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ARTICLE INFO ABSTRACT

Background: Phosphodiestrase (PDE) enzymes are suggested to play a leading role in fibrogenesis of liver where
studies showed the possible implication of PDE 1 & 4 in liver injury proposing them as possible targets for
treating liver fibrosis.

Aim: The present study was designed to investigate, for the first time, the possible therapeutic effects of selective
inhibitors of PDE-1 (vinpocetine) and PDE-4 (roflumilast) in liver fibrosis induced by diethylnitrosamine (DEN)
in rats.

Main methods: Rats were given DEN (100 mg/kg, i.p.) once weekly for 6 weeks to induce liver fibrosis.
Vinpocetine (10 mg/kg/day) or roflumilast (0.5 mg/kg/day) was then orally administered for 2 weeks.

Key findings: Vinpocetine significantly suppressed the contents of hydroxyproline, transforming growth factor-
beta 1 (TGF-B1), nuclear factor-kappa B (NF-kB) whereas roflumilast normalized them. Moreover, tumor ne-
crosis factor-alpha (TNF-a) content and protein expressions of toll-like receptor 4 (TLR4) and tissue inhibitor of
metalloproteinase-1 (TIMP-1) were markedly decreased whereas cAMP response element binding (CREB) pro-
tein expression was significantly elevated by both treatments. Additionally, vinpocetine and roflumilast up-
regulated the gene expression of bone morphogenetic protein and activin membrane-bound inhibitor (BAMBI)
receptor where roflumilast showed better results. PDE1 and 4 activities were inhibited by vinpocetine and ro-
flumilast, respectively. The superior results offered by roflumilast could be related to the higher cAMP level
obtained relative to vinpocetine.

Significance: Our study manifested the up-regulation of PDE enzymes (1 & 4) in liver fibrosis and addressed the
therapeutic role of vinpocetine and roflumilast as PDEIs through a cAMP-mediated TLR4 inflammatory and
fibrogenic signaling pathways.
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1. Introduction enters the liver and interferes with its detoxification system proceeding

to cirrhosis and cancer [4]. It is an accepted and pragmatic model due

Liver fibrosis is one of the most pressing health challenge worldwide
especially in Egypt where it arises from the exposure to variable injuries
such as viral hepatitis type B & C, metabolic, autoimmune and drug-
induced liver diseases [1]. Hepatic fibrosis, as being a reversible pro-
cess, should be treated as soon as possible before it ends with a serious
complication such as liver cirrhosis, hepatocellular carcinoma or liver
failure [2]. Owing to the growing steps in understanding its pathogenic
mechanisms and the realization of the importance of approving an ef-
fective anti-fibrogenic therapy, a group of agents are now being tested
for their potential benefit in hindering liver fibrosis [3].

Diethylnitrosamine (DEN) is one of the models of hepatic fibrosis
that depends on generation of nitrosamine which, upon absorption,

to the common presence of nitrosamine in tobacco smoke, polluted
water and wide variety of products that contain nitrites as a pre-
servative [5,6]. DEN is reported to generate oxidative stress that could
induce toll-like receptor 4 (TLR4) signaling which contributes to the
development of hepatic inflammation as evaluated, for example by
nuclear factor-kappa B (NF-xB) and tumor necrosis factor-alpha (TNF-
a) that proceeds to hepatic fibrosis [7-9]. These stages of DEN-induced
hepatic inflammation and fibrosis generates a positive loop that could
finally end by hepatocellular carcinoma (HCC) [9]. Hence, this ex-
perimental model of liver fibrosis was chosen to conduct our in-
vestigation.

The implication of the second messenger, cyclic adenosine
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monophosphate (cAMP) in liver fibrosis has been previously identified
[10,11]. The elevation of cAMP level was shown to decrease fibroblast
proliferation and impede extracellular matrix (ECM) protein synthesis
[12]. Moreover, the cellular levels of cAMP are much regulated by the
hydrolyzing power of phosphodiestrases (PDEs) whose activities exceed
the rate of synthesis by adenylyl cyclase (AC) [13]. Therefore, ex-
amining the effect of certain PDE inhibitors in liver fibrosis seemed
appealing especially that limited data studying the role of PDEs in the
pathogenesis of liver fibrosis are available.

Research conducted on PDE inhibitors proved their beneficial effect
in experimental liver injuries [14-16]. Among these inhibitors are
vinpocetine which is PDE1 inhibitor and roflumilast, a PDE4 inhibitor.
Miller et al. [17] studied the effect of PDE1 inhibition in cardiac fi-
broblast where their results showed significant amelioration of trans-
forming growth factor-beta 1 (TGF-B1)-induced myofibroblast activa-
tion and ECM synthesis in rat cardiac fibroblasts. Similarly, the
investigation done by Gobejishvili et al. [18] assigned the regression of
hepatic fibrosis to inhibition of PDE4 which prevented the elevation of
the key fibrogenic marker, TGF-B1 and the expression of alpha-smooth
muscle actin (a-SMA). Accordingly, exploring the potential anti-
fibrogenic properties of vinpocetine and roflumilast in the DEN model
of hepatic fibrosis would be of value due to the lack of clear evidence
supporting the role of PDE1 and 4 in the pathogenesis of liver fibrosis.
Furthermore, such studies would be of great benefit in the search for
new antifibrogenic agents.

2. Materials and methods
2.1. Animals

Male Wistar rats weighing 200-250g were obtained from the
Modern Veterinary Office for Laboratory Animals, Giza, Egypt. The
animals were housed in plastic cages and left to acclimatize for one
week at the animal facility of Faculty of Pharmacy, Cairo University
(Egypt). Rats were kept under constant temperature (23 + 2°C) and a
12-hour light/dark cycle as well as constant relative humidity
throughout the experimental period. All animals were allowed free
access to standard diet and water ad libitum during the investigation
period. The experiment complies with the Guide for Care and Use of
Laboratory Animals published by the US National Institutes of Health
(NIH Publication No. 85-23, revised 2011) and was approved by the
Ethics Committee for Animal Experimentation at Faculty of Pharmacy,
Cairo University [Permit Number: PT 1390].

2.2. Chemicals

DEN and roflumilast were purchased from Sigma-Aldrich (St. Louis,
MO, USA) while vinpocetine was obtained from Amriya Pharm
Industries (Alexandria, Egypt). DEN was prepared in saline and given as
intraperitoneal (i.p.) injection using needle size of 23-gauge. However,
vinpocetine and roflumilast were prepared in 1% carbox-
ymethylcellulose (Santa Cruz Biotechnology, Santa Cruz, CA, USA) and
orally administered using a stainless steel curved gavage-feeding needle
with a round tip (16-gauge; tip diameter, 3 mm; length, 75 mm). Other
chemicals unless specified were obtained from Sigma-Aldrich (St. Louis,
MO, USA).

2.3. Experimental design

Animals were allocated into six groups, 9 rats per group. The first
group served as normal group receiving saline by i.p. injection, once/
week for 6 weeks followed by daily oral administration of 1% carbox-
ymethylcellulose for 2 weeks. The 2nd and 3rd groups served as vin-
pocetine and roflumilast controls, respectively where animals received
i.p. saline injection once/week for 6 weeks followed by oral adminis-
tration of drugs at a dose of 10 mg/kg/day [19] and 0.5 mg/kg/day
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[20], respectively at a dose volume of 10 ml/kg for 2 weeks. Animals of
4th group were given DEN (100mg/kg, i.p.) [21] at a dose volume of
2.5ml/kg once weekly for 6 weeks followed by daily oral administra-
tion of 1% carboxymethylcellulose for 2 weeks. Rats of 5th and 6th
groups received DEN in same regimen as group 4 followed by vinpo-
cetine and roflumilast, respectively starting from the 6th to 8th weeks
as mentioned previously. At the end of experimental period, rats were
anesthetized using thiopental (50 mg/kg, i.p.) [22] and the portal vein
was exposed to monitor portal pressure (Power laboratory, AD Instru-
ments, Australia) [23]. Blood samples were then collected in hepar-
inized tubes from the retro-orbital sinus and animals were sacrificed by
cervical dislocation under anesthesia. Livers were then rapidly excised,
weighed and washed with saline. Parts of the left lobe of liver from each
group were used for histological and immunohistochemical examina-
tions whereas parts from the right lobe of liver were collected for bio-
chemical analysis.

2.4. Histopathological examination & area of fibrosis

Liver samples were fixed in 10% formalin and processed for paraffin
embedding. Sections of 5um were prepared and stained with H&E
(magnification x100) for examination of fibrogenic changes and
scored according to Metavir scoring system [24]. Moreover, sections
were stained with Masson's Trichrome (Sigma-Aldrich, St. Louis, MO,
USA) (magnification X 100) to identify collagen fibers in liver tissues.
The percentage of fibrosis was evaluated semiquantitatively using an
image analyzer (Leica Qwin 550, Germany) and presented as mean of
10 randomly selected fields from each section (5 sections for each
group) [25]. All the slides were examined under a light microscope.

2.5. a-SMA immunohistochemistry

Tissue sections of 5um thickness were deparaffinized with xylene
then hydrated in graded ethanol solution and heated in citrate buffer
(pH 6.0) for 5min. Then, the sections were blocked using 5% bovine
serum albumin (BSA) in tris buffered saline (TBS) for 2 h. Incubation of
the slides was done overnight at 4 °C with anti-a-SMA (SC-32251, Santa
Cruz Biotechnology, Santa Cruz, CA, USA) antibody. After that, the
slides were rinsed with TBS and incubated for 10 min in a solution of
0.02% diaminobenzidine containing 0.01% H,0,. The slides were then
counterstained with hematoxylin, mounted and examined. The wall of
blood vessels acts as internal positive control [26]. The positivity of a-
SMA appeared as brown cytoplasmic staining and the immunoreactive
area percentage in individual sections (magnification x400) was
measured using an image analysis system (Image-Pro Plus; Media Cy-
bernetics, Silver Spring, MD, USA).

2.6. Biochemical measurements

2.6.1. Determination of plasma liver function tests

Plasma prepared was used for measuring aspartate aminotransferase
(AST) and alanine aminotransferase (ALT) activities using commer-
cially available kit (Biodiagnostics, Giza, Egypt) according to manu-
facturer's instructions and results were expressed as U/I.

2.6.2. Enzyme-linked immunosorbent assays (ELISA) of hydroxyproline,
cAMP, TGF-B1, NF-xB and TNF-a

Parts of liver samples were homogenized in ice cold saline to pre-
pare 10% homogenates and were used to determine hydroxyproline,
cAMP and TGF-f1 using the corresponding rat ELISA kits (LifeSpan
BioSciences, Washington, USA; Cat. # LS-F25018-1; LS-F27893-1; LS-
F24972-1, respectively). Likewise, NF-kB and TNF-a contents were
quantified in liver homogenates with rat specific ELISA kits purchased
from MyBioSource, San Diego, CA, USA (Cat. # MBS764450) and R&D
Systems Inc., Minneapolis, USA (Cat. # RTAO00), respectively.
Procedures were performed according to manufacturer's instructions
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and results were expressed as ng/mg protein for hydroxyproline and
NF-xB and as pg/mg protein for the other mentioned parameters.
Protein content was measured according to the method of Lowry et al.
[271.

2.6.3. Western blot analysis of TLR-4, TIMP-1, CREB

Liver portions were homogenized in radioimmunoprecipitation
assay (RIPA) buffer and protein contents were quantified using a pro-
tein assay kit (Thermo Fisher Scientific Inc., USA). The expressions of
the mentioned parameters were assessed as previously described [28]
using primary antibodies against TLR-4, TIMP-1 and CREB (Thermo
Fisher Scientific Inc., USA) in addition to B-actin antibody (Santa Cruz
Biotechnology, Santa Cruz, CA, USA). The amount of protein was
quantified by densitometric analysis of the autoradiograms using a
scanning laser densitometer (Biomed Instrument Inc., USA). Results
were expressed as arbitrary units after normalization for 3-actin protein
expression.

2.6.4. Quantitative RT-PCR analysis of high mobility group box-1 (HMGB-
1), PDE 1 & 4 isoforms and bone morphogenetic protein and activin
membrane-bound inhibitor (BAMBI) receptor

2.6.4.1. RNA extraction. Total RNA was purified from liver tissues
using RNeasy Kit (Qiagen, Valencia, CA) according to manufacturer's
instruction. RNA concentration and purity were determined
spectrophotometrically at OD 260/280nm and its integrity was
assessed by gel electrophoresis on 1% agarose gel (Invitrogen Co.
USA) stained with ethidium bromide (Sigma-Aldrich, St. Louis, MO,
USA).

2.6.4.2. Quantitative real-time PCR technique. In brief, first-strand cDNA
synthesis was performed with the SuperScript Choice System (Life
Technologies, Breda, Netherlands) according to the manufacturer's
protocol. For quantitative real-time PCR, 5 pl of first-strand cDNA was
used in a total volume of 25 pl, containing 12.5 pl 2x SYBR Green PCR
Master Mix (Applied Biosystems, Foster City, CA, USA) and 200 ng of
each primer. The sequence of the primers used was listed in Table 1.
PCR reactions consist of 95 °C for 10 min (1 cycle), 94 °C for 15s and
60 °C for 1 min (40 cycles). These reactions were performed on an ABI
Prism 7900 HT Fast Real Time PCR system (Applied Biosystems). The
mRNA levels were calculated based on the method of 2~ *4“T formula
after normalization to glyceraldehyde 3-phosphate dehydrogenase
(GADPH) [29].

Table 1
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Table 2
Effect of vinpocetine and roflumilast on DEN-induced changes of liver enzymes
and liver index in rats.

Groups ALT (U/D) AST (U/1) Liver index (%)
Normal 32.14 * 3.76 79.92 + 5.54 3.14 + 0.19
Vin 33.03 + 3.29 85.58 + 3.77 3.23 + 0.16
Rof 32.90 + 3.53 83.86 + 4.11 3.35 + 0.17
DEN 75.10 = 2.62* 159.30 + 4.12* 4.42 + 0.06*
Vin + DEN 55.01 = 1.40+* 125.50 + 2.76*% 3.67 + 0.10%
Rof + DEN 53.46 *+ 3.36*" 127.30 + 3.72+* 3.41 * 0.10*

Each value represents the mean of 5 experiments + S.E.M. Statistical analysis
was done using One way ANOVA followed by Tukey's post-hoc test. p < 0.05
vs. normal, *p < 0.05 vs. DEN. Vin: vinpocetine, Rof: roflumilast, DEN: die-
thylnitrosamine, ALT: alanine aminotransferase, AST: aspartate amino-
transferase.

2.6.5. Estimation of PDEIA and 4A activities

Based on the expression of different isoforms of PDE 1 and 4, PDE1A
and 4A displayed the highest expression in DEN model when compared
to the other isoforms. Hence, in the present work, PDEs specific enzy-
matic activities were determined using PDE1A and PDE4A assay Kkits
(BPS Bioscience Inc., San Diego, USA, Cat. # 60310; 60340, respec-
tively). Procedures were performed according to manufacturer's in-
structions and results were expressed as amount of cAMP hydrolyzed/
min/mg protein.

2.7. Statistical analysis

Data were expressed as means * standard error (SEM). Analysis of
the results was done using one-way-analysis of variance test (ANOVA)
followed by Tukey Kramer post-hoc multiple comparison's test except
gene expression of different PDEs isoforms which was done using un-
paired Student's t-test. For all statistical tests, the level of significance
was set at p < 0.05 except gene expression of different PDEs isoforms
which was estimated at different levels of significance. GraphPadPrism®
software package, version 5 (GraphPad Software, Inc., USA) was used
to carry out all statistical tests.

The primer sequence of the HMGB-1, PDE1 (A, B, C) isoforms, PDE4 (A, B, C, D) isoforms, BAMBI receptor and GADPH genes.

Parameter Primer sequence Gene bank accession number
HMGB-1 Forward primer: 5’TCAATTCTGTCACACCATGGGA3’ NM_012963.2
Reverse primer: 5’AAGCTCACGCTTTTGGGGAT3’
PDE-1A Forward primer: 5’ACCATGATTGGGTTCCATGTT3’ NM_030871
Reverse primer: 5’CAGCCAACTCTTTCCACCT3’
PDE-1B Forward primer: 5"TCCACATCCAGACCAAGTCA3’ NM_022710
Reverse primer: 5’GCAGGACATGTCTGTGGCT3’
PDE-1C Forward primer: 5’CAGCCTACCGTCTTCTCCA3’ NM_031078
Reverse primer: 5’TTCAATTGCTTCTGGTTGCTG3’
PDE-4A Forward primer: 5"GAAGACAACCGGGACTGGT3’ NM_013101
Reverse primer: 5°CCTCAGTGGTAGGCAATCC3’
PDE-4B Forward primer: 5’CCTCCGACACCTTCGTAAC3’ NM_017031
Reverse primer: 5’CCAGGTCTGTGAAGACAGC3’
PDE-4C Forward primer: 5GAAGGGCACTACCACTCCA3’ XM_001070301
Reverse primer: 5’GTGTATAGCGCACGCAAAGA3’
PDE-4D Forward primer: 5 TGGGCAGACCTCGTACATC3’ NM_017032
Reverse primer: 5’CAGTGTCTGACTCGCCATC3’
BAMBI receptor Forward primer: 5"CCATGCCCACTTTGGAATGC3’ NM_139082.3
Reverse primer: 5’TTCTGCTGCTGTCATGCTGG3’
GADPH Forward primer:5-TCCCTCAAGATTGTCAGCAATG-3’ NM_017008.3

Reverse primer:5-AGATCCACAACGGATACATTGG-3’
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Fig. 1. Effect of vinpocetine and roflumilast on DEN-
induced histological changes in liver tissues in rats
(magnification x100). (A-G) H & E staining. (A)
Normal group (B) Vin group (C) Rof group (D) DEN
group; short arrow: portal fibrosis, long arrow: no-
dules formation (E) Vin + DEN group; short arrow:
fine fibroblasts in the portal triad, long arrow: de-
generation of hepatocytes (F) Rof + DEN group. Vin:

vinpocetine, Rof: roflumilast, DEN: diethylni-
trosamine.
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Fig. 2. Effect of vinpocetine and roflumilast on DEN-induced histological changes in liver tissues in rats. (A-G) a-SMA immunostaining (magnification X 400) as a
marker for hepatic stellate cells (HSCs) activation (brown color). (A) Normal group (B) Vin group (C) Rof group (D) DEN group (E) Vin + DEN group (F) Rof + DEN
group (G) Image analysis of a-SMA immunoreactivity (% area). (H-M) Specimens stained with Masson's trichrome (magnification x 100) for estimation of liver
fibrosis (blue color). (H) Normal group (I) Vin group (J) Rof group (K) DEN group (L) Vin + DEN group (M) Rof + DEN group (N) Image analysis of % of fibrosis;
Arrows represent collagen deposition in portal triad. Each value represents the mean of 5 experiments = SEM. Statistical analysis was done using One way ANOVA
followed by Tukey's post-hoc test. p < 0.05 vs. normal, “p < 0.05 vs. DEN, ©p < 0.05 vs. Vin + DEN. Vin: vinpocetine, Rof: roflumilast, DEN: diethylnitrosamine.
(For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)

3. Results

3.1. Effect of vinpocetine and roflumilast on DEN-induced changes of liver
enzymes and liver index in rats

DEN induced liver fibrosis as manifested by significant increase in
liver index (liver weight/body weight %) indicating liver enlargement
and confirmed by the elevation of the levels of ALT and AST by 2.3 and
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1.9 times, respectively compared to the normal level (Table 2). More-
over, exposure to DEN showed strong deposition of collagen fibers in
the portal triad and around the hepatic lobules (Metavir score F3)
(Fig. 1) leading to a significant boosting in a-SMA immunoreactivity
and % of fibrosis (Fig. 2). Treatment with vinpocetine and roflumilast
succeeded to normalize liver index as well as to significantly suppress
the enzymatic levels of ALT and AST compared to DEN group (Table 2).
Furthermore, both drugs showed significant improvement in
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Fig. 3. Effect of vinpocetine and roflumilast on DEN-induced portal hyperten-
sion in rats. Each value represents the mean of 4 experiments + SEM.
Statistical analysis was done using One way ANOVA followed by Tukey's post-
hoc test. *p < 0.05 vs. normal, *p < 0.05 vs. DEN. Vin: vinpocetine, Rof: ro-
flumilast, DEN: diethylnitrosamine.

histological picture ranging from complete restoration of liver par-
enchyma to fine strands of fibroblasts between the hepatocytes (Metavir
score FO-F1) (Fig. 1) thus ameliorating fibrosis as revealed by a-SMA
expression and % of fibrosis (Fig. 2).

3.2. Effect of vinpocetine and roflumilast on DEN-induced portal
hypertension in rats

Rats treated with DEN showed a marked rise in the mean portal
pressure when compared to normal group while this elevation was
significantly ameliorated in vinpocetine- and roflumilast-treated groups
(Fig. 3).

3.3. Effect of vinpocetine and roflumilast on DEN-induced changes of
hepatic HMGB-1 mRNA expression and TLR-4 protein expression in rats

As an evidence of liver injury, treatment with DEN boosted the gene
expression of HMGB-1 ten times the normal value which in turn led to
sevenfold increase in TLR-4 protein expression. Treatment with vin-
pocetine and roflumilast significantly decreased gene expression of
HMGB-1 compared to DEN-treated group where roflumilast sig-
nificantly reduced TLR-4 protein expression to a greater extent than
that observed with vinpocetine (Fig. 4).

3.4. Effect of vinpocetine and roflumilast on DEN-induced changes of
hepatic inflammatory mediators in rats

Liver contents of NF-xB and TNF-a were elevated by 1.5 fold
whereas the protein expression of TIMP-1 showed 10 fold increment
upon the administration of DEN. Vinpocetine treatment significantly
reduced the rise in the aforementioned parameters whereas treatment
with roflumilast normalized NF-«xB and TNF-a contents and mitigated
TIMP-1 protein expression when compared to vinpocetine group
(Fig. 5).
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Fig. 4. Effect of vinpocetine and roflumilast on DEN-induced changes of hepatic
protein expression of (A) TLR4 and gene expression of (B) HMGB-1 in rats. Each
value represents the mean of 5 experiments = SEM. Statistical analysis was
done using One way ANOVA followed by Tukey's post-hoc test. *p < 0.05 vs.
normal, “p < 0.05 vs. DEN, ®p < 0.05 vs. Vin + DEN. Vin: vinpocetine, Rof:
roflumilast, DEN: diethylnitrosamine.

3.5. Effect of vinpocetine and roflumilast on DEN-induced changes of
hepatic fibrogenic markers in rats

DEN-treated group demonstrated significant liver fibrosis as evi-
denced by markedly elevated liver contents of TGF-B1 and hydro-
xyproline in addition to significantly downregulated BAMBI receptor
gene expression. Administration of either vinpocetine or roflumilast
ameliorated these changes where vinpocetine significantly diminished
the increments in TGF-f1 and hydroxyproline contents and sig-
nificantly up-regulated the expression of BAMBI receptor. On the other
hand, roflumilast succeeded to normalize TGF-f1 and hydroxyproline
hepatic contents and displayed a greater restoration of the expression of
the BAMBI receptor compared to vinpocetine group (Fig. 6).
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Fig. 5. Effect of vinpocetine and roflumilast on DEN-induced changes in hepatic
contents of (A) NF-kB and (B) TNF-a as well as the protein expression of (C)
TIMP-1 in rats. Each value represents the mean of 5 experiments = SEM.
Statistical analysis was done using One way ANOVA followed by Tukey's post-
hoc test. *p < 0.05 vs. normal, “p < 0.05 vs. DEN, ©p < 0.05 vs. Vin + DEN.
Vin: vinpocetine, Rof: roflumilast, DEN: diethylnitrosamine.

3.6. Effect of vinpocetine and roflumilast on DEN-induced changes of
hepatic PDE1 and PDE4 enzymes in rats

Based on the estimation of expression of different isoforms of PDE 1
(A, B, C) and PDE 4 (A, B, C, D), PDE1A and 4A displayed the highest
expression in DEN model when compared to the other isoforms in-
dicating their significant role in hepatic fibrosis. Interestingly, their
enzymatic activities were also increased to 3.5 (PDE1A) and 4.5
(PDE4A) times the normal values, respectively in DEN group.
Treatment with vinpocetine significantly inhibited the activity of
PDE1A without affecting that of PDE4A confirming the specificity of
vinpocetine as a PDE1 inhibitor. While upon the administration of ro-
flumilast, it solely inhibited PDE4A activity as being a selective PDE4
inhibitor (Fig. 7).

3.7. Effect of vinpocetine and roflumilast on DEN-induced changes of
hepatic cAMP content and CREB protein expression in rats

As a consequence of the elevation in PDEs expressions and activities,
hepatic cAMP content as well as CREB protein expression were reduced
upon the administration of DEN. Accordingly, the administration of
vinpocetine showed a significant rise in cAMP content and CREB pro-
tein expression due to the inhibition of PDE1 activity. The same effect
was demonstrated, but in a superior manner, using roflumilast based on
its inhibitory effect on PDE4 activity (Fig. 8).

4. Discussion

Liver fibrosis is a major health concern that could threaten or even
end the patient's life. Efforts done to discover a treatment for hepatic
fibrosis would decrease liver-related mortality rate. In the current
study, DEN was used to induce liver fibrosis. DEN is an experimental
model of chemically-induced hepatic fibrosis that depends on the
generation of a chemical substance named nitrosamine. This model
resembles, to a certain extent, the way humans can experience liver
fibrosis due to the common presence of nitrosamine in tobacco smoke,
polluted water, processed meat, soybean, cheese and a wide variety of
products that contain nitrites as a preservative [5,6]. DEN is known to
induce oxidative stress [30,31] which produces liver injury and da-
mages the liver matrix leading to the generation of the danger signals,
damage associated molecular patterns (DAMPs), one of which is HMGB-
1 as demonstrated in our study. HMGB-1 has the ability to induce HSC
proliferation and subsequently a-SMA expression [32] which matches
our results. HSCs, when activated, express receptors for recognizing and
signaling TLR4 thus linking DAMPs and TLR4 signaling [33].

The expression of TLR4 plays a crucial role in HSCs activation, in-
flammation and fibrogenesis in the context of chronic liver injury
[34,35]. In the present study, DEN-induced hepatic fibrosis was evi-
denced by the elevated levels of plasma ALT and AST [6,7,21,36] which
was further confirmed by the histological findings revealing several
features deviating from the normal picture. These changes included
portal fibrosis with bridging of fibroblasts between the hepatic lobules
and nodules formation. These results are in agreement with previous
studies [37,38]. The histological changes were reflected by the mea-
sured portal pressure which could be related to TLR4 mediated fi-
bronectin production from HSCs which prompts liver sinusoidal en-
dothelial cells to induce portal hypertension [39,40]. Furthermore, the
activation of HSCs, the chief executor of fibrosis, was accompanied by a
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Fig. 6. Effect of vinpocetine and roflumilast on DEN-induced changes in hepatic
contents of (A) hydroxyproline and (B) TGF-B1 besides the gene expression of
(C) BAMBI receptor in rats. Each value represents the mean of 5
experiments + SEM. Statistical analysis was done using One way ANOVA
followed by Tukey's post-hoc test. p < 0.05 vs. normal, *p < 0.05 vs. DEN,
@ < 0.05 vs. Vin + DEN. Vin: vinpocetine, Rof: roflumilast, DEN: diethylni-
trosamine.

rise in hydroxyproline content, increased expression of a-SMA im-
munohistochemically and marked appearance of collagen fibers in the
histological examination. These results were in accordance with the
work done in a previous model of hepatic and renal toxicities in rats
[41]. In addition, DEN-induced TLR4 activation was associated with an
increase in the inflammatory markers (NF-xB and TNF-a) as well as the
protein expression of TIMP-1 which comply with the previous reports
[42-44]. The inflammatory cascade has been reported to be mediated
through the dissociation of NF-xB from IkB through the phosphoryla-
tion of the latter by the TLR4-mediated activation of the IkB kinase
(IKK) complex [45-47]. By turn, NF-xB promotes the transcription of
pro-inflammatory cytokines such as TNF-a [48,49].

TNF-a has pleiotropic effects through itself and its receptor TNFR1.
The production of TNF-a induces HSCs matrix metalloproteinases and
TIMP-1 expression [50]. Additionally, Pradere et al. [51] suggested the
contribution of TNF-a in the survival of activated HSC through NF-xB
dependent mechanism. Studies done on different fibrogenic models also
showed the chief involvement of TNFR1 in the progression of liver fi-
brosis [52,53]. Completing the inflammatory-fibrogenic loop initiated
by TLR4 activation, reduction in the expression of BAMBI receptors and
elevation of TGF-f1 content were shown in the present study. TLR4
exerts a pro-fibrogenic activity through intensifying the effect of TGF-f3
by down-regulating TGF-f pseudoreceptor, BAMBI [54,55]. Moreover,
Seki et al. [55] reported the ability of NF-kB to aid in TGF-B-activation
of HSCs.

In the current study, the expressions PDE1 and 4 enzymes were up-
regulated in DEN group although PDE4 expression surpassed PDE1
isoform supporting the evidence of PDE4 critical involvement in hepatic
fibrosis [56]. As a consequence, the hepatic cAMP content and CREB
protein expression were significantly reduced matching former studies
documented in different experimental models [17,57]. Interestingly,
our study focused on these two enzymes namely; PDE1 and PDE4 which
are known to be upregulated in various fibrogenic models [17,58,59].
Their inhibition showed promising results through elevating cAMP le-
vels which suppress collagen synthesis and fibroblast activation
[17,58,59]. Treatment with vinpocetine (PDE1 inhibitor) or roflumilast
(PDE4 inhibitor) demonstrated a significant reduction in PDE1 or PDE4
activity, respectively thus preventing the degradation of cAMP and
elevating CREB protein expression through activation of PKA and
phosphorylation of CREB protein turning it to the active form [57].
Hence, we conducted the current experiment to study their roles in
treating liver fibrosis and to address their therapeutic mechanisms by
virtue of their capabilities of elevating the cAMP level and connecting
this elevation to TLR4 inflammatory and fibrogenic pathways.

Concerning the inflammatory aspect, vinpocetine and roflumilast
showed a reduction in protein expression of TLR4 and its downstream
inflammatory signals; NF-kB and TNF-a. Previous studies documented
that elevation of cAMP-PKA axis inhibited TLR4 inflammatory response
by suppressing TNF-a level and boosting IL-10 one [60,61]. This effect
could be attributed to modulation of NF-xB transcriptional activity
through PKA direct and indirect mechanisms [61]. PKA directly sup-
pressed NF-kB through inhibiting phosphorylation of p65 subunit or
stabilizing IkB [62] and indirectly by increasing CREB phosphorylation,
as demonstrated herein, which would decrease NF-xB activation [63]
thus damping off cytokines transcription such as TNF-a. On the pre-
vention of TNF-a production, TIMP-1 expression was suppressed [50]
as shown by our treatments. However, in particular, vinpocetine
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presented its inhibitory effect on NF-kB-induced inflammation not only
through affecting cAMP level but also via IKK-dependent mechanism
[64].

Connecting the inflammatory side to the fibrogenic one, vinpocetine
and roflumilast treatments showed elevated hepatic expression of
BAMBI receptor, decreased content of TGF-1 and subsequently HSCs
activation as indicated by reduced a-SMA expression and hydroxypro-
line content. TLR4 inhibition has previously shown to prevent the
down-regulation of BAMBI receptor thus abating the elevation of TGF-
B1 and subsequently TGF-fl-mediated HSCs activation [55,65].
Moreover, the elevated cAMP level was shown to reduce TGF-p1-sti-
mulated a-SMA expression in rat cardiac fibroblast [66]. In the present
study, the amelioration of the inflammatory and fibrogenic parameters
by PDE inhibitors was reflected by the histopathological restoration of
liver parenchyma and decrease in collagen deposition as well as the
reduction in portal pressure.

Interestingly, PDE4 inhibition displayed better results in the current
study that could be clarified based on two reasons. First, PDE4 ex-
pression exceeded PDE1 in DEN group which was reflected by a further
increase in cAMP level upon use of roflumilast rather than vinpocetine
giving the former an advantage. Second, PDE1 hydrolyzes not only
cAMP but also cGMP and with a higher affinity [67]. The increased
c¢GMP level was previously revealed to induce TGF-B1 production and
collagen synthesis [68]. Accordingly, the elevation of ¢cGMP could
counteract in part the beneficial effect of cAMP stimulated by vinpo-
cetine administration.

5. Conclusion

Our present work indicates the significance of PDE1 and PDE4
overexpression as a crucial pathogenic factor in the context of liver fi-
brosis. Thus, the administration of vinpocetine (PDE1 inhibitor) or ro-
flumilast (PDE4 inhibitor) offered an efficient treatment in liver fibrosis
induced by DEN as evidenced by the amelioration of histological and
biochemical parameters. The therapeutic mechanisms of our drugs
could be related to enhancing cAMP and CREB levels thus affecting the
induced fibrosis through modulating TLR4 inflammatory and fibrogenic
pathways. Therefore, PDE inhibitors may propose a new therapeutic
perspective in the management of liver fibrosis.
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