Pulmonary
Circulation

Research Article

Sevoflurane inhibits cardiac function in pulmonary fibrosis
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Abstract

Pulmonary fibrosis is often concomitant with myocardial injury. Ve studied sevoflurane’s effects on cardiac function and the expres-
sion of the TLR4/inducible nitric oxide synthase (iNOS) signaling pathway on a pulmonary fibrosis model. C57BL/6) wild-type (WT)
and TLR4-deficient (TLR4~'~) mice were randomly divided into a control group and a pulmonary fibrosis group. The model of
pulmonary fibrosis was induced by treatment with paraquat (PQ; 20 mg/kg). Four weeks after PQ administration, mice were tested
for body weight changes, and histopathology and hydroxyproline in lung. Left ventricular function in each group of mice was
measured by echocardiogram before and after sevoflurane inhalation. The expression of TLR4 and iNOS protein were analyzed.
Pulmonary fibrosis mice were fed lenalidomide (50 mg/kg/day) for three days and cardiac function was assessed before and after
sevoflurane inhalation. WT pulmonary fibrosis mice showed pathological damage and excessive deposition of collagen in the lung
and heart. Left ventricular function decreased after four weeks of PQ exposure. TLR4 ™'~ mice were resistant to pulmonary
fibrosis like pathological damage and the effect of sevoflurane on heart rate and ejection fraction than that of WT mice. TLR4 and
iNOS expression in WT pulmonary fibrosis mice increased significantly after sevoflurane inhalation. Lenalidomide treatment
alleviated the effect of sevoflurane on heart rate and ejection fraction in WT pulmonary fibrosis mice. Sevoflurane inhibits cardiac
function in pulmonary fibrosis mice through the TLR4/iINOS pathway. Lenalidomide attenuated the sevoflurane’s effect on the
cardiac function of mice with pulmonary fibrosis.
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Intr ion : : : :
troductio factor-kB (NF-kB) via a series of intracellular reactions.’

Pulmonary fibrosis is an irreversible end stage of lung dis-
eases and carries high disability and mortality." From vari-
ous studies, the probability of pulmonary fibrosis associated
with heart disease is in the range of 3-68%.” Patients with
idiopathic pulmonary fibrosis may experience acute deteri-
oration of cardiopulmonary function after surgery.’
Toll-like receptor 4 (TLR4) has been demonstrated
to participate in a variety of physiological process such as
the immune response, signal transduction, and cell cycle
and enzyme regulation.*® Endogenous ligands such as
endotoxin, hyaluronic acid, fibronectin, and tenascin-C
can bind to TLR4 to recruit MyD88 and release nuclear

Although TLR4 is associated with cardiac dysfunction in
sepsis and myocardial infarction, how it is in the cardiac
injury of mice with pulmonary fibrosis remains unclear.
Sevoflurane has protective effects on myocardial ischemia
reperfusion injury;®® however, it also can inhibit myocardial
contractility.'” Studies have shown that sevoflurane protects
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the myocardium from ischemia-reperfusion injury through
the TLR4/iNOS signaling pathway.'' ' Increasing iNOS
can reduce the contractility of myocardium,'* tumor necrosis
factor-o. (TNF-a) can cause an inflammatory response and
promote myocardial injury, and a TNF-o inhibitor has been
shown to improve cardiac systolic function in obese mice.'
However, sevoflurane’s effects on the cardiac function of mice
with pulmonary fibrosis remain to be investigated.

This study explored the mechanisms of sevoflurane’s
effects on cardiac function in mice with pulmonary fibrosis.
We hypothesize that sevoflurane alters TLR4 and iNOS
expression and affects the cardiac function of mice with pul-
monary fibrosis through the TLR4/iNOS signaling pathway.

Materials and Methods
Animals and pulmonary fibrosis model

Male wild-type (WT) C57BL/6J mice were provided by the
Laboratory Animal Center of Central South University
(Changsha, China). Male TLR4-deficient C57BL/10JNju
(TLR4™/7) mice were purchased from the Model Animal
Research Center of Nanjing University (Nanjing, China).
Male WT and TLR4~/~ mice used in the experiments were
aged 8-10 weeks and weighed 22-25¢g. Mice were fed and
housed under controlled temperature (22-25°C), humidity
(50-60%), and a 24-h light-dark cycle with access to chow
and water ad libitum. All experimental protocols were
approved by the Ethics Committee for Animal Research
of Central South University. All experimental methods
were in accordance with guidelines for treating lab animals.

WT and TLR4™/~ mice were intraperitoneally injected
with paraquat (PQ; 20mg/kg, Sigma, St. Louis, MO,
USA) to induce a pulmonary fibrosis model. The control
mice in each group were intraperitoneally injected with
normal saline. Four weeks after PQ administration, mice
were fed and then anesthetized by an intraperitoneal injection
of ketamine (60 mg/kg, Renfu Pharmaco, Yichang, China).
Transthoracic echocardiographic images were obtained using
an 18-MHz probe and the rodent mode (Vivid 7; GE
Vingmed, Horten, Norway). The images were interpreted by
an experienced echocardiographer blinded to the experiment.
M-mode images were obtained in the left ventricular papillary
short axis view. Left ventricular internal dimension of diastole
(LVIDd), left ventricular internal dimension of systole
(LVIDs), heart rate (HR), and ejection fraction (EF) were
measured as a baseline (T0) before sevoflurane administration.

Sevoflurane treatment experiment

Mice in the WT-pulmonary fibrosis group, WT group, and
TLR4~/~ group were secured with a 20-gauge catheter trache-
otomy tube after an intraperitoneal injection with ketamine and
they were ventilated by a constant volume-cycled rodent venti-
lator (model 683, Harvard Apparatus, Holliston, MA, USA).
The tidal volume was set at SmL/kg with respiratory rate of

130-140 /min. The mice were placed on the homoeothermic
blanket to maintain a body temperature of 38°C. HR and EF
were measured at 1h (T1) and 2h (T2) after exposure to 2%
sevoflurane. Echocardiographic data were obtained while mech-
anical ventilation was suspended. All mice were sacrificed and
hearts were harvested as described above.

Anti-inflammation experiment

Pulmonary fibrosis WT mice were given the TNF-o inhibi-
tor lenalidomide (50mg/kg/d, Selleck Chemicals LLC,
Houston, TX, USA) intragastrically for three days, while
the control group was treated with 1% dimethyl sulfoxide
(DMSO). After three days, HR and EF were measured by
echocardiogram before and after inhalation of sevoflurane
at TO, T1, and T2.

Histopathological study

Mice were euthanized under deep anesthesia and blood was
taken from the heart. The lung and heart were then removed.
Tissue from the lung and heart, for histopathological ana-
lysis, was fixed in 4% paraformaldehyde and tissue for assess-
ment of hydroxyproline content or extraction of protein was
frozen in liquid nitrogen and stored at —80°C.

The lung and heart were embedded in paraffin blocks and
cut into 5 -pum sections that were stained by hematoxylin and
eosin (H&E) or Masson trichrome. Stained sections were
assessed using a computerized morphometric system
(Qwin, Leica, Wetzlar, Hessen, Germany).

Measurement of hydroxyproline content

Hydroxyproline content was measured using a hydroxyproline
measurement kit (Jiancheng Company, Nanjing, China)
according to the manufacturer’s protocol. Briefly, lung tissues
of six mice in each group were weighed and diluted in 1 mL of
hydrolysate. Samples were then hydrolyzed at 95°C for 20 min.
Reagent I (0.5mL) was added to a blank tube, standard tube,
and sample tube and the mixture was incubated for 10 min;
0.5mL of Reagent II was added to the above tubes and incu-
bated for Smin; 0.5mL of Reagent I1I was added to the above
tubes and incubated at 60°C for 15 min; the mixture was cen-
trifuged at 3500 g for 10 min and the supernatant was collected.
Absorbance was measured at 550 nm wavelength using an
Infiniti M200 (Tecan Group Ltd., Mdnnedorf, Switzerland).

Western blot analysis

Sevoflurane’s effects on TLR4 and iNOS expression in car-
diomyocytes in the control and pulmonary fibrosis groups
were analyzed by western blot. Total protein extracted from
heart tissue was lysed on ice for 10 min by RIPA lysis buffer
containing a 1:100 dilution of phenylmethanesulfonyl fluor-
ide (Beyotime, Shanghai, China). The tissues were then soni-
cated and the crude extracts were centrifuged at 12,000 g for



Pulmonary Circulation Volume 8 Number 4 | 3

10min at 4°C. The concentration of protein was detected
with a BCA Protein Assay Kit (Beyotime, Shanghai, China).
Fifty micrograms of lysates were loaded onto a 10% SDS-
PAGE gel and then transferred to polyvinylidene fluoride
membranes (Merck Millipore, Billerica, MA, USA). After
membranes were blocked with 5% non-fat milk in Tris-
buffered saline plus 0.05% Tween 20 (pH=7.5) for 1h,
they were probed overnight at 4°C with primary rabbit poly-
clonal anti-TLR4 (1:500; Abcam, Cambridge, MA, USA),
rabbit polyclonal anti-iINOS (1:10, Abcam, Cambridge,
MA, USA), rabbit monoclonal anti-GAPDH (1:1000,
Cell Signal Technology, Danvers, MA, USA). Membranes
were incubated with corresponding secondary antibodies,
horseradish peroxidase-conjugated goat anti-rabbit antibo-
dies (both 1:4000; ComWin Biotech, Beijing, China) at room
temperature for 2h. The bands were visualized by a super-
enhanced chemiluminescent detection reagent (Merck
Millipore, Billerica, MA, USA). Image Pro Plus 6.0 software
was used for densitometry analysis. The protein content was
normalized to the standardized GAPDH levels.

Statistical analysis

Statistical analyses were performed with GraphPad Prism 6
software (GraphPad, La Jolla, CA, USA). The values were
expressed as means + standard deviation (SD). Analysis of
variance and a Student Newman—Keuls post hoc test was
performed to determine the statistical significance (P < 0.05)
of differences between groups.

Results
Pulmonary fibrosis and myocardial damage

All mice survived the PQ treatment. Compared with saline-
treated mice, the PQ administration was associated with

a significantly lower body weight in WT mice. Besides,
the body weight of PQ-treated WT mice was lower than
PQ-treated TLR4~/~ mice (Table 1).

There were no significant differences in geometric or
functional parameters measured by echocardiography
between WT and TLR4~/~ mice. After PQ treatment,
LVIDd, LVIDs, and HR increased, and EF decreased in
WT mice. However, these parameters did not change signifi-
cantly in TLR4~/~ mice. When compared with PQ-treated
WT mice, LVIDd, LVIDs, and HR are lower and EF are
higher in PQ-treated TLR4~/~ mice (Table 1).

Histopathological changes in lung and heart tissue

H&E staining in the lung demonstrated that PQ administra-
tion induced inflammatory cell infiltration into the lung
when compared with normal saline administration.
TLR4™/~ mice treated with PQ showed less change in
morphology and fewer inflammatory cell infiltration into
the lung when compared with PQ-treated WT mice (Fig.
la—d). Masson staining showed a higher degree of fibrosis
in WT mice than in TLR4™/~ mice after PQ treatment (Fig.
le-h). H&E staining in the heart showed that only part of
the myocardial interstitial was infiltrated by inflammatory
cells in WT mice that developed pulmonary fibrosis; the
other three groups were normal (Fig. 1i-1). Masson staining
of the right ventricle wall demonstrated that myocardial
injury appeared in WT mice exhibiting myocardial intersti-
tial fibrosis (Fig. Im—p). Therefore, the degree of lung and
heart inflammatory infiltration and injury was worse in WT
mice than in TLR4™/~ mice four weeks after PQ injection.

Measurement of hydroxyproline content

PQ significantly upregulated the hydroxyproline content in
WT mice, whereas it did not change the levels in TLR4 ™/~

Table 1. Characters and echocardiographic parameters of WT and TLR4~'~ mice exposed to PQ or saline.

Parameter WT WT-PF TLR4™~ TLR4~/~PF

BW (g) 26.67 +0.64 24.54 4 0.80* 26.02 + 1.47 27.11 +1.79%
HW (mg) 11571 +£9.76 104.29 +-7.87 11857 +16.76 105.71 +13.97
LW (mg) 168.33 +-28.28 153.33 +19.66 186.67 = 17.51 171.67 +18.35
HW/BW (mglg) 4384039 4284035 461 4+0.59 3.93+0.37
LWI/BW (mg/g) 6.31 £+ 1.05 6.27 £ 1.01 7.19+£0.80 6.35+0.77
Hydroxyproline (ug/mg) 0.90+0.08 1.03 +0.04* 0.85+0.08 0.86 + 0.04"
LVIDd (cm) 0.24 £0.030 0.31 4= 0.035%** 0.24 £0.020 0.22 +0.0147#
LVIDs (cm) 0.11 £0.036 0.17 £0.027%%¢ 0.099 +0.021 0.080 + 0.0 2"
HR (bpm) 547 +23 611 £23%* 564 +26 578 4+ 28%

EF (%) 923+35 77.2 £ 3.0k 934+28 93.7 + 2.0

Values are presented as mean & SD (n=6 for each group).

*P < 0.05, ¥P < 0.01, #P < 0.001, when compared with group WT; #P < 0.05, ##P < 0.001, when compared with group WT-PF

BW, body weight; HW, heart weight; LW, lung weight; LVIDd, left ventricular internal dimension diastole; LVIDs, left ventricular internal
dimension systole; HR, heart rate; EF, ejection fraction; WT, WT mice after a 28-day exposure to saline; WT-PF, WT mice after a 28-day
exposure to paraquat; TLR4™~, TLR4™'~ mice after a 28-day exposure to saline; TLR4""PF, TLR4™'~ mice after a 28-day exposure to paraquat.
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Fig. |. Histopathological changes in WT and TLR4 '~ mice after a 28-day exposure to PQ or saline. (a—d) H&E staining in the lung, scale bars,

100 pum; (e—h) Masson staining in the lung, scale bars, 100 um; (i-I) H&E staining in the heart, scale bars, 50 um; (m—p) Masson staining in the heart,
scale bars, 50 um; (a, e, i, m) WT group; (b, , j, n) WT-pulmonary fibrosis group; (c, g, k, o) TLR4™"~ group; (d, h, |, p) TLR4” pulmonary fibrosis
group. Arrows in (b), (d), and (j) indicate areas of inflammatory cell infiltration. Photomicrographs are representative of n=6 in each group.
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Fig. 2. The changes of HR and EF of each group after sevoflurane inhalation. WT: WT mice after a 28-d exposure to saline; WT-PF: WT mice
after a 28-d exposure to paraquat; TLR4-/-: TLR4-/- mice after a 28-d exposure to saline. Values are presented as mean & SD (n =6 for each
group). *P < 0.05, ¥*P < 0.01, ***P < 0.001, when T1 is compared with TO; #P < 0.05, P < 0.01, #P < 0.001, when T2 is compared with T0.

mice. When compared with WT mice, the hydroxyproline
content of the lung was less in TLR4™/~ mice after PQ injec-
tion (Table 1).

Sevoflurane treatment and anti-inflammation experiment
with the TNF-o inhibitor

After sevoflurane inhalation, HR and EF decreased signifi-
cantly in WT mice and WT pulmonary fibrosis mice.
TLR4 ™/~ mice were more resistant to the effect of sevoflur-
ane on HR and EF than that of WT mice. When compared
with WT mice, WT pulmonary fibrosis mice suffered more
decline in HR and EF after 2h of sevoflurane inhalation

(HR, WT pulmonary fibrosis mice vs. WT mice: 29.3% vs.
12.2%; EF, WT pulmonary fibrosis mice vs. WT mice:
11.2% vs. 7.2%) (Fig. 2).

Pulmonary fibrosis mice treated with Ienalidomide
showed a smaller decline in HR (30.5% vs. 22.3%) and
had no change in EF after sevoflurane inhalation for 2h
when compared with mice treated with DMSO (Fig. 3).

Protein expression of TLR4 and iNOS in the heart

Protein levels of iNOS and TLR4 significantly increased
after PQ treatment in WT mice (P < 0.05). After sevoflurane
inhalation, iNOS and TLR4 expression were elevated in
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Fig. 3. The changes of HR and EF after sevoflurane inhalation in pulmonary fibrosis mice treated with lenalidomide or DMSO.
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Fig. 4. The effects of sevoflurane on the expression of TLR4 and iNOS in mice hearts. (a) Representative images of iNOS (131 kD), TLR4 (95
kD), and GAPDH (36 kD) protein levels. (b) Relative amount of INOS and TLR4. GAPDH was used as an internal control. Values are presented as

mean =+ SD. *P < 0.05, *P < 0.01, **P < 0.001, n=4 in each group.

both groups. Interestingly, PQ-treated WT mice exhibited
an additional iNOS and TLR4 increase from their already
higher baseline (Fig. 4).

Discussion

In this study, animal models of pulmonary fibrosis
were induced by a single intraperitoneal injection of PQ,
which is an irreversibly stable model.'® Fibroblasts are acti-
vated and transformed into myofibroblasts under inflamma-
tory stimulation. Myofibroblasts secrete large amounts
of collagen and extracellular matrix,'” ' leading to pulmon-
ary fibrosis and myocardial injury.’® The expression
of TLR4 was increased in fibrotic tissues; however, the
effect of regulating TLR4 expression on lung fibrosis was

controversial.>! ¢ In the present study, lung fibrosis was
induced by injection of PQ successfully both in WT mice
and TLR4™/~ mice. We suspect TLR4~/~ mice manifest
reduced inflammatory infiltration and lung fibrosis after
PQ administration based on qualitative histologic analyses,
as shown by less histological evidence of inflammatory cel-
lular infiltration and fibrosis, hydroxyproline content in the
lung and heart.

In our previous study, left and right ventricular function
were altered in rats with pulmonary arterial hypertension.?”-**
Studies have shown that acute high-dose PQ poisoning
caused a decrease in cardiac contractility, an imbalance of
intracellular Ca>*, apoptosis acceleration, and mitochondrial
damage.?®* In the present study, for WT mice after PQ treat-
ment, morphological results showed that only part of the
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myocardial interstitial was infiltrated by inflammatory cells
and part of the myocardium was injured. Echocardiographic
images showed that LV volume increased and EF decreased
in PQ-treated WT mice, whereas PQ did not induce obvious
alternations in TLR4~/~ mice. In addition, the protein level
of TLR4 significantly increased after PQ treatment in WT
mice. This may suggest that TLR4 could be associated with
myocardial injury in pulmonary fibrosis mice by modulating
the inflammatory response.

Studies have shown that 2.0% sevoflurane anesthesia
resulted in apparent changes in microRNA expression in
rat lungs, and some of the differentially expressed
microRNAs were known to be involved in idiopathic pul-
monary fibrosis.>' Besides, sevoflurane protects the myocar-
dium from ischemia-reperfusion injury through the TLR4
signaling pathway or downstream iNOS.''"''*3 In this
study, 2h after sevoflurane administration, HR and EF
decreased in WT pulmonary fibrosis mice, and TLR4 and
iNOS expression levels were upregulated, indicating that
inhibition of sevoflurane on cardiac function in pulmonary
fibrotic mice may be related to TLR4 and iNOS. iNOS was
located downstream of the TLR4/MyD88/NF-«B signaling
pathway. Upregulation of iNOS may activate protein kinase
G and its downstream cGMP, thereby reducing the sensitiv-
ity of the myofilament to Ca®" and reducing cardiac con-
tractility.'* In the present study, WT pulmonary fibrosis
mice exhibited a further iNOS and TLR4 increase from
their already high baseline after 2h of sevoflurane inhal-
ation. In addition, WT mice suffered more decline in HR
and EF after 2h of sevoflurane inhalation, while, TLR4~/~
mice were more resistant to the effect of sevoflurane on HR
and EF than that of WT mice. This indicates that TLR4 and
its downstream iNOS are related to sevoflurane’s inhibition
of cardiac function and that the deficiency of the TLR4 gene
attenuated the sevoflurane’s inhibitory effect on cardiac
function.

In the TLR4/MyD88/NF-kB signaling pathway, TLR4
upregulates downstream NF-xB expression, thereby pro-
moting the expression of TNF-o0.** As a pro-inflammatory
factor, TNF-a causes inflammatory reactions and promotes
myocardial injury.*® Studies have showed that TNF-o
inhibitors such as lenalidomide can improve myocardial
contractile dysfunction in obese mice.'> In acute high-dose
PQ exposure, myocardial injury and myocardial contractile
dysfunction were associated with TLR4 as well as its down-
stream cytokine, TNF-o.>> In this study, WT pulmonary
fibrosis mice treated with lenalidomide showed less decline
in HR and had no change in EF after 2h of sevoflurane
inhalation. Heart function was significantly optimized in
WT pulmonary fibrosis mice by a reduction of the inflam-
matory response through inhibiting the secretion of TNF-a.

Study limitations

In this study, quantification of histological analyses was not
acquired. We did not measure systemic blood pressure of the

mice except for echocardiography. We also did not investi-
gate the inflammation reaction in a pulmonary fibrosis
model. How TLR4 mediates sevoflurane’s inhibition of car-
diac function in mice with pulmonary fibrosis still needs to
be investigated.

Conclusion

Sevoflurane depresses cardiac function in mice with
pulmonary fibrosis through the TLR4/iNOS pathway.
Lenalidomide can attenuate the effect of sevoflurane on car-
diac function in mice with pulmonary fibrosis.
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