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The effects of pioglitazone in cirrhotic rats with hepatopulmonary syndrome

Tsung-Yi Cheng a, Wen-Shin Lee b,c, Hui-Chun Huang b,c,d, Fa-Yauh Lee c,d,
Ching-Chih Chang b,c,*, Han-Chieh Lin c,d, Shou-Dong Lee c,e

a Department of Medicine, Taipei Veterans General Hospital, Taipei, Taiwan, ROC
b Division of General Medicine, Department of Medicine, Taipei Veterans General Hospital, Taipei, Taiwan, ROC

c Faculty of Medicine, National Yang-Ming University School of Medicine, Taipei, Taiwan, ROC
d Division of Gastroenterology and Hepatology, Department of Medicine, Taipei Veterans General Hospital, Taipei, Taiwan, ROC

e Division of Gastroenterology, Department of Medicine, Cheng Hsin General Hospital, Taipei, Taiwan, ROC

Received April 22, 2017; accepted June 12, 2017
Abstract
Background: Hepatopulmonary syndrome (HPS) is characterized by oxygen desaturation and increased intrapulmonary shunting formation in
cirrhosis. Due to an unclarified mechanism, there is still no effective therapy except liver transplantation. Recent studies revealed that pulmonary
angiogenesis may participate in pathogenesis, in which nitric oxide (NO) and vascular endothelial growth factor (VEGF) play roles. Piogli-
tazone, a peroxisome proliferator-activated receptor gamma agonist, exerts anti-angiogenesis effect. However, whether pioglitazone influences
pulmonary angiogenesis, shunting and HPS remains unexplored.
Methods: Cirrhosis with HPS was induced in Spraque-Dawley rats with common bile duct ligation (CBDL). Pioglitazone (10 mg/kg/day, oral
gavage) or vehicle was administered from 8th to 28th day post CBDL. On the 28th day, the mortality rate, hemodynamic parameters, con-
centrations of plasma glucose and liver biochemistry parameters, and arterial blood gas data were evaluated. Lungs were dissected for protein
expression analyses. In another series, intrapulmonary shunting degree was determined by color microsphere method in paralleled groups.
Results: The survival rates were similar in HPS rats with or without pioglitazone administration. Pioglitazone did not influence the hemodynamic
parameters, glucose and liver biochemistry levels, oxygen saturation and alveolar arterial gradient, but significantly down-regulated pulmonary
VEGF protein expression, endothelial NO synthase (eNOS) activation, and decreased intrapulmonary shunts. Pioglitazone significantly
decreased intrapulmonary shunts as compared with the vehicle (18.1 ± 4.5 vs. 9.8 ± 3.6, p ¼ 0.015).
Conclusion: Pioglitazone down-regulated VEGF, eNOS and decreased intrapulmonary shunts without improving oxygenation. The current
finding suggests a multifactorial mechanism of HPS that could not be successfully overcome merely by pioglitazone-induced anti-angiogenesis
and shunting reduction.
Copyright © 2017, the Chinese Medical Association. Published by Elsevier Taiwan LLC. This is an open access article under the CC BY-NC-ND
license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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1. Introduction

Hepatopulmonary syndrome (HPS) is characterized by
arterial oxygen desaturation in patients with chronic liver dis-
ease, which poses a dismal outcome.1 Three main components
of HPS include hypoxia with increased alveolar arterial oxygen
gradient (AaPO2), intrapulmonary vasodilatation and increased
shunting vessels, and chronic liver disease (mostly liver
cirrhosis with portal hypertension). The intrapulmonary
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vasodilatation and increased shunting are responsible for
abnormal gas exchange and hypoxia in HPS.2,3 No effective
therapy has been documented except liver transplantation.4

However, emerging evidence on the pathogenesis of HPS has
suggested the possibility of medical treatment.5,6 One piece of
that evidence, angiogenesis has just recently been identified.5

Zhang et al. demonstrated that HPS was associated with pul-
monary angiogenesis and vascular endothelial growth factor
(VEGF) production.5 In animals with CBDL-induced HPS,
vascular VEGF synthesis and activation of VEGF-dependent
signaling pathway increased pulmonary shunting degree.
Furthermore, inhibition of monocyte accumulation by pentox-
ifylline decreased VEGF generation and was associated with
reduced angiogenesis and ameliorated HPS.5 We found that
sorafenib, a multikinase inhibitor with anti-angiogenesis effect,
reduced the pulmonary shunting and improved hypoxia in
CBDL rats. This action might be mediated through VEGF/
VEGF receptor 2 (VEGFR2) pathway inhibition.7

It has also been noted that endothelin-1 (ET-1) produced by
the injured liver activates pulmonary ETB receptors, resulting
in nitric oxide (NO)-mediated vasodilation via endothelial NO
synthase (eNOS) upregulation.8 In agreement with this notion,
ETB receptor knockout inhibited pulmonary eNOS activation
and improved HPS in CBDL rats.9 Also, increased tumor
necrosis factor-a (TNF-a) related to bacterial translocation in
cirrhosis led to intravascular macrophage accumulation/acti-
vation and enhanced inducible NOS (iNOS) expression in
animals with experimental HPS, which was improved by
TNF-a inhibition.10

Thiazolidinediones (TZDs) are anti-diabetic agents that
improve insulin sensitivity. Due to the concern of hepatic and
cardiovascular adverse effects, nowadays, only pioglitazone is
approved for clinical use based upon the following findings:
first, the incidence of hepatotoxicity of pioglitazone is not
different from other anti-diabetic drugs11,12; second, meta-
analysis and a clinical trial reveal that pioglitazone use is
associated with a significantly lower risk of myocardial
infarction and stroke.13,14 Pioglitazone is a nuclear receptor
peroxisome proliferator-activated receptor gamma (PPARg)
activator.15,16 Using a high-cholesterol fructose diet-feeding
rat model, Collino et al. demonstrated that pioglitazone
significantly reduced hepatic expression of TNF-a.17

Furthermore, pioglitazone improved hepatic ischemia/reper-
fusion injury in rats via TNF-a suppression.18

It is worth noting that pioglitazone also inhibits carcino-
genesis,19 which may be due to its anti-angiogenesis and anti-
inflammation properties.20 Pioglitazone elicited partial remis-
sion in patients with advanced sarcoma and malignant vascular
tumors via anti-angiogenesis.21,22 It also inhibited corneal
neovascularization, rendering it promising for the treatment of
diabetic retinopathy.23 In addition, pioglitazone appears bene-
ficial in patients with active psoriatic arthritis due to its anti-
angiogenesis and anti-inflammation effects.24 With regard to
its influences on NO, it has been reported that in patients with
type 2 diabetes, pioglitazone significantly reduced the level of
eNOS.25 Pioglitazone ameliorated eNOS activity in diabetic
mice as well.26 It is noteworthy that pioglitazone decreased
portosystemic shunting via modulation of splanchnic inflam-
mation and neoangiogenesis in cirrhotic rats, which was related
to splanchnic eNOS and VEGF down-regulation.27

Taking the aforementioned factors into consideration, this
study aimed to explore if pioglitazone suppressed pulmonary
angiogenesis, shunting and improved HPS in rats with CBDL-
induced liver cirrhosis and HPS. The underlying mechanism
was also evaluated.

2. Methods
2.1. Animal model
Male Sprague-Dawley rats weighing 240e270 g at the time
of surgery were used. The rats were allowed free access to food
and water then fasted for 12 h before the operation. Secondary
biliary cirrhosis and HPS5 were induced in the rats by CBDL.
Under ketamine anesthesia (100 mg/kg, intramuscularly), the
common bile duct was exposed through a midline abdominal
incision, catheterized by a PE-10 catheter and doubly ligated
with 3-0 silk. The first ligature was made below the junction of
the hepatic ducts and the second ligature above the entrance of
the pancreatic duct. The PE-10 catheter was then removed and
the ligatures tightened, followed by section of the common bile
duct between the ligatures. The incision was then closed and
the animal allowed to recover. A high yield of secondary
biliary cirrhosis was noted four weeks after the ligation.28,29 To
avoid coagulation defects, CBDL rats received weekly vitamin
K injection (50 mg/kg intramuscularly). The procedures
adhered to the Principles of Laboratory Animal Care (NIH
publication no. 86-23, revised 1985). This study was approved
by the Institutional Animal Care and Use Committee of Taipei
Veterans General Hospital (IACUC2013-090).
2.2. Study protocol
Pioglitazone (10 mg/kg/day, oral gavage) or vehicle (2 ml/
day, distilled water) was administered beginning on the 8th
day post CBDL for 3 weeks. Four weeks after CBDL, he-
modynamic parameters were measured and blood was
collected to determine the plasma levels of glucose, liver
biochemistry parameters, and TNF-a. Arterial blood was
withdrawn for blood gas analysis. Arterial gas exchange,
represented by AaPO2, was calculated as 150-(PCO2/0.8)-
PO2.

30 In the parallel groups of CBDL rats with or without
pioglitazone treatment, color microsphere technique was
applied to determine the intrapulmonary shunting degree.
2.3. Systemic and portal hemodynamic measurement
The right internal carotid artery was cannulated with a PE-
50 catheter that was connected to a Spectramed DTX trans-
ducer (Spectramed Inc., Oxnard, CA, USA). Continuous re-
cordings of mean arterial pressure (MAP) and heart rate (HR)
were performed on a multi-channel recorder (model RS 3400,
Gould, Inc., Cupertino, CA, USA). The external zero reference
was placed at the level of the mid-portion of the rat. The
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abdomen was then opened with a mid-line incision, and a
mesenteric vein was cannulated with a PE-50 catheter con-
nected to a Spectramed DTX transducer. The abdominal cavity
was closed and the PP was recorded on a Gould model RS
3400 recorder.
2.4. Determination of plasma TNF-a level
Plasma samples were centrifuged at 3000 rpm for 10 min at
4 �C and stored at �80 �C until tested. The plasma TNF-a
levels were measured with a commercially available solid-
phase sandwich enzyme-linked immunosorbent assay (rat
TNF-a kits; R&D Systems, MN, USA) according to the pro-
tocol supplied by the manufacturer. The lower limit of
detection is 5 pg/ml.
2.5. Western blot analysis for protein expressions
Rats were sacrificed, and their lungs were dissected, frozen
in liquid nitrogen immediately, and stored at �80 �C until
required. The protein extracts were incubated with the primary
antibody [anti-VEGF rabbit polyclonal antibody (Gene Tex,
Irvine, CA, USA); anti-VEGFR-2 (1:500; Millipore Corpora-
tion, Billerica, MA, USA); anti-p-VEGFR2 rabbit polyclonal
antibody (OriGene, Rockville, USA); anti-eNOS, -iNOS
(1:1000; Millipore Corporation, Billerica, MA, USA); anti-p-
eNOS (1:1000; Cell Signaling Technology, Danvers, MA,
USA)]. Then, the blots were incubated with the corresponding
secondary antibody (horseradish peroxidase-conjugated goat
anti-mouse IgG antibody, Sigma Chemical Co., St. Louis, MO,
USA). b-actin expression served as loading control. With a
computer-assisted video densitometer and digitalized software
(Kodak Digital ScienceTM ID Image Analysis Software,
Eastman Kodak Co., Rochester, NY, USA), the blots were
scanned, and photographed, then the signal intensity (integral
volume) of the appropriate band was analyzed.
2.6. Intrapulmonary shunting analysis
Table 1

Body weight, hemodynamics, liver biochemistry parameters and glucose level

in vehicle- and pioglitazone-treated rats with CBDL-induced HPS.

Vehicle (n ¼ 7) Pioglitazone (n ¼ 6)

BW (g) 335 ± 15 350 ± 29

MAP (mmHg) 112 ± 14 114 ± 17

HR (beat/min) 347 ± 37 371 ± 52

PP (mmHg) 20 ± 4.2 16 ± 4.4

AST (IU/L) 1401 ± 581 1190 ± 441

ALT (IU/L) 258 ± 112 222 ± 95

TB (mg/dL) 8.57 ± 1.3 8.76 ± 1.6

Glucose (mg/dL) 88 ± 16 96 ± 16

BW: body weight, MAP: mean arterial pressure, HR: heart rate, PP: portal

pressure, AST: aspartate aminotransferase, ALT: alanine aminotransferase,

TB: total bilirubin. All p > 0.05 between both groups.
Intrapulmonary shunting degree was determined using the
technique described by Fallon and Zhang8,30 with minor
modification. Before microsphere injection, animals under-
went the placement of indwelling PE-50 femoral arterial and
venous catheters. On the day of measurement, 2.5 � 106

custom mixed and counted cross linked polystyrene-
divinylbenzene microspheres labeled red (size range
6.5e10 mm; Interactive Medical Technologies, Los Angeles,
CA, USA) in 0.20 ml of sterile PBS were injected over 2e4 s
through the femoral vein catheter, which was immediately
flushed with 0.2 ml of sterile PBS over 2e4 s. An aliquot of
microspheres was removed from the injection syringe imme-
diately before injection and counted to verify the numbers of
microspheres injected. A reference blood sample was with-
drawn from the femoral arterial catheter, starting at the time of
femoral vein injection for a total of 90 s at a constant rate of
1.0 ml/min. The volume removed was replaced with an equal
volume of sterile PBS. Samples of beads before venous
injection and reference blood samples were coded. The
absorbance of the solution was read at 448-nm wavelength by
a spectrophotometer (Shimadzu, Columbia, MD, USA), and
the number of microspheres was calculated by comparison
with standards. Spillover between wavelengths was corrected
with the matrix inversion technique. Total numbers of micro-
spheres passing through the pulmonary microcirculation were
calculated as reference blood sample microspheres per milli-
liter times estimated blood volume. Blood volume of each
animal was derived from the following formula: blood volume
(ml) ¼ 0.06 � body wt (g) þ 0.77.31 Intrapulmonary shunting
degree (%) was calculated as: (total number of microspheres
passing through the pulmonary microcirculation/total beads
injected into the venous circulation) � 100.
2.7. Drugs
Pioglitazone was purchased from Takeda Pharmaceuticals
(Takeda Pharmaceuticals Taiwan, Ltd., Taipei, Taiwan).
2.8. Data analysis
The results are expressed as mean ± S.D. Statistical ana-
lyses were performed using the unpaired Student's t-test. Re-
sults were considered statistically significant at a two-tailed p
value less than 0.05.

3. Results
3.1. Mortality rate of pioglitazone- and vehicle-treated
cirrhotic rats with HPS
The mortality rates of vehicle- and pioglitazone-treated rats
with CBDL-induced HPS are similar [2 out of 13 (15.4%)
vehicle-treated rats died; 3 out of 12 (12.7%) pioglitazone-
treated rats died].
3.2. Body weight, hemodynamic and liver biochemistry
parameters
Table 1 depicts the body weight, hemodynamics, liver
biochemistry and glucose levels of vehicle- and pioglitazone-
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treated HPS rats. There was no significant difference between
the two groups ( p > 0.05).
3.3. Arterial oxygenation
The partial pressure of oxygen (PaO2) and AaPO2 were not
significantly different between vehicle- (n ¼ 7) and
pioglitazone-treated (n ¼ 6) HPS rats [vehicle vs. pioglita-
zone: PaO2 (mmHg): 89.4 ± 3.9 vs. 91.8 ± 3.12, Fig. 1;
AaPO2 (mmHg): 13.3 ± 3.6 vs. 13.5 ± 2.7, Fig. 2, both
p > 0.05].
3.4. Intrapulmonary shunts
Fig. 2. The alveolar-arterial oxygen gradient (AaPO2) of vehicle- and

pioglitazone-treated rats with CBDL-induced HPS. There was no significant

difference between the two groups ( p > 0.05).
The intrapulmonary shunting ratio was significantly
decreased by pioglitazone [vehicle (n ¼ 4) vs. pioglitazone
(n ¼ 4) (%): 18.1 ± 4.5 vs. 9.8 ± 3.6, p ¼ 0.015, Fig. 3].
3.5. Plasma level of TNF-a
Pioglitazone significantly decreased the plasma level of
TNF-a in HPS rats [vehicle vs. pioglitazone (ng/ml):
22.1 ± 2.1 vs. 15.9 ± 1.1, p ¼ 0.045, Fig. 4].
3.6. Western blot
Fig. 3. The intrapulmonary shunting degrees of vehicle- and pioglitazone-

treated rats with CBDL-induced HPS. Pioglitazone significantly decreased

intrapulmonary shunts ( p < 0.05).
Pioglitazone significantly down-regulated pulmonary
VEGF expression [vehicle vs. pioglitazone (/b-actin):
0.9271 ± 0.0798 vs. 0.6153 ± 0.0696, p ¼ 0.026, Fig. 5] and
eNOS activation (p-eNOS/eNOS: 1.2653 ± 0.1135 vs.
0.6729 ± 0.0724, p ¼ 0.002, Fig. 5).

4. Discussion

An appropriate animal model provides a convincing basis
for the survey of a disease entity. Several experimental rat
models have been evaluated for the feasibility of HPS study,
including partial portal vein ligation (PPVL), thioacetamide
Fig. 1. The partial pressure of arterial oxygen (PaO2) of vehicle- and

pioglitazone-treated rats with CBDL-induced HPS. There was no significant

difference between the two groups ( p > 0.05).

Fig. 4. The plasma levels of TNF-a in HPS rats with vehicle or pioglitazone

treatment. Pioglitazone significantly reduced the TNF-a level ( p < 0.05).
administration, and CBDL.5,32,33 Among these models, CBDL
rats mimic pathophysiologic findings of HPS patients the most.
A unique finding in the CBDL rat model is that cholangiocytes,
a major source of ET-1, proliferate after CBDL and then



Fig. 5. Pulmonary protein expressions of VEGF, VEGFR2, p-VEGFR2, p-VEGFR2/VEGFR2, eNOS, p-eNOS, p-eNOS/eNOS, iNOS in vehicle- and pioglitazone-

treated rats with CBDL-induced HPS. Pioglitazone significantly down-regulated VEGF expression and p-eNOS/eNOS as compared with vehicle ( p < 0.05).
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significantly increase circulating ET-1 levels,34 which has been
identified as a crucial factor to induce HPS.35 In contrast, pre-
hepatic portal hypertension induced by PPVL does not
elevate ET-1 level or develop HPS.36 Therefore, in this study,
CBDL was used to induce liver cirrhosis and HPS.

The present study revealed that pioglitazone reduced intra-
pulmonary shunting. In liver cirrhosis and portal hypertension,
shunting formation can be ascribed to vasodilatation37 and
angiogenesis,38 in which VEGF and NO play pivotal roles. The
modulation of VEGF andNO had been demonstrated to improve
the excessive angiogenesis and shunting in cirrhotic and portal
hypertensive rats.37,39 The current study identified that piogli-
tazone down-regulated pulmonary VEGF expression and eNOS
activation, suggesting that pioglitazone may reduce the severity
of intrapulmonary shunting via VEGF and NO modulation.

The circulating TNF-a level in cirrhotic rats with HPS was
reduced by pioglitazone, compatible with findings of previous
studies that pioglitazone suppressed TNF-a generation in an-
imal models with different liver injuries.17,18 Although TNF-a
has been known to induce iNOS expression and subsequent
signaling pathways,40 the current study found that pulmonary
iNOS expression was not significantly influenced. The
different results may be ascribed to different study designs,
organs, disease entities, and rat species. Nevertheless, our
findings suggest that pioglitazone reduces the intrapulmonary
shunting via eNOS downregulation rather than iNOS.

Although the intrapulmonary shunting was alleviated by
pioglitazone, AaPO2 and PaO2 were not significantly improved.
This finding suggests that poor oxygenation in HPS could be
multifactorial and may not be reversed merely by shunting
reduction. For instance, rapid pulmonary capillary blood transit
due to hyperdynamic circulation in cirrhosis may play another
role, since it may adversely affect the alveolarecapillary
equilibration for oxygen.41 Actually, pioglitazone did not in-
fluence the hemodynamic parameters in cirrhosis, both in the
current study and in a previous study published by Schwabl
et al.,27 so rapid blood transit is not likely to be improved.
Indeed, the mechanism of HPS is quite complicated and not
totally elucidated. Further study is required.

Our data also indicate that pioglitazone does not exert a
significantly detrimental effect in rats with CBDL-induced
HPS, since the mortality rate and liver biochemistry parame-
ters were not adversely affected. The use of pioglitazone did
not induce significant hypoglycemia in cirrhotic rats, either.

In conclusion, pioglitazone reduced intrapulmonary shunt-
ing in cirrhotic rats with HPS, which was due to reduce pul-
monary VEGF expression and eNOS activation. There was no
significant influence on survival, liver biochemistry or blood
glucose level, and the circulating TNF-a concentration was
lowered, suggesting an acceptable safety profile of pioglita-
zone use in cirrhosis. Nevertheless, further clinical investiga-
tion might be required.

Acknowledgments

This study was supported from a grant of Taipei Veterans
General Hospital, Taipei, Taiwan (V102A-024).
References

1. Lange PA, Stoller JK. The hepatopulmonary syndrome. Ann Intern Med

1995;122:521e9.

2. Agusti AG, Roca J, Rodriguez-Roisin R. Mechanisms of gas exchange

impairment in patients with liver cirrhosis. Clin Chest Med 1996;17:

49e66.

3. Fallon M, Abrams G. Pulmonary dysfunction in chronic liver disease.

Hepatology 2000;32:859e65.
4. Swanson KL, Wiesner RH, Krowka MJ. Natural history of hep-

atopulmonary syndrome: impact of liver transplantation. Hepatology

2005;41:1122e9.
5. Zhang J, Luo B, Tang L, Wang Y, Stockard CR, Kadish I, et al. Pulmonary

angiogenesis in a rat model of hepatopulmonary syndrome. Gastroenter-

ology 2009;136:1070e80.

6. Tieppo J, Cuevas MJ, Vercellino R, Tu~n�on MJ, Marroni NP, Gonz�alez-
Gallego J. Quercetin administration ameliorates pulmonary complications

of cirrhosis in rats. J Nutr 2009;139:1339e46.

7. Chang CC, Chuang CL, Lee FY, Wang SS, Lin HC, Huang HC, et al.

Sorafenib treatment improves hepatopulmonary syndrome in rats with

biliary cirrhosis. Clin Sci (Lond) 2013;124:457e66.

8. Zhang M, Luo B, Chen SJ, Abrams GA, Fallon MB. Endothelin-1 stim-

ulation of endothelial nitric oxide synthase in the pathogenesis of hep-

atopulmonary syndrome. Am J Physiol 1999;277:944e52.

9. Zhang J, Ling Y, Tang L, Luo B, Pollock DM, Fallon MB. Attenuation of

experimental hepatopulmonary syndrome in endothelin B receptor-

deficient rats. Am J Physiol 2009;296:G704e8.
10. Sztrymf B, Rabiller A, Nunes H, Savale L, Lebrec D, Le Pape A, et al.

Prevention of hepatopulmonary syndrome by pentoxifylline in cirrhotic

rats. Eur Respir J 2004;23:752e8.

11. Rajagopalan R, Iyer S, Perez A. Comparison of pioglitazone with other

antidiabetic drugs for associated incidence of liver failure: no evidence of

increased risk of liver failure with pioglitazone. Diabetes Obes Metabol

2005;7:161e9.

12. Tolman KG, Freston JW, Kupfer S, Perez A. Liver safety in patients with

type 2 diabetes treated with pioglitazone: results from a 3-year, random-

ized, comparator-controlled study in the US. Drug Saf 2009;32:787e800.

13. Lincoff AM, Wolski K, Nicholls SJ, Nissen SE. Pioglitazone and risk of

cardiovascular events in patients with type 2 diabetes mellitus: a meta-

analysis of randomized trials. JAMA 2007;298:1180e8.

14. Erdmann E, Dormandy JA, Charbonnel B, Massi-Benedetti M, Moules IK,

Skene AM. PROactive Investigators. The effect of pioglitazone on

recurrent myocardial infarction in 2,445 patients with type 2 diabetes and

previous myocardial infarction: results from the PROactive (PROactive

05) study. J Am Coll Cardiol 2007;49:1772e80.

15. Gillies PS, Dunn CJ. Pioglitazone. Drugs 2000;60:333e43.

16. Smith U. Pioglitazone: mechanism of action. Int J Clin Pract Suppl 2001;

121:13e8.

17. Collino M, Aragno M, Castiglia S, Miglio G, Tomasinelli C, Boccuzzi G,

et al. Pioglitazone improves lipid and insulin levels in overweight rats on a

high cholesterol and fructose diet by decreasing hepatic inflammation. Br

J Pharmacol 2010;160:1892e902.

18. Somi MH, Hajipour B, Asl NA, Estakhri R, Azar AN, Zade MN, et al.

Pioglitazone attenuates ischemia/reperfusion-induced liver injury in rats.

Transplant Proc 2009;41:4105e9.

19. Knapp P, Jarzabek K, Bachnio A, Zbroch T. The role of peroxisome

proliferator-activated receptors (PPAR) in carcinogenesis. Ginekol Pol

2006;77:643e51.

20. Bundscherer A, Reichle A, Hafner C, Meyer S, Vogt T. Targeting the

tumor stroma with peroxisome proliferator activated receptor (PPAR)

agonists. Anticancer Agents Med Chem 2009;9:816e21.
21. Kasper B, Ho AD, Egerer G. A new therapeutic approach in patients with

advanced sarcoma. Int J Clin Oncol 2005;10:438e40.

22. Vogt T, Hafner C, Bross K, Bataille F, Jauch KW, Berand A, et al.

Antiangiogenetic therapy with pioglitazone, rofecoxib, and metronomic

trofosfamide in patients with advanced malignant vascular tumors. Cancer

2003;98:2251e6.

http://refhub.elsevier.com/S1726-4901(17)30250-2/sref1
http://refhub.elsevier.com/S1726-4901(17)30250-2/sref1
http://refhub.elsevier.com/S1726-4901(17)30250-2/sref1
http://refhub.elsevier.com/S1726-4901(17)30250-2/sref2
http://refhub.elsevier.com/S1726-4901(17)30250-2/sref2
http://refhub.elsevier.com/S1726-4901(17)30250-2/sref2
http://refhub.elsevier.com/S1726-4901(17)30250-2/sref2
http://refhub.elsevier.com/S1726-4901(17)30250-2/sref3
http://refhub.elsevier.com/S1726-4901(17)30250-2/sref3
http://refhub.elsevier.com/S1726-4901(17)30250-2/sref3
http://refhub.elsevier.com/S1726-4901(17)30250-2/sref4
http://refhub.elsevier.com/S1726-4901(17)30250-2/sref4
http://refhub.elsevier.com/S1726-4901(17)30250-2/sref4
http://refhub.elsevier.com/S1726-4901(17)30250-2/sref4
http://refhub.elsevier.com/S1726-4901(17)30250-2/sref5
http://refhub.elsevier.com/S1726-4901(17)30250-2/sref5
http://refhub.elsevier.com/S1726-4901(17)30250-2/sref5
http://refhub.elsevier.com/S1726-4901(17)30250-2/sref5
http://refhub.elsevier.com/S1726-4901(17)30250-2/sref6
http://refhub.elsevier.com/S1726-4901(17)30250-2/sref6
http://refhub.elsevier.com/S1726-4901(17)30250-2/sref6
http://refhub.elsevier.com/S1726-4901(17)30250-2/sref6
http://refhub.elsevier.com/S1726-4901(17)30250-2/sref6
http://refhub.elsevier.com/S1726-4901(17)30250-2/sref6
http://refhub.elsevier.com/S1726-4901(17)30250-2/sref7
http://refhub.elsevier.com/S1726-4901(17)30250-2/sref7
http://refhub.elsevier.com/S1726-4901(17)30250-2/sref7
http://refhub.elsevier.com/S1726-4901(17)30250-2/sref7
http://refhub.elsevier.com/S1726-4901(17)30250-2/sref8
http://refhub.elsevier.com/S1726-4901(17)30250-2/sref8
http://refhub.elsevier.com/S1726-4901(17)30250-2/sref8
http://refhub.elsevier.com/S1726-4901(17)30250-2/sref8
http://refhub.elsevier.com/S1726-4901(17)30250-2/sref9
http://refhub.elsevier.com/S1726-4901(17)30250-2/sref9
http://refhub.elsevier.com/S1726-4901(17)30250-2/sref9
http://refhub.elsevier.com/S1726-4901(17)30250-2/sref9
http://refhub.elsevier.com/S1726-4901(17)30250-2/sref9
http://refhub.elsevier.com/S1726-4901(17)30250-2/sref10
http://refhub.elsevier.com/S1726-4901(17)30250-2/sref10
http://refhub.elsevier.com/S1726-4901(17)30250-2/sref10
http://refhub.elsevier.com/S1726-4901(17)30250-2/sref10
http://refhub.elsevier.com/S1726-4901(17)30250-2/sref11
http://refhub.elsevier.com/S1726-4901(17)30250-2/sref11
http://refhub.elsevier.com/S1726-4901(17)30250-2/sref11
http://refhub.elsevier.com/S1726-4901(17)30250-2/sref11
http://refhub.elsevier.com/S1726-4901(17)30250-2/sref11
http://refhub.elsevier.com/S1726-4901(17)30250-2/sref12
http://refhub.elsevier.com/S1726-4901(17)30250-2/sref12
http://refhub.elsevier.com/S1726-4901(17)30250-2/sref12
http://refhub.elsevier.com/S1726-4901(17)30250-2/sref12
http://refhub.elsevier.com/S1726-4901(17)30250-2/sref13
http://refhub.elsevier.com/S1726-4901(17)30250-2/sref13
http://refhub.elsevier.com/S1726-4901(17)30250-2/sref13
http://refhub.elsevier.com/S1726-4901(17)30250-2/sref13
http://refhub.elsevier.com/S1726-4901(17)30250-2/sref14
http://refhub.elsevier.com/S1726-4901(17)30250-2/sref14
http://refhub.elsevier.com/S1726-4901(17)30250-2/sref14
http://refhub.elsevier.com/S1726-4901(17)30250-2/sref14
http://refhub.elsevier.com/S1726-4901(17)30250-2/sref14
http://refhub.elsevier.com/S1726-4901(17)30250-2/sref14
http://refhub.elsevier.com/S1726-4901(17)30250-2/sref15
http://refhub.elsevier.com/S1726-4901(17)30250-2/sref15
http://refhub.elsevier.com/S1726-4901(17)30250-2/sref16
http://refhub.elsevier.com/S1726-4901(17)30250-2/sref16
http://refhub.elsevier.com/S1726-4901(17)30250-2/sref16
http://refhub.elsevier.com/S1726-4901(17)30250-2/sref17
http://refhub.elsevier.com/S1726-4901(17)30250-2/sref17
http://refhub.elsevier.com/S1726-4901(17)30250-2/sref17
http://refhub.elsevier.com/S1726-4901(17)30250-2/sref17
http://refhub.elsevier.com/S1726-4901(17)30250-2/sref17
http://refhub.elsevier.com/S1726-4901(17)30250-2/sref18
http://refhub.elsevier.com/S1726-4901(17)30250-2/sref18
http://refhub.elsevier.com/S1726-4901(17)30250-2/sref18
http://refhub.elsevier.com/S1726-4901(17)30250-2/sref18
http://refhub.elsevier.com/S1726-4901(17)30250-2/sref19
http://refhub.elsevier.com/S1726-4901(17)30250-2/sref19
http://refhub.elsevier.com/S1726-4901(17)30250-2/sref19
http://refhub.elsevier.com/S1726-4901(17)30250-2/sref19
http://refhub.elsevier.com/S1726-4901(17)30250-2/sref20
http://refhub.elsevier.com/S1726-4901(17)30250-2/sref20
http://refhub.elsevier.com/S1726-4901(17)30250-2/sref20
http://refhub.elsevier.com/S1726-4901(17)30250-2/sref20
http://refhub.elsevier.com/S1726-4901(17)30250-2/sref21
http://refhub.elsevier.com/S1726-4901(17)30250-2/sref21
http://refhub.elsevier.com/S1726-4901(17)30250-2/sref21
http://refhub.elsevier.com/S1726-4901(17)30250-2/sref22
http://refhub.elsevier.com/S1726-4901(17)30250-2/sref22
http://refhub.elsevier.com/S1726-4901(17)30250-2/sref22
http://refhub.elsevier.com/S1726-4901(17)30250-2/sref22
http://refhub.elsevier.com/S1726-4901(17)30250-2/sref22


689T.-Y. Cheng et al. / Journal of the Chinese Medical Association 80 (2017) 683e689
23. Sarayba MA, Li L, Tungsiripat T, Liu NH, Sweet PM, Patel AJ, et al.

Inhibition of corneal neovascularization by a peroxisome proliferator-

activated receptor-gamma ligand. Exp Eye Res 2005;80:435e42.

24. Bongartz T, Coras B, Vogt T, Sch€olmerich J, Müller-Ladner U. Treatment

of active psoriatic arthritis with the PPARgamma ligand pioglitazone: an

open-label pilot study. Rheumatol (Oxford) 2005;44:126e9.

25. Nishio K, Shigemitsu M, Kodama Y, Itoh S, Konno N, Satoh R, et al. The

effect of pioglitazone on nitric oxide synthase in patients with type 2

diabetes mellitus. J Cardiometab Syndr 2008;3:200e4.

26. Huang PH, Sata M, Nishimatsu H, Sumi M, Hirata Y, Nagai R. Piogli-

tazone ameliorates endothelial dysfunction and restores ischemia-induced

angiogenesis in diabetic mice. Biomed Pharmacother 2008;62:46e52.
27. Schwabl P, Payer BA, Grahovac J, Klein S, Horvatits T, Mitterhauser M,

et al. Pioglitazone decreases portosystemic shunting by modulating

inflammation and angiogenesis in cirrhotic and non-cirrhotic portal hy-

pertensive rats. J Hepatol 2014;60:1135e42.
28. Franco F, Gigou M, Szekely AM, Bismuth H. Portal hypertension after

bile duct obstruction: effect of bile diversion on portal pressure in the rat.

Arch Surg 1979;114:1064e7.
29. Cameron GR, Muzaffar Hasan S. Disturbances of structure and function in

the liver as the result of biliary obstruction. J Pathol Bacteriol 1958;75:

333e49.

30. Fallon MB, Abrams GA, McGrath JW, Hou Z, Luo B. Common bile duct

ligation in the rat: a model of intrapulmonary vasodilatation and the

hepatopulmonary syndrome. Am J Physiol 1997;272:G779e84.

31. Lee HB, Blaufox MD. Blood volume in the rat. J Nucl Med 1985;26:

72e6.
32. Chang SW, Ohara N. Pulmonary circulatory dysfunction in rats with

biliary cirrhosis: an animal model of the hepatopulmonary syndrome. Am

Rev Respir Dis 1992;145:798e805.
33. Fallon MB, Abrams GA, Luo B, Hou Z, Dai J, Ku DD. The role of

endothelial nitric oxide synthase in the pathogenesis of a rat model of

hepatopulmonary syndrome. Gastroenterology 1997;113:606e14.

34. Liu L, Zhang M, Luo B, Abrams GA, Fallon MB. Biliary cyst fluid from

common bile duct ligated rats stimulates eNOS in pulmonary artery

endothelial cells: a potential role in hepatopulmonary syndrome. Hep-

atology 2001;33:722e7.

35. Luo B, Abrams GA, Fallon MB. Endothelin-1 in the rat bile duct ligation

model of hepatopulmonary syndrome: correlation with pulmonary

dysfunction. J Hepatol 1998;29:571e8.

36. Luo B, Liu L, Tang L, Zhang J, Ling Y, Fallon MB. ET-1 and TNF-a in

HPS: analysis in prehepatic portal hypertension and biliary and nonbiliary

cirrhosis in rats. Am J Physiol 2004;286:G294e303.

37. Lee FY, Colombato LA, Albillos A, Groszmann RJ. Administration of N

omega-nitro-L-arginine ameliorates portal-systemic shunting in portal-

hypertensive rats. Gastroenterology 1993;105:1464e70.
38. Sumanovski LT, Battegay E, Stumm M, van der Kooij M, Sieber CC.

Increased angiogenesis in portal hypertensive rats: role of nitric oxide.

Hepatology 1999;29:1044e9.

39. Mejias M, Garcia-Pras E, Tiani C, Miquel R, Bosch J, Fernandez M.

Beneficial effects of sorafenib on splanchnic, intrahepatic, and portocol-

lateral circulations in portal hypertensive and cirrhotic rats. Hepatology

2009;49:1245e56.
40. Viard-Leveugle I, Gaide O, Jankovic D, Feldmeyer L, Kerl K, Pickard C,

et al. TNF-a and IFN-g are potential inducers of Fas-mediated keratino-

cyte apoptosis through activation of inducible nitric oxide synthase in

toxic epidermal necrolysis. J Invest Dermatol 2013;133:489e98.
41. Katsuta Y, Honma H, Zhang XJ, Ohsuga M, Komeichi H, Shimizu S, et al.

Pulmonary blood transit time and impaired arterial oxygenation in patients

with chronic liver disease. J Gastroenterol 2005;40:57e63.

http://refhub.elsevier.com/S1726-4901(17)30250-2/sref23
http://refhub.elsevier.com/S1726-4901(17)30250-2/sref23
http://refhub.elsevier.com/S1726-4901(17)30250-2/sref23
http://refhub.elsevier.com/S1726-4901(17)30250-2/sref23
http://refhub.elsevier.com/S1726-4901(17)30250-2/sref24
http://refhub.elsevier.com/S1726-4901(17)30250-2/sref24
http://refhub.elsevier.com/S1726-4901(17)30250-2/sref24
http://refhub.elsevier.com/S1726-4901(17)30250-2/sref24
http://refhub.elsevier.com/S1726-4901(17)30250-2/sref24
http://refhub.elsevier.com/S1726-4901(17)30250-2/sref25
http://refhub.elsevier.com/S1726-4901(17)30250-2/sref25
http://refhub.elsevier.com/S1726-4901(17)30250-2/sref25
http://refhub.elsevier.com/S1726-4901(17)30250-2/sref25
http://refhub.elsevier.com/S1726-4901(17)30250-2/sref26
http://refhub.elsevier.com/S1726-4901(17)30250-2/sref26
http://refhub.elsevier.com/S1726-4901(17)30250-2/sref26
http://refhub.elsevier.com/S1726-4901(17)30250-2/sref26
http://refhub.elsevier.com/S1726-4901(17)30250-2/sref27
http://refhub.elsevier.com/S1726-4901(17)30250-2/sref27
http://refhub.elsevier.com/S1726-4901(17)30250-2/sref27
http://refhub.elsevier.com/S1726-4901(17)30250-2/sref27
http://refhub.elsevier.com/S1726-4901(17)30250-2/sref27
http://refhub.elsevier.com/S1726-4901(17)30250-2/sref28
http://refhub.elsevier.com/S1726-4901(17)30250-2/sref28
http://refhub.elsevier.com/S1726-4901(17)30250-2/sref28
http://refhub.elsevier.com/S1726-4901(17)30250-2/sref28
http://refhub.elsevier.com/S1726-4901(17)30250-2/sref29
http://refhub.elsevier.com/S1726-4901(17)30250-2/sref29
http://refhub.elsevier.com/S1726-4901(17)30250-2/sref29
http://refhub.elsevier.com/S1726-4901(17)30250-2/sref29
http://refhub.elsevier.com/S1726-4901(17)30250-2/sref30
http://refhub.elsevier.com/S1726-4901(17)30250-2/sref30
http://refhub.elsevier.com/S1726-4901(17)30250-2/sref30
http://refhub.elsevier.com/S1726-4901(17)30250-2/sref30
http://refhub.elsevier.com/S1726-4901(17)30250-2/sref31
http://refhub.elsevier.com/S1726-4901(17)30250-2/sref31
http://refhub.elsevier.com/S1726-4901(17)30250-2/sref31
http://refhub.elsevier.com/S1726-4901(17)30250-2/sref32
http://refhub.elsevier.com/S1726-4901(17)30250-2/sref32
http://refhub.elsevier.com/S1726-4901(17)30250-2/sref32
http://refhub.elsevier.com/S1726-4901(17)30250-2/sref32
http://refhub.elsevier.com/S1726-4901(17)30250-2/sref33
http://refhub.elsevier.com/S1726-4901(17)30250-2/sref33
http://refhub.elsevier.com/S1726-4901(17)30250-2/sref33
http://refhub.elsevier.com/S1726-4901(17)30250-2/sref33
http://refhub.elsevier.com/S1726-4901(17)30250-2/sref34
http://refhub.elsevier.com/S1726-4901(17)30250-2/sref34
http://refhub.elsevier.com/S1726-4901(17)30250-2/sref34
http://refhub.elsevier.com/S1726-4901(17)30250-2/sref34
http://refhub.elsevier.com/S1726-4901(17)30250-2/sref34
http://refhub.elsevier.com/S1726-4901(17)30250-2/sref35
http://refhub.elsevier.com/S1726-4901(17)30250-2/sref35
http://refhub.elsevier.com/S1726-4901(17)30250-2/sref35
http://refhub.elsevier.com/S1726-4901(17)30250-2/sref35
http://refhub.elsevier.com/S1726-4901(17)30250-2/sref36
http://refhub.elsevier.com/S1726-4901(17)30250-2/sref36
http://refhub.elsevier.com/S1726-4901(17)30250-2/sref36
http://refhub.elsevier.com/S1726-4901(17)30250-2/sref36
http://refhub.elsevier.com/S1726-4901(17)30250-2/sref37
http://refhub.elsevier.com/S1726-4901(17)30250-2/sref37
http://refhub.elsevier.com/S1726-4901(17)30250-2/sref37
http://refhub.elsevier.com/S1726-4901(17)30250-2/sref37
http://refhub.elsevier.com/S1726-4901(17)30250-2/sref38
http://refhub.elsevier.com/S1726-4901(17)30250-2/sref38
http://refhub.elsevier.com/S1726-4901(17)30250-2/sref38
http://refhub.elsevier.com/S1726-4901(17)30250-2/sref38
http://refhub.elsevier.com/S1726-4901(17)30250-2/sref39
http://refhub.elsevier.com/S1726-4901(17)30250-2/sref39
http://refhub.elsevier.com/S1726-4901(17)30250-2/sref39
http://refhub.elsevier.com/S1726-4901(17)30250-2/sref39
http://refhub.elsevier.com/S1726-4901(17)30250-2/sref39
http://refhub.elsevier.com/S1726-4901(17)30250-2/sref40
http://refhub.elsevier.com/S1726-4901(17)30250-2/sref40
http://refhub.elsevier.com/S1726-4901(17)30250-2/sref40
http://refhub.elsevier.com/S1726-4901(17)30250-2/sref40
http://refhub.elsevier.com/S1726-4901(17)30250-2/sref40
http://refhub.elsevier.com/S1726-4901(17)30250-2/sref41
http://refhub.elsevier.com/S1726-4901(17)30250-2/sref41
http://refhub.elsevier.com/S1726-4901(17)30250-2/sref41
http://refhub.elsevier.com/S1726-4901(17)30250-2/sref41

	The effects of pioglitazone in cirrhotic rats with hepatopulmonary syndrome
	1. Introduction
	2. Methods
	2.1. Animal model
	2.2. Study protocol
	2.3. Systemic and portal hemodynamic measurement
	2.4. Determination of plasma TNF-α level
	2.5. Western blot analysis for protein expressions
	2.6. Intrapulmonary shunting analysis
	2.7. Drugs
	2.8. Data analysis

	3. Results
	3.1. Mortality rate of pioglitazone- and vehicle-treated cirrhotic rats with HPS
	3.2. Body weight, hemodynamic and liver biochemistry parameters
	3.3. Arterial oxygenation
	3.4. Intrapulmonary shunts
	3.5. Plasma level of TNF-α
	3.6. Western blot

	4. Discussion
	Acknowledgments
	References


