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Abstract
Background: Liver fibrosis is a major health problem worldwide and poses a serious obstacle for cell based
therapies. Mesenchymal stem cells (MSCs) are multipotent and important candidate cells for future clinical
applications however success of MSC therapy depends upon their homing and survival in recipient organs. This
study was designed to improve the repair potential of MSCs by transplanting them in sodium nitroprusside (SNP)
pretreated mice with CCl4 induced liver fibrosis.
Methods: SNP 100 mM, a nitric oxide (NO) donor, was administered twice a week for 4 weeks to CCl4-injured mice.
MSCs were isolated from C57BL/6 wild type mice and transplanted in the left lateral lobe of the liver in
experimental animals. After 4 weeks, animals were sacrificed and liver improvement was analyzed. Analysis of
fibrosis by qRT-PCR and sirius red staining, homing, bilirubin and alkaline phosphatase (ALP) serum levels between
different treatment groups were compared to control.
Results: Liver histology demonstrated enhanced MSCs homing in SNP-MSCs group compared to MSCs group. The
gene expression of fibrotic markers; αSMA, collagen 1α1, TIMP, NFκB and iNOS was down regulated while
cytokeratin 18, albumin and eNOS was up-regulated in SNP-MSCs group. Combine treatment sequentially reduced
fibrosis in SNP-MSCs treated liver compared to the other treatment groups. These results were also comparable
with reduced serum levels of bilirubin and ALP observed in SNP-MSCs treated group.
Conclusion: This study demonstrated that NO effectively augments MSC ability to repair liver fibrosis induced by
CCl4 in mice and therefore is a better treatment regimen to reduce liver fibrosis.
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Background
Liver fibrosis is most often characterized by accumulation of wound healing myofibroblasts that replace normal hepatic tissue with scar at the site of injury [1,2].
Activated hepatic stellate cells (HSCs) produce high
levels of extracellular matrix (ECM) proteins further
contributing to scar development [3]. Liver transplantation is a suitable treatment modality, however, lack of
available donors, immune rejection and overall cost of
the procedure warrants new therapies for liver fibrosis
[4]. There has been a great interest in therapeutic applications of bone marrow derived MSCs that have the
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potential to differentiate into hepatic lineages both
in vitro and in vivo and can improve liver function [5-8].
Although recognized as a viable therapeutic option,
MSC therapy has been surrounded by issues of poor cell
viability and survival post transplantation [9] thereby
supporting development of alternate treatment
regimens.
One of the hallmarks of liver injury is the development
of scar tissue as a consequence of HSC activation. HSCs
are located within the space of Disse in liver sinusoids
and comprise about 15% of total cell number in the liver
[10]. In response to liver injury, HSCs switch from quiescent vitamin A storing cells to proliferative, α smooth
muscle actin expressing cells, up regulating synthesis of
ECM proteins [11]. There is 50–70 fold increase in the
expression of type I collagen which is initiated and
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maintained by profibrotic cytokines like TGFβ family
members and connective tissue growth factor (CTGF)
[12,13]. Prolonged injury results in failure to respond to
negative feedback regulation of collagen synthesis and
deposition of cross-linked type I collagen fibrils, which
are resistant to proteolytic degradation leading to alteration of the normal liver ECM and change in organ
architecture [14].
Fibrogenic transformation of HSCs in response to liver
damage has been proposed as a critical mechanism for
liver failure. Removal of activated HSCs through apoptosis or programmed cell death can induce spontaneous
liver recovery [15-17]. NO has been recently investigated
as apoptotic inducer of activated HSCs but whether NO
donors can be used in combination with MSC transplantation remains unknown [18-20]. In the present
study, we demonstrate augmented MSC ability to repair
fibrotic liver as a consequence of NO induced HSC
apoptosis. Improvements mediated by this synergistic
treatment of fibrotic liver with MSC and NO donor are
evident structurally and functionally with enhanced
homing of transplanted cells and significant reduction in
fibrosis. These results validate the utility of NO induced
HSC apoptosis as an effective way to enhance MSC potential for treatment of liver fibrosis.

Materials and methods
Animals

The investigation conforms to the Guide for the Care
and Use of Laboratory Animals published by the US National Institutes of Health (NIH Publication No. 85–23,
revised 1985). All animals were treated according to procedures approved by the Institutional Review Board
(IRB) at the National Center of Excellence in Molecular
Biology, Lahore, Pakistan.
Cell isolation and culture

Bone marrow derived MSCs were isolated according to
the procedure described previously [21]. MSCs were
grown and sub-cultured till second passage and double
labeled with PKH26 (Sigma Aldrich, USA) for the cell
membrane and 4-6-diamidino-2- phenylindole (DAPI)
for the nuclei (Sigma Aldrich, USA) according to the
manufacturer’s instructions.
Liver fibrosis model and sodium nitroprusside treatment

Female C57BL/6 mice aged 6–8 weeks and weighing
20–25 g were used in experiments. All animals were
housed in conventional cages under controlled conditions of temperature (23 ± 3 Co) and relative humidity
(50% ± 20%), with light illumination for 12 h/day. The
animals were allowed access to food and water ad libitum throughout the experimental periods. To induce
hepatic fibrosis, CCl4 (1 μl/g) was administered twice a
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week to animals as described previously [22]. After
4 weeks of CCl4 treatment, 100 mM SNP was dissolved
in saline water (200 μl) and injected intraperitoneally to
SNP and SNP-MSCs groups twice a week for 4 weeks.
Griess reagent was prepared according to manufacturer’s
instruction (Oxford biomedical research Inc, USA), was
added to the serum samples and OD was measured at
540 nm with an ELISA plate reader. Serum concentration of total nitrite was measured 4 h after last SNP
treatment. Mice were randomly divided (n = 11) into vehicle, CCl4, MSCs, SNP and SNP-MSCs groups. During
drug administration period CCl4 injections were continued to all animals except to vehicle group.
Cell transplantation

MSCs labeled with PKH26 were transplanted in MSCs
and SNP-MSCs (n = 11) groups in concentration of
1 × 106 cells/100 μl/animal at 2–3 different points directly in the left lateral lobe of the liver. Mice from SNP
group were sham operated and received only PBS. All
animals were kept under intensive care after operation.
Animals received CCl4 injections once a week during
post transplantation period until sacrificed after 4 weeks.
Blood biochemistry

Blood samples were taken from all experimental groups
(n = 11) at 4 weeks after cell transplantation. Serum was
isolated and the amount of bilirubin (Diazyme Europe,
Gmbh) and alkaline phosphatase (ALP) (Bioassay System, USA) was estimated using commercial kits according to the manufacturer’s protocol.
Gene expression profiling

RNA from liver tissue of experimental groups was
extracted using TRIZOL reagent (Invitrogen, Inc. USA).
cDNA was synthesized using 1 μg of total RNA by
cDNA synthesis kit (Fermentas). Gene Specific primers
(Table 1) were designed using online software Primer3
(http://frodo.wi.mit.edu/primer3/). Analysis of real time
RT-PCR gene expression (αSMA, collagen1α1, TIMP,
NF-кB and albumin) in experimental groups (n = 3) was
carried out using SYBR Green PCR Super Mix (BioRad
Lab, CA, USA). The relative gene expression was then
Table 1 Primer sequences
Primers

Forward reverse

αSMA

CTGACAGAGGCACCACTGAA AGAGGCATAGAGGGACAGCA

Collagen1α1 GCCAAGAAGACATCCCTGAA GGCAGAAAGCACAGCACTC
TIMP

CATCTGGCATCCTCTTGTTG CTCGTTGATTTCTGGGGAAC

NFкB

GCACCTGTTCCAAAGAGCAC GTGGAGTGAGACATGGACACAC

Albumin

CGACTATCTCCAGCAAACTG GTCTCAGCAACAGGGATACA

β-Actin

ACTGCTCTGGCTCCTAGCAC ACATCTGCTGGAAGGTGGAC
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analyzed using SDS software (ABI). β-actin was used as
an internal control.
Histological analysis

Livers were isolated and fixed in 4% paraformaldehyde
and paraffin embedded. Sections 5 μm thick were
mounted on glass slides and 3 sections per animal and 3
animals per group were labeled with α-smooth muscle
actin (α-SMA) (1:400; Sigma), Albumin (1:50; Abcam),
cytokeratin-18 (1:50; Santa Cruz), eNOS (1:50; Santa
Cruz) and iNOS (1:50; Santa Cruz) as primary antibodies
while anti-mouse FITC, TRITC and peroxidase conjugated were used as secondary antibodies. MSCs were
localized by tracking PKH26 labeled MSCs in CCl4
injured fibrotic liver tissue. Fluorescence images were
taken by an Olympus BX-61 microscope loaded with DP
70 camera.
Measurement of liver fibrosis

Fixed livers were embedded in paraffin and sections were
cut from different lobes of the liver and Sirius red staining
was done [22]. Images of the fibrotic area from 3 sections
per animal and 3 animals per group were taken by an
Olympus BX-61 microscope equipped with Digital Camera DP-70 (Olympus, Japan). Fibrosis and total area of
each image was measured and the percentage of fibrotic
area was calculated using Image J software.
TUNEL

Apoptosis was measured using TUNEL assay in all experimental groups to analyze HSC death in response to
SNP treatment as previously described [21].
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Statistical analysis

Quantitative data of 3 sections per animal and 3 animals
per experimental group was obtained for sirius red staining and were expressed as ± SEM. Analysis for percentage of fibrosis area, bilirubin and ALP between different
treatment groups vs control was performed by one-way
ANOVA with bonferroni post-hoc test. P-value of less
than 0.05 was considered statistically significant.

Results
Gene expression profiling

Dose optimization of SNP was determined prior to
initiating experiments. Nitrite concentration in serum was
significantly higher in mice treated with 100 mM as compared to 50 mM SNP and non treated group (Figure 1A).
Interestingly, Increasing SNP concentration to 150 mM did
not have a significant effect on the nitrite concentration.
Therefore, 100 mM SNP was selected for further experiments. Gene expression profiling was conducted in experimental groups receiving SNP and MSCs in combination or
alone. HSCs are believed to be the main ECM-producing
cells in the liver [10] and express α-SMA. We observed a
3.0 fold increase in mRNA levels of α-SMA after treatment
with CCl4 compared to 2.9 and 1.9 fold increase observed
in MSCs and SNP treated groups. However, SNP-MSCs
treatment resulted in only 1.6 fold increase in α-SMA
which is significantly lower than other groups (Figure 1B).
A similar pattern was observed in mRNA levels of collagen,
TIMP and NF-кB, which are critical factors of liver fibrosis
and were higher in the CCl4 group, decreased after MSCs
or SNP treatment but SNP-MSC treatment further significantly reduced the expression of these markers. Conversely,
Albumin level showed 1.2 fold increase in SNP-MSCs

Figure 1 Gene expression profiling after dose standardization of SNP. A) Serum Nitrite concentration (μM). Values are mean ± SEM; n = 6.
*
P < 0.05 for SNP 100 mM vs. control; #P < 0.05 for SNP 100 mM vs. SNP 50 mM. B) mRNA expression after 4 weeks of treatment showed
significantly reduced expression of α-SMA, collagen1α1, TIMP1 and NF-кB compared to CCl4 group. On the other hand, Albumin mRNA
expression showed significant improvement after SNP-MSCs treatment. P-value < 0.05 was considered significant n = 3.*P < 0.05 for SNP-MSCs vs.
CCl4; #P < 0.05 for SNP-MSCs vs. MSCs; φP < 0.05 for SNP-MSCs vs. SNP. C) Expression (%) of SMA+/TUNEL + cells in all groups indicating HSC
apoptosis after SNP administration. ***P < 0.001 for SNP vs. CCl4; ###P < 0.001 for SNP-MSCs vs. CCl4.
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treatment compared to 0.9, 0.6 and 0.4 fold in SNP, MSCs
and CCl4 groups respectively (Figure 1B). In addition, expression analysis of SMA, a marker for activated HSCs and
TUNEL showed 28.8% SMA+/TUNEL + cells in SNP and
21.8% in SNP-MSCs groups (Figure 1C). Animals with
CCl4 or MSCs treatment alone resulted in 4.3% and 6.5%
SMA+/TUNEL + cells respectively.

SNP-MSCs improve hepatic microenvironment

SNP-MSCs treatment resulted in reduced expression of
αSMA and Collagen 1 (5.1%, 26.6%) compared to CCl4
injured liver (24.1%, 79.1%), MSCs (15.9%, 60.8%) and SNP
(8.4%, 44.3%) groups (Figure 2 A, D & G) conferring to our
real time PCR results (Figure 1B). Similarly expression of
hepatic markers, cytokeratin-18 and albumin was increased
significantly in SNP-MSCs group (69.3%, 77.1%) compared
to CCl4 group (19.9%, 18.7%) and SNP alone (32.2%, 48.3%)
or MSCs alone (38.9%, 55.4%) groups (Figure 2 B, C & G).
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Acute liver injury is accompanied by inflammation and
expression of NOS proteins. Among the two constitutive
isoforms of NOS, eNOS expression (27.7%) was decreased
in CCl4 injured liver, while the expression of inducible
form iNOS (72.4%) was increased in the CCl4 injury
(Figure 2 E-G). Increased iNOS or reduced eNOS have
been shown to induce development of fibrosis in CCl4 liver
injury [23] is in accordance with our results. SNP-MSCs
treatment significantly increased the expression of eNOS
(80.8%) while iNOS (25.9%) was significantly reduced
compared to other treatment groups (Figure 2 E-G).

SNP-MSCs reduce liver fibrosis

SNP-MSCs treatment (Figure 3 E) resulted in significant reduction of liver fibrosis as measured by picrosirius procedure compared to MSCs alone, SNP alone, CCl4 groups and
vehicle (Figure 3 A-D). Quantification of collagen fibers
was done by image J software and showed marked increase

Figure 2 Augmentation of hepatic microenvironment. (A) SNP-MSCs resulted in the decreased expression of fibrotic marker (α-SMA),
Collagen1 (D) and iNOS (F) and increased expression of hepatic markers cytokeratin-18 (B), albumin (C) and eNOS (E) in 1 = Vehicle, 2 = CCl4,
3 = MSCs, 4 = SNP, 5 = SNP-MSCs). G) Quantification of α-SMA, Collagen1, cytokeratin18, albumin, eNOS and iNOS in all treatment groups. All
values are expressed as mean ± SEM. P-value < 0.05 was considered significant. *P < 0.05 for SNP-MSCs vs. CCl4; #P < 0.05 for SNP-MSCs vs. MSCs;
φ
P < 0.05 for SNP-MSCs vs. SNP.
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Figure 3 Representative micrograph of hepatic tissue stained with Sirius red showing collagen deposition in various treatment groups.
(A = Vehicle, B = CCl4, C = MSCs, D = SNP, E = SNP-MSCs). F) Quantitative analysis of fibrosis in different experimental groups. One way ANOVA
was applied to check the significance of the data. All values are expressed as mean ± SEM. P-value < 0.05 was considered significant. *P < 0.05
for SNP-MSCs vs. CCl4; #P < 0.05 for SNP-MSCs vs. MSCs; φP < 0.05 for SNP-MSCs vs. SNP.

in percentage of fibrotic area after CCl4 administration that
was reduced significantly after SNP-MSCs treatment compared to other groups (Figure 3 F). Fibrotic area (%) was
reduced significantly (0.4 ± 0.3) in SNP-MSCs group as
compared to other treatment groups (CCl4 group = 4.4 ±
2.4, MSCs group = 1.9 ± 1.5 and SNP group = 1.3 ± 0.4).
SNP-MSCs enhance homing and commitment

Enhanced homing and localization of PKH-26/DAPI labeled MSCs was observed in CCl4 injured liver with
engrafted cells observed in all lobes of the liver, indicating
cell migration from left lateral lobe to other injury sites
(Figure 4 A-B). However SNP-MSCs treated animals
showed better homing ability than non SNP treated MSCs
group with significant increase in the number of cells
observed (Figure 4 C).
When co-expression was monitored, there is increased
expression of albumin with higher number of PKH26 positive cells (16 cells/field) in SNP-MSCs group as compared
to MSCs group (10 cells/field) (Figure 4 D-G).
Functional recovery after SNP-MSCs

To further evaluate the role of SNP-MSCs in preventing hepto-cellular injury, we measured the serum

concentrations of bilirubin and ALP from different
treatment groups. At week 4, the serum bilirubin level
in the SNP-MSCs group was 0.2 mg/dl, which were significantly lower than those in CCl4 (1.3 mg/dl), SNP
(0.5 mg/dl) and MSCs alone (0.9 mg/dl) groups (Figure 5 A). Similarly, the serum ALP levels in the SNPMSCs group were (220 units/L), which were significantly lower than those in CCl4 (810 units/L), SNP (420
units/L) and MSCs alone (550 units/L) groups (Figure 5
B). Collectively, these results indicate a superior ability
of SNP-MSCs to augment hepatic function compared
to either of the treatments alone or the CCl4 treatment
group.

Discussion
Hepatic injury is most often characterized by widespread
hepatocyte damage leading to fibrosis and scar development. Injured hepatocytes and their metabolites activate
kupffer cells [24,25] releasing cytokines such as transforming growth factor-α (TGF-α), platelet-derived
growth factor (PDGF) and tumor necrosis factor-α
(TNF-α) [3]. These factors activate HSCs which upon
stimulation lose retinoid storing ability and transform
into myofibroblasts [26,27]. Transformation of HSCs
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Figure 4 MSCs homing and commitment. Homing of transplanted cells in MSCs (A) and SNP-MSCs (B) groups. DAPI was used to identify
nuclei. (Magnification = 200X). C) Quantification of engrafted cells in MSCs and SNP-MSCs groups. *p < 0.05 was considered to be significant.
F) Significantly higher numbers of MSCs (white arrows) expressing albumin were present SNP-MSCs group as compared to other treatment
groups. PKH26 (Red), Albumin (Green) and nuclei were counter stained with DAPI (blue). G) Quantification of engrafted cells in MSCs, SNP and
SNP-MSCs groups. P-value < 0.05 was considered significant. *P < 0.05 for SNP-MSCs vs. MSCs; #P < 0.05 for SNP-MSCs vs. SNP.

Figure 5 Functional analysis after SNP-MSCs treatment: (A) Bilirubin (B) Alkaline phosphatase (ALP) levels in different experimental groups.
One way ANOVA was used to test the significance of the data among groups (n = 11). P-value < 0.05 was considered significant. *P < 0.05 for
SNP-MSCs vs. CCl4; #P < 0.05 for SNP-MSCs vs. MSCs; φP < 0.05 for SNP-MSCs vs. SNP.
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from their quiescent state to a fibrotic cell critically
affects hepatic repair and may also impact the outcome
of cell based therapeutic options. Bone marrow derived
MSCs have the ability to repair damaged liver [28,29]
however, extensive fibrosis, scar development and lack of
survival may influence regeneration ability. Strategies
targeting removal of activated HSCs have shown to reduce fibrosis and augment liver function [30,31]. A combined approach aimed at specific removal of activated
HSCs would improve hepatic milieu allowing MSCs to
survive, engraft and differentiate into hepatocytes.
Therefore, in the present study we employed NO for induction of HSC apoptosis in combination with MSC
transplantation in mouse model for liver fibrosis. Our
intended hypothesis was to probe the combined effect of
NO and MSCs as each treatment alone has been shown
to be protective against hepatic injury [18,19,32,33].
Follistatin and Gliotoxin like compounds have been
tested for their utility to induce apoptosis of HSCs but
in an unspecific manner [16,34]. Many studies have
reported that high levels of NO induce apoptosis in
many cell types primarily by the effect of peroxynitrite
that increases mitochondrial permeability [35,36]. NO
donors can exert an antifibrogenic action as NO has
negative regulatory properties specifically on activated
HSCs migration, contraction and proliferation in fibrotic
liver [19,37,38]. Therefore, we expected that the effect of
NO administration exogenously would be beneficial in
reducing liver fibrosis. Several studies have shown therapeutic effects of MSCs in liver disease [39-41] but, controversial observations still exist [42,43]. Studies have
shown that bone marrow derived stem cells can be a
source of collagen and contribute to liver damage
[27,42]. Therefore, improvement in liver environment is
essential for the successful outcome of MSC therapy.
Apoptosis of activated HSCs combined with transplantation of MSCs would be able to recover hepatic microenvironment yielding better results. A previous study
reported improvement in liver fibrosis with combined
treatment of FGF2 and MSCs by regulating the expression of metalloproteinases (MMPs) and ultimately reduction in matrix proteins [44].
Activated HSCs express α-SMA in the periportal and
perisinusoidal areas [45] and that can be indicative of
prevalent liver fibrosis [46-49]. Our results showed
increased levels of α-SMA in CCl4 injured liver indicating
possible HSC activation while combined treatment with
SNP-MSCs resulted in significant reduction in α-SMA
mRNA level (Figure 1). In addition, a significant reduction in other indicators of liver fibrosis such as collagen
1α1, TIMP and NF-κB showed decrease in mRNA level
after SNP-MSCs administration compared to CCl4 treated group or single treatment of SNP or MSCs (Figure 1).
Treatment with SNP-MSCs resulted in significant
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increase in albumin, a hepatocyte marker compared to
CCl4 group.
Immunohistochemical analysis further corroborated
the real time PCR results indicating significant reduction
in levels of α-SMA and iNOS concurrent with increased
cytokeratin-18, albumin and eNOS after treatment with
SNP-MSCs at 4 weeks compared to CCl4 group and
both single treatment groups (Figure 2). Similarly, Sirius
red staining demonstrated significant decline in fibrotic
area after treatment with SNP-MSCs after 4 weeks
compared to CCl4 group providing evidence of considerable augmentation of hepatic microenvironment and
reduction in fibrosis (Figure 3).
Improved hepatic microenvironment as evidenced by
attenuated fibrosis resulted in significant increase in the
number of transplanted cells in damaged liver of SNPMSCs group compared to MSCs only group (Figure 4)
coinciding with previous findings demonstrating direct
homing of MSCs to injured liver [22]. In addition,
increased MSCs differentiation was observed in SNPMSCs group compared to MSCs only group as evidenced by levels of albumin (Figure 4). Significant reduction in the bilirubin and ALP serum levels was observed
in experimental animals transplanted with MSCs and
pretreated with SNP compared to CCl4 group and SNP
or MSCs alone treatment groups (Figure 5). Bilirubin
and ALP serum levels have been used previously in various studies [14,22,50] as indicators of improved liver
function, thereby meriting use of both these parameters.
Autologous stem cell therapy represents an attractive
treatment modality for liver fibrosis however; extensive
fibrosis and scar formation can limit efficacy of the therapy. Activated HSCs play a critical role in mediating
liver fibrosis significantly contributing towards the prognosis of the disease. Transplantation of MSCs together
with NO pretreatment of the injured liver tissue represents a novel and promising strategy to augment the repair ability of stem cells in hepatic fibrosis. Furthermore,
MSCs transplantation in NO pretreated injured liver tissue demonstrates better survival, differentiation and
functional abilities. These findings establish an efficient
way to enhance MSC ability to repair liver fibrosis by
targeting HSC apoptosis through administration of NO.

Conclusion
We have demonstrated that nitric oxide treatment can
significantly improve the ability of MSCs to repair liver
fibrosis. Nitric oxide induces apoptosis of activated
HSCs which are considered to be one of the critical
mediators of liver fibrosis. Activation of HSCs in the fibrotic liver transforms these vitamin A storing cells into
fibroblasts. We have used nitric oxide treatment of the
fibrotic liver to induce HSC apoptosis thereby improving
liver microenvironment. MSCs transplantation in
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fibrotic livers treated with nitric oxide results in reduction of fibrosis, augmentation of liver function and
improved MSCs survival compared to livers only receiving MSCs. Therefore, we report here a clinically viable
treatment modality combining nitric oxide treatment
with MSC transplantation for the treatment of liver
fibrosis.
Competing interests
The authors have no financial conflicts of interest.
Acknowledgments
We thank our colleagues for the review of this manuscript. This work was
supported by research grants from the Higher Education Commission (HEC)
of Pakistan.
Authors’ contributions
GA and SM designed research; GA, GAN, SS performed research; GA and SM
analyzed data; and GA, MK, SNK and SM wrote the paper. All authors read
and approved the final manuscript.
Received: 22 January 2012 Accepted: 25 April 2012
Published: 25 April 2012
References
1. Elsharkawy AM, Oakley F, Mann DA: The role and regulation of hepatic stellate
cell apoptosis in reversal of liver fibrosis. Apoptosis 2005, 10:927–939.
2. Moreira RK: Hepatic stellate cells and liver fibrosis. Arch Pathol Lab Med
2007, 131:1728–1734.
3. Wu J, Kuncio GS, Zern MA: Human liver growth in fibrosis and cirrhosis. In
Liver Growth and Repair. Edited by Strain AJ, Diehl AM. London: Chapman
and Hall; 1998:558–76.
4. Carvalho AB, Quintanilha LF, Dias JV, Paredes BD, Mannheimer EG, Carvalho
FG: Bone marrow multipotent mesenchymal stromal cells do not reduce
fibrosis or improve function in a rat model of severe chronic liver injury.
Stem Cells 2008, 26(5):1307–1314.
5. Zhao DC, Lei JX, Yu W, Zhang X, Li S, Xiang P: Bone marrow derived
mesenchymal stem cells protect against experimental liver fibrosis in
rats. World J Gastroenterol 2005, 11:3431–3440.
6. Yamamoto Y, Banas A, Murata S, Ishikawa M, Lim CR, Teratani T, Hatada I,
Matsubara K, Kato T, Ochiya T: A comparative analysis of the
transcriptome and signal pathways in hepatic differentiation of human
adipose mesenchymal stem cells. FEBS J 2008, 275:1260–1273.
7. Kuo TK, Hung SP, Chuang CH, Chen CT, Shih YR, Fang SC: Stem cell
therapy for liver disease: parameters governing the success of using
bone marrow mesenchymal stem cells. Gastroenterology 2008,
134:2111–2121.
8. Liang L, Ma T, Chen W, Hu J, Bai X: Therapeutic potential and related
signal pathway of adipose-derived stem cell transplantation for rat liver
injury. Hepatol Res 2009, 39(8):822–32.
9. Song H, Kwon K, Lim S, Kang SM, Ko YG, Xu Z, Chung JH, Kim BS, Lee H,
Joung B, Park S, Choi D, Jang Y, Chung NS, Yoo KJ, Hwang KC: Transfection
of mesenchymal stem cells with the FGF-2 gene improves their survival
under hypoxic conditions. Mol Cells 2005, 19(3):402–407.
10. Friedman SL: Hepatic stellate cells. Prog Liver Dis 1996, 14:101–130.
11. Friedman SL: Hepatic fibrosis—Overview. Toxicology 2008, 254:120–129.
12. Bataller R, Brenner D: Liver fibrosis. J Clin Invest 2005, 115:209–218.
13. Jiang F, Parsons CJ, Stefanovic B: Gene expression profile of quiescent and
activated rat hepatic stellate cells implicates Wnt signaling pathway in
activation. J Hepatol 2006, 45:401–409.
14. Jiang F, Stefanovic B: Homeobox Gene Prx1 is expressed in activated
hepatic stellate cells and transactivates Collagen α1 (I) promoter. Exp Biol
Med 2008, 233:286–296.
15. Nishikawa Y, Ohi N, Yagisawa A, Doi Y, Yamamoto Y, Yoshida M, Tokairin T,
Yoshioka T, Omori Y, Enomoto K: Suppressive effect of orthovanadate on
hepatic stellate cell activation and liver fibrosis in rats. Am J Path 2009,
174:881–890.

Page 8 of 9

16. Hagens WI, Olinga P, Meijer DKF, Groothuis GMM, Beljaars L, Poelstra K:
Gliotoxin non-selectively induces apoptosis in fibrotic and normal livers.
Liver Int 2006, 26:232–239.
17. Hayashi S, Itoh A, Isoda K, Kondoh M, Kawase M, Yagi K: Fucoidan partly
prevents CCl4-induced liver fibrosis. Eur J Pharmacol 2008, 580(3):380–384.
18. Langer DA, Das A, Semela D, Kang-Decker N, Hendrickson H, Bronk SF,
Katusic ZS, Gores GJ, Shah VH: Nitric oxide promotes caspaseindependent hepatic stellate cell apoptosis through the generation of
reactive oxygen species. Hepatology 2008, 47:1983–1993.
19. Dai L, Hui J, Xiang-wen K, Yi-hua Z: Antifibrotic effects of ZK14, a novel
nitric oxidedonating biphenyldicarboxylate derivative, on rat HSC-T6
cells and CCl4-induced hepatic fibrosis. Acta Pharmacologica Sinica 2010,
31:27–34.
20. Leung TM, Fung ML, Liong EC, Lau TYH, Nanji AA, Tipoe GL: Role of nitric
oxide in the regulation of fibrogenic factors in experimental liver fibrosis
in mice. Histol Histopathol 2011, 26:201–211.
21. Khan M, Mohsin S, Khan SN, Riazuddin S: Repair of the senescent
myocardium by mesenchymal stem cells is dependent on the age of
donor mice. J Cell Mol Med 2011, 15:1515–1527.
22. Mohsin S, Shams S, Nasir GA, Khan M, Awan SJ, Khan SN, Riazuddin S:
Enhanced hepatic differentiation of mesenchymal stem cells after
pretreatment with injured liver tissue. Differentiation 2011, 81:42–48.
23. Leung TM, Tipoe GL, Liong EC, Lau TYH, Fung ML, Nanji AA: Endothelial
nitric oxide synthase is a critical factor in experimental liver fibrosis. Int J
Exp Path 2008, 89:241–250.
24. Wu J, Zern MA: Hepatic stellate cells: a target for the treatment of liver
fibrosis. J Gastroenterol 2000, 35:665–672.
25. Guimaraes EL, Franceschi MF, Grivicich I: Relationship between oxidative
stress levels and activation state on hepatic stellate cell line. Liver Int
2006, 26:477–485.
26. Murphy FR, Issa R, Zhou X, Ratnarajah S, Nagase H, Arthur MJP, Benyon C,
Iredale JP: Inhibition of apoptosis of activated hepatic stellate cells by
tissue inhibitor of metalloproteinase-1 is mediated via effects on matrix
metalloproteinase inhibition. J Biol Chem 2002, 277:11069–11076.
27. Kisseleva T, Brenner DA: Hepatic stellate cells and the reversal of fibrosis. J
Gastroenterol Hepatol 2006, 21:84–87.
28. Houlihan DD, Newsome PN: Critical review of clinical trials of bone
marrow stem cells in liver disease. Gastroenterology 2008,
135:438–50.
29. Alison MR, Islam S, Lim S: Stem cells in liver regeneration, fibrosis and
cancer: the good, the bad and the ugly. J Pathol 2009,
217:282–98.
30. Moreno M, Gonzalo T, Kok RJ, Sancho-Bru P, Beuge MV, Swart J, Prakash J,
Temming K, Fondevila C, Beljaars L, Lacombe M, Hoeven PVD, Arroyo V,
Poelstra K, Brenner DA, Gines P, Bataller R: Reduction of advanced liver
fibrosis by short-term targeted delivery of an angiotensin receptor
blocker to hepatic stellate cells in rats. Hepatology 2010, 51:1–11.
31. Krizhanovsky V, Yon M, Dickins RA, Hearn S, Simon J, Miething C, Yee H,
Zender L, Lowe SW: Senescence of activated stellate cells limits liver
fibrosis. Cell 2008, 134:657–667.
32. Lysy PA, Smets F, Najimi M, Sokal EM: Leukemia inhibitory factor
contributes to hepatocyte-like differentiation of human bone marrow
mesenchymal stem cells. Differentiation 2008, 76:1057–1067.
33. Cho KA, Lim GW, Joo SY, Woo SY, Seoh JY, Cho SJ, Han HS, Ryu KH:
Transplantation of bone marrow cells reduces CCl4-induced liver fibrosis
in mice. Liver Int 2010, 31:1478–3223.
34. Patella S, Phillips DJ, Tchongue J, Kretser DM, Sievert W: Follistatin
attenuates early liver fibrosis: effects on hepatic stellate cell activation
and hepatocyte apoptosis. Am J Physiol Gastrointest Liver Physiol 2006, 290:
G137–G144.
35. Balakirev MY, Khramtsov VV, Zimmer G: Modulation of the mitochondrial
permeability transition by nitric oxide. Eur J Biochem 1997, 246:710–718.
36. Hortelano S, Dallaporta B, Zamzami N: Nitric oxide induces apoptosis via
triggering mitochondrial permeability transition. FEBS Lett 1997,
410:373–377.
37. Lee JS, Decker N, Chatterjee S, Yao J, Friedman S, Shah V: Mechanisms of
nitric oxide interplay with Rho GTPase family members in modulation of
actin membrane dynamics in pericytes and fibroblasts. Am J Pathol 2005,
166:1861–70.
38. Perri RE, Langer DA, Chatterjee S, Gibbons SJ, Gadgil J, Cao S: Defects in
cGMP-PKG pathway contribute to impaired NO-dependent responses in

Ali et al. Journal of Translational Medicine 2012, 10:75
http://www.translational-medicine.com/content/10/1/75

39.

40.

41.

42.

43.

44.

45.
46.

47.

48.
49.
50.

Page 9 of 9

hepatic stellate cells upon activation. Am J Physiol Gastrointest Liver Physiol
2006, 290:G535–G542.
Sato Y, Araki H, Kato J: Human mesenchymal stem cells xenografted
directly to rat liver are differentiated into human hepatocytes without
fusion. Blood 2005, 106:756–63.
Oyagi S, Hirose M, Kojima M, Okuyama M, Kawase M, Nakamura T, Ohgushi H,
Yagi K: Therapeutic effect of transplanting HGF-treated bone marrow
mesenchymal cells into CCl4-injured rats. J Hepatol 2006, 44:742–748.
Van Poll D, Parekkadan B, Cho CH, Berthiaume F, Nahmias Y, Tilles AW,
Yarmush ML: Mesenchymal stem cell-derived molecules directly
modulate hepatocellular death and regeneration in vitro and in vivo.
Hepatology 2008, 47:1634–1643.
Vig P, Russo FP, Edwards RJ, Tadrous PJ, Wright NA, Thomas HC, Alison MR,
Forbes SJ: The sources of parenchymal regeneration after chronic
hepatocellular liver injury in mice. Hepatology 2006, 43:316–324.
Popp FC, Slowik P, Eggenhofer E, Renner P, Lang SA, Stoeltzing O, Geissler
EK, Piso P, Schlitt HJ, Dahlke MH: No contribution of multipotent
mesenchymal stromal cells to liver regeneration in a rat model of
prolonged hepatic injury. Stem Cells 2007, 25:639–645.
Ishikawa T, Terai S, Urata Y, Marumoto Y, Aoyama K, Murata K, Mizunaga Y,
Yamamoto N, Nishina H, Shinoda K, Sakaida K: Administration of fibroblast
growth factor 2 in combination with bone marrow transplantation
synergistically improves carbon-tetrachloride-induced liver fibrosis in
mice. Cell Tissue Res 2007, 327:463–470.
Pinzani M, Rombouts K: Liver fibrosis: from the bench to clinical targets.
Dig Liver Dis 2004, 36:231–242.
Zhang J, You H, Wang T, Wang B, Jia J, Katayama H, Maeda S, Wang R,
Asano G, Ishiwata T, Naito Z, Yokoyama M: Triple staining to identify
apoptosis of hepatic cells in situ. J Nippon Med Sch 2000, 67(4):280–283.
Eng FJ, Friedman SL: Fibrogenesis I. New insights into hepatic stellate cell
activation: the simple becomes complex. Am J Physiol Gastrointest Liver
Physiol 2000, 279:G7–G11.
Maher JJ: Interactions between hepatic stellate cells and the immune
system. Semin Liver Dis 2001, 21:417–426.
Lee M, Song SU, Ryu JK, Suh JK: Sp1-dependent regulation of the tissue
inhibitor of metalloproteinases-1 promoter. J Cell Biochem 2004, 91:1260–1268.
Hu AB, He XS, Zheng QC, Cai JY: Curative effects of transplantation of
hepatocytes differentiated from embryonic stem cells on treatment of
fulminant hepatic failure: experiment with mice. Zhonghua Yi Xue Za Zhi
2006, 86:3280–3284.

doi:10.1186/1479-5876-10-75
Cite this article as: Ali et al.: Nitric oxide augments mesenchymal stem
cell ability to repair liver fibrosis. Journal of Translational Medicine 2012
10:75.

Submit your next manuscript to BioMed Central
and take full advantage of:
• Convenient online submission
• Thorough peer review
• No space constraints or color ﬁgure charges
• Immediate publication on acceptance
• Inclusion in PubMed, CAS, Scopus and Google Scholar
• Research which is freely available for redistribution
Submit your manuscript at
www.biomedcentral.com/submit

