R) and

elastance (E) accompanied by significantly decreased compliance
(C), compared with control rats. Central airway resistance (Rn),
tissue damping (G), and elastance (H) were also significantly increased by TS and vehicle exposure. On the other hand, TS exposure plus treatment with sEHI t-TUCB significantly improved lung
mechanics by decreasing R and E, as well as small airway and
peripheral tissue resistance and elastance. Animals treated with
Rolipram did not show significant improvement in lung
function (Figures 5A–5F).
Effects of t-TUCB and Rolipram on Lung Oxylipins

Regulatory lipids were measured to monitor changes in active
lipid mediators, including prostaglandins, leukotrienes, and
EETs. To assess the degree of sEH inhibition, the ratio of EETs
to their corresponding dihydroxy derivatives (diols) was calculated. Prostaglandin E2 (PGE2), 13-hydroxyoctadecadienoic
acid (13-HODE), and 5-oxo-6,8,11,14-eicosatetraenoic acid
(5-oxo-ETE) were significantly increased after 4 weeks of exposure to TS and vehicle (Figures 6A–6C). In addition, these animals had a significantly decreased EETs/diols ratio, implying an
increase in either sEH protein expression or sEH activity (Figure 6D). The administration of sEHI t-TUCB, along with exposure to TS, significantly decreased proinflammatory mediator

TABLE 1. CORRELATION BETWEEN OXYLIPINS AND AIRWAY OBSTRUCTION IN SH RATS
Characteristic
PGE2
13-HODE
5-oxo-ETE
EET/diols ratio

R
r
r
r
r

¼
¼
¼
¼

0.3, P ¼ 0.1552
0.436, P ¼ 0.031*
0.032, P ¼ 0.86
0.214, P ¼ 0.31

Rn
r
r
r
r

¼
¼
¼
¼

315, P
0.529,
0.077,
0.032,

¼ 0.17
P ¼ 0.01*
P ¼ 0.74
P ¼ 0.92

G
r
r
r
r

¼
¼
¼
¼

0.212,
0.355,
0.292,
0.197,

P
P
P
P

¼
¼
¼
¼

0.36
0.12
0.20
0.39

Definition of abbreviations: 5-oxo-ETE, 5-xox-6,8,11,14-eicosatetraenoic acid; 13-HODE, 13-hydroxyoctadecadienoic acid; EET,
epoxyeicosatrienoic acid; G, tissue damping; PGE2, prostaglandin E2; r, Pearson’s correlation coefficient; R, respiratory resistance;
Rn, airway resistance; SH, spontaneously hypertensive.
* P , 0.05, significance level.
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concentrations of PGE2, 13-HODE, and 5-oxo-ETE, compared
with rats exposed to TS and vehicle. As expected, the EETs/
diols ratio was significantly increased by t-TUCB treatment
compared with that of animals exposed to TS and vehicle. Rats
receiving Rolipram along with TS exposure had significantly
decreased PGE2 and 5-oxo-ETE concentrations, compared
with rats exposed to TS and vehicle. No difference in the
EETs/diols ratio was evident in rats treated with Rolipram,
compared with rats exposed to TS and vehicle (Figures 6A–
6D). Strong, positive correlations were found between total respiratory resistance (R) and 13-HODE (r ¼ 0.436, P , 0.05)
and between central airway resistance (Rn) and 13-HODE
(r ¼ 0.529, P , 0.01) (Table 1).
Effects of t-TUCB and Rolipram on TS Exposure–Induced
Mucosubstances and Airspace Enlargement

The excessive production of mucin is characteristic of advanced
COPD. In this study, after 4 weeks of TS and vehicle exposure,
animals demonstrated a significant elevation in the volume fraction of intraepithelial mucosubstances, as demonstrated by AB/
PAS-positive staining compared with control animals. Treatment with t-TUCB alone did not change concentrations of airway epithelial mucin (Figure 7). However, animals receiving
Rolipram had significantly decreased intraepithelial airway
mucin compared with animals exposed to TS and vehicle only
(Figure 7B).
Airspace enlargement, as quantified by the MLI, was significantly increased in all three groups exposed to TS,compared
with the filtered air control group. Both sEHI t-TUCB and
Rolipram treatment decreased MLI, but only treatment with
t-TUCB reached a level of statistical significance to reduce
MLI (Figure 8).

DISCUSSION
The exposure of SH rats to TS for 12 days over a period of
4 weeks produced classic pathophysiological features found
in patients with COPD, including chronic pulmonary inflammation with significant elevations in neutrophil number, pulmonary cytokines, proinflammatory fatty acid diols, and PGE2,
in addition to airway mucus hypersecretion, alveolar airspace enlargement, and weight loss, all consistent with previous findings
in this model (23, 24). Marked airway obstruction was evidenced
by significant increases in total respiratory resistance (R),
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central airway resistance (Rn) and peripheral tissue resistance
(G). Given these findings, the SH rat TS model is highly plausible for testing the efficacy of compounds to treat COPD, even
after as brief an exposure period to TS as 4 weeks. In the present study, both sEHI t-TUCB and the PDE4 inhibitor Rolipram
exerted anti-inflammatory effects by reducing neutrophil influx
in the BALF and reducing concentrations of proinflammatory
oxylipins. Furthermore, sEH inhibition significantly improved
lung function by decreasing airway resistance, while also lessening weight loss.
Airway obstruction is one of the key features of COPD. Using
a small animal ventilator apparatus, we can accurately measure
airway resistance and distinguish resistance between central airway and peripheral tissues. Airway resistance primarily reflects
the specific degree of airway obstruction. In this study, we found
a significant increase in airway resistance, which could have
arisen from increased inflammation, mucus hypersecretion,
and airway remodeling induced by repeated, subacute exposure
to TS. Zheng and colleagues reported increased total respiratory
resistance in a rat model of COPD induced by exposure to sidestream cigarette smoke for 36 weeks (25). Treatment with sEHI
t-TUCB significantly improved lung function by decreasing airway resistance in both central airway and peripheral tissues,
thus demonstrating that sHE inhibition improves lung function
in a COPD animal model.
Inflammation in the lungs of patients with COPD affects both
small and large airways, and is likely to be critical in the genesis
and progression of the pathology of the disease. The degree of
inflammation is associated with disease severity (6, 26). In this
rat model of COPD, a 4-week TS exposure induced a robust
inflammatory response that was strongly associated with the
degree of airway obstruction. Both t-TUCB and Rolipram demonstrated anti-inflammatory effects, although they did not completely inhibit the inflammatory response induced by TS, as
indicated by their lack of influence on the total number of leukocytes in BALF or whole-lung proinflammatory cytokines,
IL-1b, and IL-6. sEHIs and selective PDE4 inhibitors were reported to inhibit total inflammatory cells in BALF induced by
TS exposure or LPS challenge (3, 19, 27, 28). The disparity
between our study and previous studies may be attributable to
differences in dose or routes of drug administration. For example, Smith and colleagues (19) used a subcutaneous injection of
sEHI at 10 mg/kg versus the 1.5 mg/kg used in the present study,
and Kubo and colleagues (3) orally administrated PDE4 inhibitor at 1 mg/kg in contrast to the 0.3 mg/kg used in our study.
Figure 7. Effects of t-TUCB
and Rolipram on TS exposure–
induced mucin production. (A)
Sections of the bronchial wall
from filtered air (Control), TSexposed SH rats with vehicle
treatment (TS vehicle), sEHI
treatment (TS sEHI), or Rolipram
treatment (TS Rolipram) stained
with alcian blue/periodic acid–
Schiff for the detection of mucous glycoconjugate. (B) Blinded
quantification of intraepithelial
mucosubstances. *P , 0.05,
TS-exposed groups were significantly different from the control
group. zP , 0.05, treatment
group with Rolipram was significantly different from the TS vehicle group.
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Figure 8. Effects of t-TUCB
and Rolipram on TS exposure–
induced airspace enlargement.
(A) Sections of the parenchyma
from filtered air (Control), TSexposed SH rats with vehicle
treatment (TS vehicle), sEHI
treatment (TS sEHI), or Rolipram
treatment (TS Rolipram) were
stained with hematoxylin and
eosin. (B) Blinded quantification of mean linear intercept.
*P , 0.05, TS-exposed groups
were significantly different
from the control group.
y
P , 0.05, treatment group
with sEHI t-TUCB was significantly different from the TS
vehicle group.

Spond and colleagues (27) demonstrated a Rolipram dose–
dependent decrease in the number of recoverable inflammatory
cells from BALF.
Results from the present study suggest that the inhibitory activity of sEHI t-TUCB in airway obstruction is not temporally
linked to proinflammatory cytokine production or the increase
of total leukocytes in the BALF. Although the exact mechanisms
underlying the bronchodilatory action of sEH inhibition are not
clear, EETs were shown to modulate airway smooth muscle
tone (29, 30). However, we failed to observe a significant correlation between EETs and airway resistance. In the present
study, as expected, sEHI stabilized largely anti-inflammatory
lipid epoxides, and reduced the production of largely proinflammatory lipid-1,2 diols. Schmelzer and colleagues (31) reported
that EETs (the epoxides) transcriptionally down-regulated other
inflammatory aspects of the arachidonic acid cascade (especially
induced COX-2). In our experiment, the major metabolite of
the COX-2 pathway, PGE2, was induced by smoke exposure
and dramatically reduced by sEHI treatment. sEHI also reduced 13-HODE, which is the 12/15-lipoxygenase (12/15-LOX)
metabolite of linoleic acid. A positive correlation was found
between 13-HODE and airway resistance (R and Rn), as shown
in Table 1. 13-HODE was implicated to play an important role
in the induction of airway hyperresponsiveness in vivo (32).
Thus, the attenuation of airway resistance by sEHI t-TUCB
may occur by inhibiting the production of 13-HODE.
Both sEHI and PDE4 inhibitor dramatically decreased another
very potent inflammatory mediator, 5-oxo-ETE, which is a downstream metabolite of the 5-LOX pathway, another inflammatory
branch of the arachidonic acid pathway that produces inflammatory leukotrienes. 5-oxo-ETE was proven to act as a very potent
chemoattractant for eosinophils and neutrophils, and elicits a variety of responses in these cells, including actin polymerization,
calcium mobilization, integrin expression, and degranulation
(33). In comparison, the PDE4 inhibitor Rolipram decreased
the inflammatory mediators PGE2 and 5-oxo-ETE in a comparable manner. However, it failed to reduce 13-HODE. This may
explain why a decrease in resistance in the Rolipram-treated
group was not seen. Further studies are needed to clarify the
precise molecular mechanisms and mode of action of sEHIs on
airway obstruction. These data could provide the basis for a
strong foundation for the development of COPD therapeutics.
The present study unequivocally demonstrates that TS exposure causes airspace enlargement, as shown by an increase in
MLI in the SH rat. However, we did not observe a concordance

in compliance. The reason for this disparity is not known, but
the distribution of emphysema throughout the lung may not have
been sufficiently widespread enough to affect airway compliance.
Both sEHI t-TUCB and the PDE4 inhibitor Rolipram modestly
blocked the emphysematous changes induced by TS exposure.
We are not surprised that PDE4 inhibitors reduced TS-induced
airspace enlargement. Prophylactic treatment with the PDE4
inhibitor Roflumilast was reported to prevent the development
of emphysema in a chronic TS study performed in mice (26).
In contrast, we only saw a trend of possible protection with
Rolipram in this study. These differences may be attributable
to dose, species sensitivity, or exposure conditions. A range of
dosing regimens is therefore warranted to determine whether
sEHIs inhibit emphysematous change in a dose-dependent
manner.
Goblet-cell hyperplasia and metaplasia are well-established
hallmarks of the airways of cigarette smokers, with and without
COPD (34). In the present study, mucus hypersecretion was
consistently observed in both proximal and distal airways in
TS-exposed animals receiving vehicle treatment. However,
treatment with sEHI did not ameliorate or exacerbate mucus
accumulation at the dose used in this study, compared with the
TS/vehicle group. On the other hand, treatment with the PDE4
inhibit resulted in significantly decreased intraepithelial airway
mucin. Only limited information is available on the regulation
of TS-induced mucus secretion. Several studies indicated that
an increase in specific airway mucin genes, such as MUC5AC,
are regulated by TS through the epidermal growth factor receptor (EFGR) signaling pathway (35, 36), or are related to c-Jun
N-terminal protein kinase 1 signaling (37). Rolipram may affect
mucin production through the EGFR regulation of MUC5AC
expression, because Roflumilast was suggested to attenuate
EGF-induced MUC5AC mRNA and protein expression in isolated human airway epithelial cells (38). We did not see a significant decrease of mucus production with sEHI treatment, which
may be attributable to the dose: either the dose was not high
enough to produce antimucus effects, or it does not affect mucin
expression. This would indicate that a sEHI might need to be
accompanied by mucolytic compounds in the clinical setting.
A number of studies demonstrated weight loss in animals exposed to TS (25, 39). Weight loss occurs in approximately 50%
of patients with severe COPD, but it can also be seen in approximately 10–15% of patients with mild to moderate COPD
(40). Weight loss is also a characteristic of advanced COPD
(41). In patients with COPD, weight loss is mostly attributed
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to skeletal muscle atrophy and muscle dysfunction caused by
a negative energy balance associated with a hypermetabolic
state because of stress, pulmonary inflammation, and prolonged
tissue hypoxia (42, 43). Consistent weight loss with TS exposure
was observed in rats in the present study. Treatment with sEHI
t-TUCB modestly, but significantly, reduced the degree of
weight loss. Alterations in weight change by sEH inhibition
cannot result from anti-inflammatory effects alone, because
Rolipram did not significantly change weight reduction. Therefore, other mechanisms must be responsible.
Although the therapeutic potential for sEHIs to treat COPD
appears promising, the potential for adverse or side effects must
also be considered. sEHIs may exacerbate hypoxic pulmonary
vasoconstriction and hypoxia-induced pulmonary vascular remodeling (44, 45), associated with increased EET generation
and epoxygenase inhibition, thus increasing hypoxic pulmonary
vasoconstriction (44). We are not aware whether the animals
treated with sEHI in the present study developed pulmonary
hypertension, because physiological measurements of this parameter were not performed. However, we did observe a significant decrease in VEGF concentration in the lungs with sEHI
treatment, although no changes in pulmonary artery wall thickness with sEHI treatment were evident (data not shown). Further evaluation of the effect of sEHIs on the pulmonary
vascular system is warranted.
In conclusion, we have characterized a TS-induced rat model
of experimental COPD, confirming previous observations of airway inflammation, mucus hypersecretion, and enlargement of alveolar air space size. We also demonstrated an increase in airway
resistance associated with airflow obstruction, similar to that
found in human COPD. Treatment with a sEHI increased fatty
acid epoxides and indirectly reduced the production of Th1 cytokines and proinflammatory lipid mediators, while minimizing airway obstruction and reducing weight loss in this rat model of
COPD. These findings suggest sEHIs may play an important
pharmacological role in the treatment of COPD.
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Method:
2.1. Animals
Twelve-week-old male spontaneously hypertensive (SH) rats were purchased from
Charles River Laboratories (Portage, MI). After arrival, all animals were housed in
polycarbonate cages under a light cycle maintained at a 12-hour light-dark pattern with
continuous access to food and water before, during, and after exposures. Animals
were acclimated for one week before initialization of TS exposure. Animals were
weighed weekly before and after tobacco smoke exposure. All animals were handled
according to the Guide for the Care and Use of Laboratory Animals as adopted and
promulgated by the US National Institutes of Health, and all procedures were
performed under the supervision of the University Animal Care and Use Committee,
IACUC approved protocol number 07-12922 (University of California, Davis).

2.2. Tobacco smoke exposure
Groups of four to eight SH rats were exposed to filtered air or to tobacco smoke, at a
concentration of approximately 80–90 mg/ m3 total suspended particulates (TSP) for 4
weeks. Whole body exposure to cigarette smoke was performed (6 h/day, 3 days/week )
using a TE10 smoke exposure system [E1] that combusts 3R4F research cigarettes
(Tobacco and Health Research Institute, University of Kentucky, KY) with a 35 ml puff
volume of 2 seconds duration, once each minute (Federal Trade Commission smoking
standard).

2.3. Drugs and Delivery
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The

soluble

epoxide

hydrolase

inhibitor

(t-TUCB):trans-4-{4-[3-(4-trifluoromethoxy-phenyl)-ureido]-cyclohexyloxy}-benzoi
c

acid

and

phosphodiesterase

type

4

Rolipram: (R/S)-4-(3-cyclopentyloxy-4-methoxy-phenyl)pyrrolidin-2-one

inhibitor
were

delivered in drinking water one week prior to smoke exposure and continued
throughout the 4-week study. The dose used for t-TUCB was 1.5 mg/kg and 0.3mg/kg
for rolipram dissolved in PEG 400 and added to drinking water to give a final PEG
concentration of 2% (v/v). Age-matched non-smoke-exposed and vehicle-administered
animals were used as normal group animals.

2.4. Pulmonary Function Measurements
Eighteen hours post 4 weeks of TS exposure, rats were deeply anesthetized with
Ketamine and Xylazine. A midline incision was made over the cervical trachea. Once
the rats were tracheo-cannulated, the cannula was then connected to the Scireq
Flexivent (Montreal, Canada) positive pressure ventilator, pulmonary mechanics
measurement and data acquisition system. Animals were paralyzed by succinylcholine.
The lung volume and pressure were measured twice while a standard respiratory cycle
was simulated—once with the catheter open to room air, and once with it closed. The
regular ventilation was delivered at a frequency of 90 breaths/min with a tidal volume
of 10 ml/kg. Lung mechanics was evaluated using a forced oscillation technique.
Measures of respiratory system input impedance was obtained that allows for the
unique distinction between central and peripheral lung mechanics. A "snapshot
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perturbation" maneuver was imposed to measure resistance (R), compliance (C), and
elastance (E) of the whole respiratory system (airways, lung, and chest wall). Forced
oscillation perturbation was consequently applied, and resulted in Rn (central airway
resistance), tissue damping (resistance) (G) and tissue elastance (H).

2.5. Tissue preparation
SH rats were anesthetized with an overdose of sodium pentobarbital following the
pulmonary function test. The trachea was cannulated, the left lung bronchus tied, and
the right lung lavaged with Ca2+/Mg2+-free Hank’s buffered salt solution (HBSS)
bronchoalveolar lavage (BAL) fluid (BALF) was collected in tubes and kept on ice
prior to further processing. The lavaged lobes from the right lung were frozen in liquid
nitrogen and stored at -80°C until use. For histology, the suture on the left lung
bronchus was released, and the lung was inflated with 4% paraformaldehyde at 30 cm
water pressure for 1 h, which was then followed by an immersion fixation, paraffin
embedding and histopathology examination. Five-μm-thick paraffin-embedded tissue
sections were deparaffinized and stained with hematoxylin and eosin (H&E)
(American Master Tech Scientific, Lodi, CA), and periodic acid–Schiff staining
(AB/PAS).

2.6. Bronchoalveolar Lavage (BAL) analysis
The BALF was centrifuged at 250g for 10 min at 4oC and the cell pellet was
resuspended in Ca2+/Mg2+-free HBSS [E2]. Total cell number was determined using a
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hemocytometer. Cytospin slides (Shandon, Pittsburgh, PA) were prepared using
aliquots of cell suspension that were then stained with Hema 3 (Fisher Scientific,
Pittsburgh, PA). Cell differentials in BALF were assessed by counting mononuclear
cells, neutrophils and eosinophils on cytocentrifuge slides using light microscopy (300
cells counted per sample).

2.7. Cytokine Analysis of lung homogenates
Lung homogenates from rats were analyzed for 24 different cytokines and chemokines
(IL-1α, IL-1β, IL-2, IL-4, IL-5, IL-6, IL-7, IL-10, IL-12p70, IL-13, IL-17, IL-18,
Eotaxin, G-CSF, GM-CSF, GROKC, IFN-γ, M-CSF, MIP-1α, MIP-3α, RANTES,
TNF-α, vascular endothelial growth factor (VEGF), EPO) utilizing a fluorescent bead
multiplex assay from Bio-Rad Laboratories (Hercules,CA). The assay was performed
according to the manufacturer’s instructions. The assay allows for the detection and
quantitation of multiple cytokines at the protein level in a single sample using a 96-well
microplate format. The standard curve for each cytokine was produced with a
sensitivity of less than 10 pg/ml for each cytokine or chemokine.

2.8. Oxylipin measurements by liquid chromatography/mass spectrometry–mass
spectrometry
Oxylipins from lung tissues were extracted by solid phase extraction (SPE) on 60 mg
Waters Oasis-HLB cartridges (Milford, MA) according to the previously described
method [E3]. Then the elutions from SPE cartridges were evaporated using a
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Speedvac® system and reconstituted with 50 uL 200 nM 1-cyclohexyl ureido,
3-dodecanoic acid (CUDA) methanol solution. CUDA was used as an internal standard.
The liquid chromatography system used for analysis was an Agilent 1200 SL liquid
chromatograph series (Agilent Corporation, Palo Alto, CA). The autosamplar was kept
at 4 °C. Liquid chromatography was performed on an Eclipse Plus C18 2.1 × 150 mm,
1.8 μm column (Agilent Corporation, Palo Alto, CA). Mobile phase A was water with
0.1% glacial acetic acid. Mobile phase B consisted of acetonitrile/methanol (84:16)
with 0.1% glacial acetic acid. Gradient elution was performed at a flow rate of 250
μL/min. Chromatography was optimized to separate all analytes in 21.5 min. Analytes
were eluted according to their polarity with the most polar analytes, prostaglandins and
leukotrienes eluting first, followed by the hydroxy and epoxy fatty acids. The column
was connected to a 4000 QTrap tandem mass spectrometer (Applied Biosystems
Instrument Corporation, Foster City, CA) equipped with an electrospray source (Turbo
V). The instrument was operated in negative multiple reaction monitor (MRM) mode.
The optimized conditions and the MRM transitions were reported previously [E3].
Quality control samples were analyzed at a minimum frequency of 10 hours to ensure
stability of the analytical calibration throughout the analysis. Analyst software 1.5 was
used to quantify the results according to the standard curves.

2.9. Histopathology of the lung
Histology was performed using cross-sectional lung tissue slices containing the first
and second intrapulmonary airway generations from rats. Five micron thick sections
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were cut from paraffin-embedded tissue blocks on a microtome. Sections were placed
on glass slides and baked overnight at 37oC. Sections were subsequently deparaffinized
and stained with the following: 1) hematoxylin and eosin (H&E) (American Master
Tech Scientific, Lodi, CA) for measurement of airspace size of alveolar tissue, and 2)
alcian blue/periodic acid-Schiff (AB/PAS) (American Master Tech Scientific, Lodi,
CA) for mucous glycoconjugate detection. For each staining assay, a minimum of 6
fields were sampled from the central airway with an Olympus BH-2 microscope in a
uniform random manner. To assess the fraction of the epithelial AB/PAS staining and
mean linear intercept (MLI), images were projected onto a monitor and overlaid with a
test grid generated by stereology toolbox software (Morphometrix, Davis, CA).
Volume fraction was calculated as the number of total points hitting the objectives and
total points falling within the reference space. Volume fraction = Pm (points of
AB/PAS positive staining)/Pe(points of airway epithelium). MLI was calculated from
the number of alveolar tissue intersections encountered in sampling templates. MLI = 2
(total number of sampled fields) (total number of test lines on the sampling template)
(length of the test line, corrected for magnification) / (total number of intercepts).

2.10. Statistical Analysis: Data were analyzed and graphed using SAS version 8.2
statistical software (SAS Institute, Cary, NC). Data were expressed as mean ± SEM and
generally analyzed using two-way ANOVA, and when significance was achieved, a
Bonferroni post hoc test was used. For analysis of the correlation between oxylipins
with airway obstructions based on FlexiVent measurements, linear regression will be
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used to analyze correlations by Pearson’s correlation coefficient. The significance level
considered will be p<0.05.
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