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Abstract
Background: Liver inflammation may induce fibrogenesis, cirrhosis and portal hypertension. Liver cirrhosis is characterized by increased
intrahepatic resistance and enhanced vasoconstrictive response. The splanchnic vasodilatation, angiogenesis and portosystemic collaterals
formation further bring about lethal complications. Ascorbate is a potent antioxidant with anti-inflammation, anti-fibrosis, and anti-angiogenesis
effects. However, the relevant influences in chronic liver injury have not been sufficiently explored.
Methods: Chronic liver injury was induced in Spraque-Dawley rats with common bile duct ligation (BDL). Ascorbate (250 mg/kg/day, oral
gavage) or vehicle was administered starting on the 1st day after operation. On the 8th (hepatitis) and 29th (cirrhosis) day, serum biochemistry
parameters, hepatic concentrations of lipid peroxidation-related substances, protein expressions of a-SMA, TGF-b, iNOS, eNOS, p-eNOS-
Ser1177, p-eNOS-Thr496, VEGF, VEGFR2, p-VEGFR2, and liver histology were evaluated. In three series of paralleled groups, rats treated
with 28-day ascorbate or vehicle received hemodynamic measurements, hepatic and collateral vasoresponsiveness perfusion experiments,
mesenteric CD31 immunofluorescence staining, and Western blot analyses of mesenteric VEGF, VEGFR2, pVEGFR2, PDGF, PDGFb, COX1,
COX2, eNOS, p-eNOS-Thr495, p-eNOS-Ser1177 protein expressions. In another series, the severity of portosystemic shunting was evaluated.
Results: Ascorbate did not influence hepatitis, oxidative stress, fibrosis, and hemodynamic parameters in BDL rats. The intrahepatic and
collateral vasoresponsiveness were not affected, either from direct incubation or acute treatment with ascorbate. Furthermore, the mesenteric
angiogenesis and severity of shunting were not influenced.
Conclusion: The oxidative stress, fibrosis, hemodynamic derangements, angiogenesis and vascular functional changes in BDL-induced chronic
liver injury may be too overwhelming to be modulated by ascorbate.
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

Chronic liver injury may elicit a cascade of fibrogenesis
and ultimately, liver cirrhosis and portal hypertension. Liver
cirrhosis is characterized by increased intrahepatic resistance
owing to fibrotic bands and regeneration nodules (struc-
tural component) and enhanced intrahepatic vasoconstrictive
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response (functional component). The insufficient intrahepatic
bioavailability of vasodilators such as nitric oxide (NO) is also
noted.1 On the other hand, the peripheral and splanchnic
vasodilatation lead to decreased systemic vascular resistance,
compensatorily increased heart rate and cardiac output,
increased splanchnic blood flow, portal inflow and portal
pressure (PP). The difficulty of the portal blood flow in
entering the liver induces formation of portosystemic collat-
erals,2 in which angiogenesis also plays a role.3 Recent studies
have revealed that vascular endothelial growth factor (VEGF)
is overexpressed in splanchnic organs from portal hypertensive
rats. Furthermore, angiogenesis triggers the development and
maintenance of splanchnic hyperemia and portosystemic col-
laterals, which can be ameliorated by VEGFR2 (VEGF re-
ceptor 2) blockade.4,5 These derangements, actually, are
responsible for dreadful complications such as gastroesopha-
geal variceal hemorrhage.

Indeed, apart from managing complications of liver
cirrhosis and portal hypertension, the control of hepatic injury
at the beginning is pivotal, and the substances easily obtained
and inexpensive without significant toxicity are ideal candi-
dates. It has been identified that oxidative stress with lipid
peroxidation is a common pathological mechanism contrib-
uting to the initiation and progression of hepatic damage.6

Upon inflammation, lipid peroxidation products recruit
neutrophil and aggravates liver injury.7 They also launch
fibrogenesis by enhancing fibrogenic gene expression in acti-
vated stellate cells.8,9 Therefore, antioxidant administration is
a potentially feasible therapeutic strategy to delay the process
of liver damage.10

Among the food-derived antioxidants, ascorbate (ascorbic
acid, vitamin C) may be the most well-known and prevalent.
Ascorbate provides in vivo antioxidant protection primarily as
an aqueous phase peroxyl and oxygen radical scavenger. It is
concentrated in tissues with a high potential for free radical
generation, such as the eye, brain, liver, lung, and heart. Some
evidence indicates that ascorbate protects against lipid per-
oxidation by regenerating the reduced form of a-tocopherol,
the primary lipid-phase antioxidant.11,12

Regarding the levels of ascorbate in patients with chronic
liver diseases, it has been reported that antioxidant vitamin
levels, especially vitamin C, were significantly lower in pa-
tients with primary biliary cirrhosis.13 In another study, a
significant decrease in plasma ascorbate level was observed in
patients with chronic active hepatitis and liver cirrhosis,14

indicating that these patients were subject to oxidative stress.
Ascorbate has also aroused much attention due to its

beneficial vascular effects. Ascorbate reversed NO-dependent
endothelial dysfunction in coronary or peripheral arteries of
patients with atherosclerosis.15 Heitzer et al.16 measured
forearm microvascular responses to acetylcholine in long-term
smokers, and observed a marked improvement in
acetylcholine-induced vasodilation with intra-arterial high
dose infusion of vitamin C. Regensteinera et al. also found that
ascorbate improved flow-mediated brachial artery dilation
(FMD) in patients with type 2 DM.17 Similarly, Motoyama
et al. observed a significant short-term improvement in
brachial artery endothelial function after acute parenteral
infusion of vitamin C in smokers. At the same time, a sig-
nificant decrease was seen in the plasma levels of thio-
barbituric acidereactive substances, suggesting an acute
reduction in oxidative stress.18

The vascular effect of ascorbate may be mediated via the
modulation of NO activities. L-ascorbic acid potentiates
agonist-induced endothelial NO synthesis.19,20 Decreased
endothelial NO activity is a common feature of type 2 diabetes
and may contribute to the development of vascular compli-
cations, which can be improved by intra-arterial administra-
tion of vitamin C.21 Ascorbate also potentiates the
tetrahydrobiopterin-dependent endothelial NOS (eNOS) acti-
vation via enhancing the affinity of tetrahydrobiopterin for
eNOS.22 Regarding chronic treatment, Hornig et al.23

observed a significant improvement in radial artery FMD in
patients with chronic heart failure after four weeks of high
dose oral vitamin C supplementation (1 g twice daily).24

Recently, Gokce et al. reported a sustained beneficial effect
on endothelial function after one-month treatment with
ascorbate.25

It is worth noting that ascorbate inhibits angiogenesis as
well.26 The level of VEGF was significantly higher in mice
challenged with melanoma B16FO cells than in ascorbate-
supplemented mice.27 A previous study indicated a signifi-
cant inverse correlation between ascorbate and VEGF protein
levels.28 It has also been found that L:-ascorbate inhibited the
secretion of vascular VEGF and the growth of xenograft
pancreatic tumor in athymic mice.29

The distinct features of ascorbate may be beneficial for
various stages of liver injury, but the relevant survey has not
yet been performed. In addition, ascorbate is water-soluble
without significant toxicity, which makes it feasible for pa-
tients with liver diseases. This study, therefore, aimed to
investigate if ascorbate modulates the aforementioned aspects
in rats with common bile duct ligation (BDL)-induced chronic
liver injury.

2. Methods
2.1. Animal model: common bile duct ligation (BDL)
Bile duct ligation is a well-established animal model to
induce liver injury via cholestasis. Typically, liver inflamma-
tion and cirrhosis develop beginning on the 5th and 28th day
after BDL,30,31 respectively, which makes this model appro-
priate for the survey of various stages of liver injury. In this
study, male SpragueeDawley rats weighing 240e270 g at the
time of surgery were used. BDL was performed as previously
described32 under ketamine anesthesia (100 mg/kg, intra-
muscularly). To avoid the coagulation defects, weekly vitamin
K injection (50 mg/kg intramuscularly) was applied.30 All the
procedures were conducted in accordance with the principles
of laboratory animal care [Guide for the Care and Use of
Laboratory Animals, DHEW publication No. (NIH) 85-23,
rev. 985, Office of Science and Health Reports, DRR/NIH,
Bethesda, MD., USA.]. The Taipei Veterans General Hospital
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Animal Committee approved the study (IACUC 2014-103,
IACUC 2014-106, IACUC 2014-107).
2.2. Measurement of systemic and portal
haemodynamics
Mean arterial pressure (MAP), heart rate (HR) and portal
pressure (PP) were measured by catheterization of the right
femoral artery and ileocolic vein, respectively. Pressure was
transmitted through a Spectramed DTX transducer (Spec-
tramed Inc., Oxnard, CA, USA). Continuous recordings were
performed on a multichannel recorder (model RS 3400, Gould
Inc., Cupertino, CA, USA).33 To measure the superior
mesenteric artery blood flow (SMA flow), SMAwas identified
at its aortic origin and a 5-mm segment was gently dissected
free from surrounding tissues. Then a pulsed-Doppler flow
transducer (T206 small animal blood flow meter, Transonic
Systems Inc., Ithaca, NY, USA) was gently placed.34 Cardiac
output (CO) was measured by thermodilution, as previously
described.35 Briefly, the aortic thermistor was connected to a
Columbus Instruments Cardiotherm 500-AC-R (Columbus
Instruments International Co., Columbus, OH, USA). Five
thermodilution curves were obtained for each cardiac output
measurement. The final cardiac output value was obtained
from the arithmetic mean of the results. Cardiac index (CI, ml/
min/100 g BW) was calculated as cardiac output per 100 g
BW. Systemic vascular resistance (SVR, mmHg/ml/min/100 g
BW) was calculated from dividing MAP by CI. SMA resis-
tance (SMAR, mmHg/ml/min/100 g BW) was calculated by
(MAP-PP)/SMA flow per 100 g BW.
2.3. Determinations of hepatic oxidative stress
parameters
The livers were pulverized with liquid nitrogen. The pow-
der was diluted with ice-cold PBS (pH 7.4) without heparin at
a ratio of 1:9 (w/v) and then centrifuged (10,000 g, 4 �C,
15 min). Hepatic concentrations of lipid peroxidation-related
substances: superoxide dismutase (SOD), malondialdehyde
(MDA), trolox equivalent antioxidant capacity (TEAC), cata-
lase, and glutathione peroxidase were measured as previously
described.36
2.4. In situ perfusion of liver for the hepatic vascular
response study
The in situ liver perfusion technique is modified from that
reported by Mittal et al.37 with a non-recirculating setting.
Briefly, the bile duct was cannulated with a polyethylene PE-
10 tube, and the hepatic artery was ligated. A ligature was
passed around the inferior vena cava (IVC) above the renal
veins and the IVC injected with 500 U of heparin. The portal
vein was then cannulated with a 16-gauge Teflon catheter, then
the animal was transferred into a warm chamber (37 ± 0.5 �C).
The liver was immediately perfused with Krebs solution via
the portal vein cannula with a constant flow rate of 40 ml/min
by a roller pump (model 505S, Watson-Marlow Limited,
Falmouth, Cornwall, UK). The perfusate was equilibrated with
carbogen gas (95% O2-5% CO2) by a silastic membrane
lung.38 The IVC was then cut below the ligature, thus allowing
the perfusate to escape. Thereafter, the thorax was opened and
the supradiaphragmatic part of IVC was cut to ensure an
adequate outflow without any resistance. The ligature around
the infrarenal IVC was subsequently tied. All the experiments
were performed 30 min after starting perfusion when the
system was stabilized.
2.5. In situ perfusion of portosystemic collaterals
The in situ perfusion system was performed as previously
described.39 Both jugular veins were cannulated with 16-
gauge Teflon cannulas to ensure an adequate outflow without
any resistance. Heparin (200 u/100 g) was injected through
one of the cannulas. The 18-gauge Teflon cannula inserted into
the distal mesenteric vein served as the inlet. To exclude the
liver from perfusion, the second loose ligature around the
portal vein was tightened. The animal was then transferred
into a warm chamber (37± 0.5 �C). A Spectramed DTX
transducer attached to the Gould model RS 3400 recorder was
used to continuously monitor the pressure of the collateral
vascular bed. All the experiments were performed 25 min after
starting perfusion at a constant rate of 12 ml/min. In each
individual preparation, the contracting capability of the col-
laterals was challenged with a 125-mM potassium chloride
solution at the end of experiments.
2.6. Western blot
The liver and mesentery were extracted by pulverization
with liquid nitrogen, then a ratio of 1 ml of lysis buffer (Roche
Diagnostics GmbH, Penzberg, Germany) for each 100 mg
powdered liver sample was used. Protein concentration was
determined for each sample by the Bradford method.40 An
aliquot of 20e40 mg protein from each sample and 10 mg
positive control were separated using denaturing SDS-10%
polyacrylamide gels by electrophoresis (Mini-PROTEAN® 3
Cell, Bio-Rad Laboratories, Hercules, CA, U.S.A.). Prestained
proteins markers (SDS-PAGE Standards, Bio-Rad) were used
for molecular weight determinations. Proteins were then
transferred to a polyvinylidene difluoride membrane (Immum-
BlotTM PVDF Membrane, Bio-Rad) by a semi-dry electro-
blotting system (Trans-Blot® SD Semi-dry Electrophoretic
Transfer Cell, Bio-Rad) for 1.5 h at 4 �C. To block non-
specific binding, membranes were blocked for 30 min with
3% non-fat dry milk in TBS-T, pH 7.4. Blots were incubated
with the primary and second antibodies, respectively. Detec-
tion of the specific proteins was performed by enhanced
chemiluminescence (BCIP/NBT solution, Amresco Co.,
Solon, OH, USA). With a computer assisted video densitom-
eter and digitalized software (Kodak Digital Science TM ID
Image Analysis Software, Eastman Kodak Co., Rochester, NY,
USA), the blots were scanned, photographed, and then the
signal intensity (integral volume) of the appropriate band was
analyzed.
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2.7. Immunofluorescent study for the mesenteric
vascular density
Mesenteric angiogenesis was quantified by CD31-labelled
microvascular networks in rat mesenteric connective tissue
windows according to the previous study.34 At least four sets
of data were obtained for each mesenteric window. (�100)-
magnification immunofluorescent images were assessed using
an upright fluorescent microscope (AX80, Olympus, Japan)
with a charge-couple device (QICAM, High-performance
IEEE 1394 FireWireTM Digital CCD Camera, Q IMAG-
ING, BD - Canada) and thresholded by Image J software
(National Institutes of Health (http://rsb.info.nih.gov/ij/)). The
vascular length was manually measured with the pencil tool,
and the vascular area was automatically measured with his-
togram function, respectively. According to the information
provided by QICAM, with the eyepiece 10�, the diameter of
one pixel on an image taken with QICAM equals 4.65 mm.
Under 100�-magnification (objective 10� and eyepiece 10�),
the diameter of one pixel will be 4.65 mm/10 ¼ 0.465 mm. The
vascular length was thus determined accordingly. The unit of
vascular length per unit area of mesenteric window is
mm$(mm2)-1 ¼ mm-1, and the vascular area per unit area of
mesenteric window, actually, can be pixel$pixel-1 without
being converted to mm2$(mm2)�1.
2.8. Color microsphere method for portosystemic
shunting degree analysis
Portosystemic shunting degree was determined according
to the technique introduced by Chojkier,41 except for substi-
tution of color for radioactive microspheres. In brief, 30,000.
Fifteen micrometre yellow microspheres (Dye Track; Triton
Technology, San Diego, CA, USA) were slowly injected into
the spleen. The rats were then euthanized, thereafter the livers
and lungs were dissected. The number of microspheres in
each tissue was determined following the protocol provided
by the manufacturer. There were 3000 blue microspheres that
served as the internal control. Any spillover between wave-
lengths was corrected using the matrix inversion technique.
The portosystemic shunting was calculated as follows:
(number of microspheres) lung/(liver þ lung). Assuming a
worst-case scenario in which two-thirds of the microspheres
remain trapped in the spleen, this technique detects a minimal
shunt of 3.5%. Studies using color microspheres have been
validated to provide results similar to those using radioactive
microspheres.42
2.9. Hepatic fibrosis determination with sirius red
staining
Liver paraffin section was stained with Sirius red staining
kit (Polysciences Inc., Warrington, PA, USA), and Image J
was used to measure the percentage of Sirius red-stained
area.34
2.10. Hydroxyproline content assay
In brief, three small fragments of each liver were pooled,
homogenized in distilled water, and lyophilized, and 20 mg of
the freeze-dried sample was hydrolyzed at 95 �C for 20 min.
After hydrolysis, the samples were neutralized at pH 6.0 to
6.8. The hydrolysates were then treated with activated char-
coal. After centrifugation at 1000 rpm for 10 min, aliquots of
the hydrolysates were used to measure hydroxyproline content
spectrophotometrically by reaction with Ehrlich's reagent.
Absorbance was measured at 560 nm.
2.11. Determinations of liver biochemistry parameters
Serum ammonia, alanine aminotransferase (ALT), aspartate
aminotransferase (AST), blood urea nitrogen (BUN), and
creatinine were performed by colorimetric assay (Daiichi AH
600 analyser; Olympus Co., Tokyo, Japan).
2.12. Drugs
Ascorbate, endothelin-1 (ET-1) and arginine vasopressin
(AVP) were purchased from Sigma Chemical Co. (St. Louis,
MO, USA). All solutions were freshly prepared on the days
when experiments occurred.
2.13. Statistical analysis
All results are expressed as mean ± SEM. Statistical ana-
lyses were performed using an unpaired Student's t-test. Re-
sults were considered statistically significant at a two-tailed P-
value less than 0.05.
2.14. Study protocol
(1) Liver inflammation: the 8th day after BDL

Ascorbate 250 mg/kg/day (oral gavage) or vehicle was
administered beginning on the 1st day after BDL. The
following parameters were evaluated on the 8th day, a typical
stage of BDL-induced liver inflammation30,31: (a) serum levels
of ALT, AST, BUN, and creatinine; (b) hepatic concentrations
of lipid peroxidation-related substances: SOD, MDA, TEAC,
catalase, glutathione peroxidase.

(2) Liver cirrhosis: the 29th day after BDL

On the 29th day, a typical stage of BDL-induced liver
cirrhosis,30,31 experiments were performed in BDL rats with
28-day vehicle or ascorbate treatment to evaluate: (a) sys-
temic and portal hemodynamic parameters; (b) hepatic pro-
tein expressions ofa-SMA, TGF-b, iNOS, eNOS, p-eNOS-
Ser1177, p-eNOS-Thr496, VEGF, VEGFR2, p-VEGFR2; (c)
liver histology (Sirius red staining); (d) hepatic hydroxypro-
line content.

http://rsb.info.nih.gov/ij/
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(3) Hepatic and collateral vasoresponsiveness study on the
29th day after BDL

Hepatic vasoresponsiveness was evaluated in two aspects:
(i) direct incubation: the in situ liver perfusion model was
applied for BDL rats preincubated with ascorbate (10�4 M)
or vehicle. Sixty minutes later, the intrahepatic vascular
responsiveness to endothelin-1 (10�10, 10�9, 3 � 10�9,
10�8, 3 � 10�8 M) was evaluated. To avoid light-induced
ascorbate oxidation, the equipment for perfusion experi-
ments, especially tubes and containers, were covered or
wrapped with aluminum foil; (ii) Acute treatment effect:
BDL rats received ascorbate (100 mg/kg, i.v.) or vehicle
injection. 60 min later, the intrahepatic ET-1 vaso-
responsiveness was evaluated. Collateral vasoresponsiveness
was evaluated with the same study design as (b), except that
AVP (10�10, 10�9, 3 � 10�9, 10�8, 3 � 10�8, 10�7 M)
instead of ET-1 was applied.

(4) Shunting and mesenteric angiogenesis

In BDL rats with 28-day vehicle or ascorbate treatment, the
severity of shunting was evaluated using the color microsphere
method. In paralleled groups, the following were assessed: (a)
mesenteric vascular density with CD31 immunofluorescent
study; (b) mesenteric angiogenic protein expressions of VEGF,
VEGFR2, pVEGFR2, PDGF, PDGFb, COX1, COX2, eNOS,
p-eNOS-Thr495, p-eNOS-Ser1177.

The doses of ascorbate with different administration routes
were decided based upon the previous literature.26,43e46
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images are shown below.
3. Results
3.1. Liver inflammation: the 8th day after BDL

3.1.1. Liver and renal biochemistry parameters
Fig. 1 reveals that there was no significant difference in

AST (vehicle vs. ascorbate: 1118.5 ± 416.5 vs.
787.8 ± 67.2 U/L), ALT (186.6 ± 86.4 vs. 106.8 ± 20.8 U/L),
BUN (22.0 ± 3.3 vs. 21.8 ± 0.9 mg/dL) and creatinine
(0.19 ± 0.01 vs. 0.18 ± 0.01 mg/dL) between BDL rats with 7-
day vehicle (n ¼ 8) or ascorbate (n ¼ 8) treatment (all
p > 0.05).

3.1.2. Oxidative stress parameters
The oxidative stress parameters in BDL rats with 7-day

vehicle (n ¼ 8) or ascorbate (n ¼ 8) treatment are shown in
Fig. 2. There was no significant difference in SOD
(1.82 ± 0.22 vs. 2.06 ± 0.39 unit/mg protein), MDA
(2.59 ± 0.50 vs. 2.65 ± 0.60 nmol/mg protein), TEAC
(68.21 ± 4.28 vs. 66.83 ± 3.78 mmol/mg protein), catalase
(0.95 ± 0.14 vs. 0.96 ± 0.07 U/mg protein), and glutathione
peroxidase (1886.82 ± 146.02 vs. 2040.54 ± 296.18 U/mg
protein) (all p > 0.05).
3.2. Liver cirrhosis: the 29th day after BDL

3.2.1. Body weight and hemodynamics
There was no significant difference in body weight (BW,

339.1 ± 18.4 vs. 336.5 ± 10.2 g), SMA flow (5.8 ± 0.5 vs.
6.7 ± 0.6 ml/min/100 g), PV flow (5.3 ± 0.7 vs.
vehicle ascorbate
0

100

200

300 P>0.05

A
LT

 (U
/L

)

vehicle ascorbate
0.00

0.05

0.10

0.15

0.20
P>0.05

cr
ea

tin
in

e 
(m

g/
dL

)

r ascorbate treatment. There was no significant difference in alanine amino-

and creatinine (Cr) (all p > 0.05). The representative hepatic H&E staining



Fig. 2. The oxidative stress parameters in BDL rats with 8-day vehicle or ascorbate treatment. There was no significant difference in superoxide dismutase (SOD),

malondialdehyde (MDA), trolox equivalent antioxidant capacity (TEAC), catalase, and glutathione peroxidase (all p > 0.05).
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6.0 ± 0.7 ml/min/100 g), MAP (118 ± 4 vs.115 ± 2 mmHg),
PP (14.7 ± 0.7 vs. 16.9 ± 1.2 mmHg) and CI (28.06 ± 3.25
vs. 39.37 ± 5.16 ml/min/100 g) (all p > 0.05) between BDL
rats with 28-day vehicle (n ¼ 8) or ascorbate (n ¼ 8)
treatment.

3.2.2. Hepatic western analyses
The hepatic a-SMA (/b-actin: 1.8386 ± 0.4237 vs.

1.7933 ± 0.3818), TGF-b (1.4226 ± 0.2461 vs.1.3128 ±
0.2495), iNOS (0.9570 ± 0.4793 vs. 1.0639 ± 0.1005), eNOS
(0.7521 ± 0.5415 vs. 0.8229 ± 0.1021), p-eNOS-Ser1177
(1.0389 ± 0.5484 vs. 1.1419 ± 0.1104), p-eNOS-Thr496
(1.1013 ± 0.0767 vs.1.1049 ± 0.1115), VEGF (0.9856 ±
0.0913 vs. 0.9372 ± 0.1329), VEGFR2 (1.5369 ± 0.1827 vs.
1.4844 ± 0.2474), and p-VEGFR2 (0.4799 ± 0.0679 vs.
0.4146 ± 0.0252) protein expressions in BDL rats with 28-day
vehicle (n ¼ 8) or ascorbate (n ¼ 7) treatment are shown in
Fig. 3. There was no significant difference between the two
groups (all p > 0.05).

3.2.3. Fibrosis area ratio
The fibrosis area ratio determined by Sirius red quantifi-

cation was not significantly different between BDL rats with
28-day vehicle (n ¼ 8) or ascorbate (n ¼ 8) treatment
(12.38 ± 0.77% vs. 11.60 ± 0.37%, P > 0.05). The represen-
tative hepatic Sirius red staining images are shown at the lower
right panel of Fig. 3.

3.2.4. Hepatic hydroxyproline content
The hydroxyproline content was not significantly different

between BDL rats with 28-day vehicle (n ¼ 8) or ascor-
bate (n ¼ 8) treatment (1.94 ± 0.16 vs. 1.51 ± 0.40 mg/mg of
liver, p > 0.05).
3.3. Hepatic and collateral vasoresponsiveness study

3.3.1. Hepatic ET-1 vasoresponsiveness

(i) Direct incubation effect

There was no significant difference of baseline BW (vehicle
(n ¼ 6) vs. ascorbate (n ¼ 7): 404.1 ± 6.5 vs. 380.8 ± 11.4 g),
MAP (115.8 ± 2.5 vs. 116.1 ± 3.6 mmHg), HR (383 ± 16 vs.
376 ± 11 bpm) and PP (14.99 ± 0.92 vs. 15.23 ± 1.2 mmHg)
between BDL rats preincubated with vehicle or ascorbate (all
P > 0.05). Fig. 4(A) shows that there was no significant dif-
ference of perfusion pressure change between the two groups
(all p > 0.05 for different concentrations of ET-1).

(ii) Acute treatment effect

There was no significant difference in baseline BW (vehicle
(n ¼ 5) vs. ascorbate (n ¼ 5): 350.4 ± 13.2 vs. 386.6 ± 16.1 g),
MAP (131.8 ± 7.3 vs. 121.18 ± 2.2 mmHg), HR (396 ± 9 vs.
378 ± 17 bpm) and PP (16.7 ± 0.9 vs. 18.0 ± 1.2 mmHg)
between two groups, 60 min after vehicle or ascorbate injec-
tion (all p > 0.05). Fig. 4(B) reveals that there was no sig-
nificant difference of perfusion pressure change between the
two groups (all p > 0.05 for different concentrations of ET-1).

3.3.2. Portosystemic collateral vascular responsiveness to
AVP in cirrhotic rats

(i) Direct incubation effect

There was no significant difference of BW (vehicle (n ¼ 5)
vs. ascorbate (n ¼ 7): 376.2 ± 22.6 vs. 379.1 ± 28.6 g), MAP



Fig. 3. Hepatica-SMA, TGF-b, iNOS, eNOS, p-eNOS-Ser1177, p-eNOS-Thr496, VEGF, VEGFR2, and p-VEGFR2 protein expressions. There was no significant

difference between BDL rats with 28-day vehicle or ascorbate treatment (all p > 0.05). The lower panel reveals that the fibrosis area ratio determined by Sirius red

staining was not significantly different between BDL rats with 28-day vehicle or ascorbate treatment ( p > 0.05). The representative images are shown right. The

lowest panel shows that the hepatic hydroxyproline content was not significantly different, either ( p > 0.05).
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Fig. 4. Hepatic perfusion pressure changes of BDL rats with (A) vehicle or ascorbate preincubation; (B) vehicle or ascorbate injection. There was no significant

difference for different concentrations of ET-1 (all p > 0.05).
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(124.0 ± 4.4 vs. 125.1 ± 6.4 mmHg), HR (380.4 ± 16.1 vs.
350.1 ± 10.6 bpm) and PP (17.1 ± 0.7 vs. 18.4 ± 0.9 mmHg)
between BDL rats with vehicle or ascorbate preincubation (all
p > 005). Fig. 5(A) reveals that there was no significant dif-
ference of the perfusion pressure changes between the two
groups (P > 0.05).

(ii) Acute treatment effect

There was no significant difference of BW (vehicle
(n ¼ 6) vs. ascorbate (n ¼ 6): 371.5 ± 9.3 vs. 373.3 ± 2.3 g),
MAP (108.1 ± 4.8 vs. 109.7 ± 3.3 mmHg), HR (339 ± 20 vs.
346 ± 18 bpm), PP (18.1 ± 1.1 vs. 17.2 ± 0.8 mmHg) (all
p > 0.05), 60 min after vehicle or ascorbate injection.
Fig. 5(B) shows that there was no significant difference in
the perfusion pressure changes between the two groups
( p > 0.05).
3.4. Shunting and mesenteric angiogenesis

3.4.1. Portosystemic shunting degree
The upper panel of Fig. 6 depicts that there was no sig-

nificant difference of shunting degree between BDL rats with
Fig. 5. Portosystemic collateral perfusion pressure changes of BDL rats with (A) veh

was no significant difference for different concentrations of AVP (all p > 0.05).
28-day vehicle (n ¼ 10) or ascorbate (n ¼ 9) treatment
(69.75 ± 2.50% vs. 56.14± 6.39%, p > 0.05).

3.4.2. Mesenteric vascular density
The upper panel of Fig. 6 shows that the mesenteric

vascular length per window area (0.0123 ± 0.0024 vs.
0.0101 ± 0.0031/mm, p > 0.05) and vascular area per window
area (5.7290 ± 1.4440 vs. 4.8380 ± 1.4840, p > 0.05) were not
significantly different between BDL rats with 28-day vehicle
(n ¼ 8) or ascorbate (n ¼ 8) treatment.

3.4.3. Mesenteric angiogenic factors protein expression
The lower panel of Fig. 6 depicts the mesenteric protein

expressions of VEGF (/b-actin: 1.2918 ± 0.2051 vs. 1.7161 ±
0.2519), VEGFR2 (0.8083 ± 0.0631 vs. 0.7375 ± 0.1045),
p-VEGFR2 (0.7958 ± 0.1215 vs.1.2086 ± 0.2056), PDGF
(0.9558 ± 0.1723 vs. 1.3298 ± 0.2261), PDGFRb (1.7727 ±
0.6128 vs. 2.9158 ± 0.9141), COX1 (1.1110 ± 0.0990 vs.
1.1372 ± 0.1451), COX2 (0.9088 ± 0.1476 vs. 0.7413 ±
0.1237), eNOS (2.6153 ± 0.7186 vs. 2.9311 ± 0.6676),
p-eNOS-Thr495 (0.7231 ± 0.0905 vs. 0.8085 ± 0.1897), and
p-eNOS-Ser1177 (0.7231 ± 0.0905 vs. 0.8085 ± 0.1897).
They were not significantly different between the two groups
(n ¼ 8 for each group) (all p > 0.05).
icle or ascorbate preincubation; (B) Acute vehicle or ascorbate injection. There



Fig. 6. Upper panel: Portosystemic shunting and mesenteric window vascular density (length and area) in BDL rats with vehicle or ascorbate treatment. There was

no significant difference between the two groups ( p > 0.05). Lower panel: The mesenteric VEGF, VEGFR2, p-VEGFR2, PDGF, PDGFb, COX1, COX2, eNOS, p-

eNOS, p-eNOS-Ser1177 protein expressions in BDLrats with vehicle or ascorbate treatment. There was no significant difference between the two groups (all

p > 0.05).

547H.-L. Ho et al. / Journal of the Chinese Medical Association 80 (2017) 539e550
4. Discussion

The excess accumulation of extracellular matrix (ECM) is
an action attempting to compensate for liver parenchymal
injury. Unfortunately, persistent fibrogenesis is a major driving
force of liver cirrhosis.47 Regarding the effects of ascorbate on
hepatic fibrogenesis, Abhilash et al. found that the anti-fibrotic
action of ascorbate in alcoholic liver fibrosis might be
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attributed to the amelioration of oxidative stress. The mRNA
expressions of hepatic fibrotic genes CYP2E1, TGF-b1, TNF-
a and a1(I) collagen were down-regulated by ascorbate.48

Furthermore, ascorbate decreased T-cell leukemia cells via
TGF-a down-regulation.49 Ascorbate also inhibited the gene
expressions of bFGF, VEGF and MMP-2 in BALB/C mice
implanted with sarcoma 180 cancer cells.50 Conversely,
ascorbate stimulated cell proliferation and inhibited MMP and
TGF-b expression at higher concentrations.50 Ascorbate also
induced collagen production.51 Furthermore, in guinea pigs,
animals exhibiting the same genetic defect of ascorbate
biosynthesis as humans, mild scorbutic conditions resulted in a
decrease in TGF-b1 expression in blood plasma, implicating
the diverse actions towards fibrogenesis.52 The current study
revealed that ascorbate did not influence ALT, AST, hepatic
hydroxyproline content, liver fibrosis ratio, hepatic protein
expressions of a-SMA, TGF-b, iNOS, eNOS, p-eNOS-
Ser1177, p-eNOS-Thr496, VEGF, VEGFR2, p-VEGFR2, and
liver histology. The different results may be ascribed to
different experimental design, animal species, dose of ascor-
bate and diseases models. Another concern is that the chole-
static liver injury could be multi-factorial. Additionally, the
hepatic oxidative stress parameters were not influenced by
ascorbate. BDL has been recognized to induce significant
oxidative stress. It is therefore inferred that the oxidative stress
induced by this animal model might be too severe to be
modulated by ascorbate.

The systemic and portal hemodynamic parameters were
also not influenced by ascorbate. Regarding the systemic cir-
culation, it is possible that ascorbate did not influence the
cardiac performance and vascular resistance within this
experimental setting. In addition, PP is collectively determined
by liver resistance, splanchnic blood flow with SMA flow as
the index, and portosystemic collateral vascular resistance.
The lack of change in PP can be explained by the results that
ascorbate did not modify liver fibrosis, SMA flow and
collateral vasoresponsiveness.

In an animal study, ascorbate relaxed rat and guinea pig
aortic rings that were pre-contracted with phenylephrine or
potassium chloride.53 However, in the present study, the
intrahepatic ET-1 vasoresponsiveness and collateral AVP
vasoresponsiveness was not influenced by ascorbate, either by
direct incubation or in vivo injection. Although the different
findings may be ascribed to different animal models, experi-
mental settings, and dose of ascorbate, ascorbate may not be
able to dilate the hepatic and collateral vascular beds, which
has not been reported in the past.

On the molecular level, a previous study indicated that
ascorbate dose-dependently increased eNOS-Ser1177 phos-
phorylation, and concomitantly decreased eNOS-Thr495
phosphorylation as early as 5 min after ascorbate administra-
tion; this was a phosphorylation pattern indicative of increased
eNOS activity.54 This effect was at least partly owing to
activation of AMP-activated kinase, although another study
claimed that ascorbate did not induce the expression of eNOS
protein, nor did it induce de novo synthesis of NOS.55

Moreover, it has been reported that ascorbate enhanced NO
synthesis in lipopolysaccharide-and interferon-gamma-acti-
vated macrophage J774.1 cells through the iNOS pathway.56

However, the current study reveals that hepatic iNOS, eNOS
and eNOS phosphorylation were not modified by ascorbate.
This provides the evidence, at least partially, for the lack of
vascular effect of ascorbate on hepatic vascular bed. Taken
together, the present data suggest that ascorbate lacks
remarkable impacts on the intrahepatic vasculature, although
further clarification is needed.

The previous study has identified the anti-angiogenesis
effect of ascorbate. The level of the main pro-angiogenic
factor VEGF was significantly higher in scorbutic mice chal-
lenged with melanoma B16FO cells than in ascorbate-
supplemented mice.27 A previous study indicated a signifi-
cant inverse correlation between ascorbate and VEGF protein
levels.28 It has also been found that L:-ascorbate inhibited the
secretion of vascular VEGF and the growth of xenograft
pancreatic tumor in athymic mice.29 However, the mesenteric
angiogenesis and proangiogenic factors protein expressions
were not significantly influenced by ascorbate. Furthermore,
the portosystemic shunting degree was also not modulated.
The results suggest that ascorbate does not exert a significant
impact in pathological angiogenesis in cirrhosis with portal
hypertension.

In conclusion, ascorbate, either acute or chronic treatment,
does not influence hepatitis, fibrosis, systemic/portal hemo-
dynamic parameters, hepatic/collateral vascular responsive-
ness, mesenteric angiogenesis and severity of shunting in rats
with BDL-induced cholestatic liver injury. However, this
model of hepatic damage could be multifactorial and exces-
sively overwhelming to be alleviated by ascorbate.
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