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We investigated the effects of obstructive cholestasis in different hepatic lobes by evaluating asymmetric dimethylarginine (ADMA)
(a nitric oxide synthase inhibitor), protein methyltransferase (PRMT) and dimethylarginine dimethylaminohydrolase (DDAH)
(enzymes involved, resp., in its synthesis and degradation), the cationic transporter (CAT), and metalloproteinase (MMP) activity.
Sixteen male Wistar rats underwent a 3-day cholestasis by common bile duct ligation (BDL) or sham operation. Blood samples
and hepatic biopsies from left lobe (LL), median lobe (ML), and right lobe (RL) were collected. Serum hepatic enzymes, tissue
ADMA,DDAH activity, CAT-2 protein, mRNA expression of DDAH and PRMT, andMMP-2 andMMP-9 activity weremonitored.
Cholestasis was confirmed by altered serum hepatic enzymes. Higher levels of tissue ADMA were detected in RL and ML as
compared with LL. PRMT mRNA expression and DDAH activity did not differ among the lobes after BDL. CAT-2 levels are
higher in the RL and ML in the sham-operated group. Higher activity in MMP-2 and MMP-9 was found in RL. In conclusion,
after cholestasis an increase in hepatic ADMA in RL and ML was detected as well as tissue MMP-2 and MMP-9 activation in RL,
supporting the evidence of functional heterogeneity among the liver lobes also occurring in an obstructive cholestasis model.

1. Introduction

Cholestasis, an impairment in bile formation that occurs in
a wide variety of human liver diseases [1], is characterized
by retention of bile salts which is associated with enhanced
generation of reactive oxygen/nitrogen species and oxidative
stress [2]. Experimental and clinical studies have beenmainly
focused on the cellular alterations taking place in an indi-
vidual lobe, whereas no data are available on the changes
affecting all the hepatic lobes evaluated simultaneously.
There is increasing evidence of the functional heterogeneity
between the individual liver lobes that revealed a striking and
yet unexplained inter- and intralobular variability of acute
hepatic necrosis as shown fromheterogeneous damage distri-
bution within a single lobe or among different lobes. Several
studies reported marked lobe variation in the extent and

distribution of tissue injury during chemical carcinogenesis
[3], acetaminophen hepatotoxicity [4], copper distribution
[5] and cirrhosis [6], and ischemia/reperfusion (I/R) [7].
One possible explanation may be associated with the distri-
bution of the liver vascular system: there is an incomplete
mixing of blood coming from the gastrointestinal tract and
spleen, leading to variation in the delivery of nutrients and
toxins to the liver lobes. For example, venous portal blood
draining the stomach and the spleen tends to be directed
to the left side of the liver. Another possible mechanism
that may play a central role in such hepatic variability is a
different lobar gradient of gene expression profiles [8] as for
acetaminophen hepatotoxicity, that is, a situation in which
the variability of lobar damage has been correlated with
different regional gene expression [9]. Lobe heterogeneity in
matrix metalloproteinases (MMPs) activation, a large family
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of calcium-dependent-zinc-containing endopeptidases, has
been recently found in I/R injury [7].

Recent studies reported that in an experimental BDL
model serum changes in asymmetric dimethylarginine
(ADMA), an endogenous inhibitor of nitric oxide synthase
(NOS) enzyme, occur [10]. ADMA synthesis involves intra-
cellular enzymes termed protein methyltransferase (PRMT)
while its metabolic degradation occurs by dimethylarginine
dimethylaminohydrolase (DDAH), an enzyme that is widely
distributed in rats and humans, but, in particular, in the liver,
kidney, and pancreas [11, 12]. Nijveldt et al. provide a detailed
insight into the liver’s handling of dimethylarginine, showing
how it plays a crucial role in the metabolism of ADMA, with
DDAH [13]: studies of gene silencing or deletion in rodents
have led to the conclusion that plasma levels of ADMA are
regulated by DDAH-1 isoform, whereas the predominant
importance of DDAH-2 lies in preserving the endothelial
function [14].MembraneADMA transport occurs by cationic
amino-acid transporters (CATs): liver abundantly expresses
CATs, especially CAT-2A and CAT-2B, suggesting a higher
uptake of ADMA in this organ as compared with heart, lung,
and kidney [15].

The aim of the present study was therefore to investigate
whether obstructive cholestasis does separately affect the
function of left, median, and right liver lobes via modulation
of ADMA levels, DDAH activity, mRNA expression of PMRT
and DDAH, and protein CAT levels.The concomitantMMPs
activity was also detected in all the hepatic lobes to evaluate
the early ECM remodeling, since the rat model of BDL is also
used to study the hepatic fibrosis [16].

2. Material and Methods

2.1. Animals. The use of animals in this experimental study
was approved by the National Institute for Research, and the
animals were cared for according to its guidelines. Sixteen
male Wistar rats (250–300 g, Harlan-Nossan, Italy) with free
access to water and food were used.

2.2.Materials. All reagentswere of the highest grade of purity
available and were obtained from local suppliers.

2.3. Obstructive Cholestasis Procedure. The abdomen was
opened by a median incision in pentobarbital anesthetized
rats (50mg/kg) and the common bile duct was double-
ligated and cut between the ligatures (BDL) (𝑛 = 8). Sham-
operated control animals (𝑛 = 8) had similar manipulation
but not bile duct ligation and were kept under anesthesia
for an equal length of time. After 72 hours, blood samples
were collected and immediately centrifuged to isolate serum.
Hepatic biopsies from left lobe (LL), median lobe (ML), and
right lobe (RL) (Figure 1) were collected and snap-frozen in
liquid nitrogen.

2.4. Assays. Liver injury was assessed by serum levels of
alanine transaminase (ALT), aspartate transaminase (AST),
alkaline phosphatase (AP), and total and direct bilirubin
by an automated Hitachi 747 analyser (Roche/Hitachi, Indi-
anapolis, IN, USA). ADMA levels in plasma and tissue were
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Figure 1: Graphic (schematic) representation of hepatic lobes in
Sprague-Dawley rats: median lobe (ML), left lobe (LL), and right
lobe (RL).

evaluated by direct ELISA kit according to themanufacturing
procedure (Immundiagnostik AG, Germany).

DDAHactivity was evaluated using themethod proposed
by Tain and Baylis [17]. Tissue samples were homogenized
in cold phosphate buffer 100mM, pH 6.5; urease (100U/mL)
was added and samples were incubated at 37∘C for 15minutes;
ADMA 1mM in phosphate buffer was added (final ADMA
concentration: 0.8mM) and samples were incubated at 37∘C
for 60 minutes; the reaction was stopped by mixing 1 : 1 with
4% sulfosalicylic acid and samples were centrifuged for 10󸀠 at
3000 g. Finally, the supernatants were assayed for citrulline
as follows: Solution A (diacetyl monoxime 80mM, thiosemi-
carbazide 2mM) and Solution B (H

2
PO
4
3M, H

2
SO
4
6M,

NH
4
Fe(SO

4
)
2
1.75mM)were prepared,mixed 1 : 3, and added

1 : 1 to the samples. Samples were incubated at 60∘C for
110min and read spectrophotometrically at 528 nm against
citrulline standards.

CAT-2 protein expression was evaluated by Rat CAT-2
ELISA kit (Cusabio,Wuhan University Science Park,Wuhan,
China).

The extent of lipid peroxidation in terms of thiobarbituric
acid reactive substances (TBARS) formation was measured
according to the method of Esterbauer and Cheeseman [18].
TBARS concentrations were calculated using malondialde-
hyde (MDA) as standard.

2.5. Quantitative Real-Time PCR Analysis of Liver. DDAH-1
and PRMT mRNA were analysed by a real-time polymerase
chain reaction (RT-PCR): total RNA was isolated from the
liver samples with Trizol reagent according to the method of
Chomczynski and Mackey [19]. RNA was quantified by mea-
suring the absorbance at 260/280 nm. cDNA was generated
using the iScript cDNA Synthesis kit (BIO-RAD) according
to the supplier’s instructions. Gene expression was analyzed
using the SSO Advanced Sybr Green Supermix (BIO-RAD).
In regard to housekeeping, ubiquitin C (UBC) gene and glyc-
eraldehyde 3-phosphate dehydrogenase (GAPDH) gene were
used (Table 1). DDAH-1, PRMT, UBC, and GAPDH gene
amplification efficiency was 92,8%, 93,5%, 98,6%, and 97,4%,
respectively, in a cDNA concentration range of 10–0,1 ng/𝜇L.
The expression of the housekeeping gene remained constant
in all the experimental groups considered. The amplification
was performed through two-step cycling (95–60∘C) for 40
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Table 1: List of forward and reverse primers used in experiments.

Gene Sequence
Rat
DDAH-1

Forward CAA CGA GGT CCT GAG ATC TTG GC
Reverse GCA TCA GTA GAT GGT CCT TGA GC

Rat
PRMT

Forward TGC TGC ACG CTC GTG ACA AGT
Reverse TCC ACC ACG TCC ACC AGG GG

Rat UBC Forward CAC CAA GAA CGT CAA ACA GGA A
Reverse AAG ACA CCT CCC CAT CAA ACC

Rat
GAPDH

Forward AAC CTG CCA AGT ATG ATG AC
Reverse GGA GTT GCT GTT GAA GTC GTC A

cycles in a CFX Connect RT-PCR Detection System (BIO-
RAD) following the supplier’s instructions. All samples were
assayed in triplicate. Gene expression was calculated using
theΔCtmethod. Comparison between groups was calculated
using the ΔΔCt method.

2.6. Tissue Sources for MMPs Analysis. After sacrifice hepatic
lobes were quickly excised and placed in cold (4∘C) buffer
(30mM Histidine, 250mM sucrose, 2mM EDTA, pH 7.2)
to remove blood. Liver was weighed and subsequently cut,
frozen in liquid nitrogen, and stored at −80∘C until use.

2.7. Hepatic MMPs Extraction and Zymography. Hepatic
MMPs were extracted by homogenisation (IKA-ULTRA
TURRAX T10) of frozen liver tissue, in an ice-cold extraction
buffer (1 : 10 wt/vol) containing 1% Triton X-100, 500mmol/L
Tris-HCl, 200mmol/L NaCl, and 10mmol/L CaCl

2
, pH

7.6 [16]. The homogenate was then centrifuged (30min at
12.000 rpm at 4∘C) and the protein concentration of the
supernatant was measured with the colorimetric Lowry
method [20]. Samples were stored at −20∘C before use.
In order to detect MMPs activity present in the samples,
the homogenate protein content was normalized by a final
concentration of 400𝜇g/mL in sample loading buffer (0.25M
Tris-HCl, 4% sucrose w/v, 10% SDS w/v, and 0.1% bromphe-
nol blue w/v, pH 6.8). After dilution the samples were loaded
onto electrophoretic gels (SDS-PAGE) containing 1mg/mL
of gelatin under nonreducing conditions [21] followed by
zymography as described previously [22]. The zymograms
were analyzed by densitometer (GS 710 Densitomer BIO-
RAD, Hercules, CA, USA) and data were expressed as optical
density (OD), reported to 1mg/mL protein content.

2.8. Statistical Analysis. Results are expressed asmean± stan-
dard error. Comparisons between groups were performed
by unpaired t-test. When data distribution was not normal
according to the Kolgonorov-Smrna test, Mann-Whitney test
was used. Biochemical parameters were also analyzed by one-
way ANOVA and where necessary by Kruskall-Wallis Test.

All statistical procedures were performed using the Med-
Calc statistical software package (11.6.0.0 version). A value of
𝑃 < 0.05 was considered significant.

Table 2: Serum enzymes and total and direct bilirubin levels in 3-
day BDL and sham-operated rats.

Sham BDL
AST (mU/mL) 87,2 ± 8,3 647,7 ± 105∗

ALT (mU/mL) 35,1 ± 2,5 308,3 ± 45∗

Alcaline phosphatase (mU/mL) 264,5 ± 15 333,8 ± 33∗

Total bilirubin (mg/dL) 0,08 ± 0,02 8,8 ± 0,13∗

Direct bilirubin (mg/dL) 0,05 ± 0,01 7,04 ± 0,1∗
∗

𝑃 < 0, 05. These are the mean results of 8 different experiments ± S.E.
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Figure 2: Hepatic levels of ADMA after 3-day BDL. Livers were
submitted to BDL and left lobe (LL), median lobe (ML), and
right lobe (RL) were collected. Sham-operated control animals had
similar manipulation without bile duct occlusion. The results are
reported as the mean ± S.E. of 8 different experiments.

3. Results

3.1. Liver Injury. We used an established in vivo model of
obstructive extrahepatic cholestasis which was confirmed
by increase in serum enzymes: AST, ALT, and AP were
higher in animals submitted to BDL as compared with the
sham-operated group (control) (Table 2). Total and direct
bilirubin concentrations were marked increased after BDL as
compared with sham-operated rats (Table 2).

3.2. Tissue and SerumADMALevels. Thehepatic ADMAwas
comparable among lobes of sham-operated rats, while after 3-
day BDL, tissue ADMA levels were significantly higher in RL
and ML as compared with LL (Figure 2).

No changes in serum ADMA after BDL were detected
as compared with sham-operated group (0,88± 0,06 versus
0,87± 0,02 nmol/mL, 𝑃 ≤ 0,49, resp.)

3.3. DDAH Expression and Activity. As reported in
Figure 3(a), tissue DDAH-1 expression significantly increases
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Figure 3: Tissue expression and activity of DDAH after 3-day BDL. Livers were submitted to BDL and left lobe (LL), median lobe (ML), and
right lobe (RL) were collected. Sham-operated control animals had similar manipulation without bile duct occlusion.The results are reported
as the mean ± S.E. of 8 different experiments.
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Figure 4: Hepatic levels of MDA after 3-day BDL. Livers were
submitted to BDL and left lobe (LL), median lobe (ML), and
right lobe (RL) were collected. Sham-operated control animals had
similar manipulation without bile duct occlusion. The results are
reported as the mean ± S.E. of 8 different experiments.

in all tree lobes after 72-hour BDL as compared with the
lobes, respectively, obtained from sham-operated group.
No increase in DDAH activity was observed in RL, ML,
and LL (Figure 3(b)). An explanation could be obtained
by comparing the MDA levels detected in all tree lobes
after BDL (Figure 4): higher oxidative stress was found as
compared with the sham-operated group and this result

is probably associated with a decrease in DDAH enzyme
activity particularly susceptible to free radicals [23].

No difference in both DDAH expression and activ-
ity among the lobes was found in sham-operated group
(Figure 3).

Of note, the analysis of MDA levels in sham-operated
group confirms our previous published data in which RL
showed lower levels of MDA as compared with LL [7].

3.4. Protein Methyltransferase (PRMT) Expression. For eval-
uating the enzyme involved in the ADMA synthesis, the
PRMT expression was detected after 72-hour BDL: signifi-
cantly higher expression was found in all liver lobes when
compared with the respective lobes from sham-operated
group (Figure 5). No difference in PRMT expression among
the lobes was found in sham-operated group or in BDL group
(Figure 5).

3.5. Cationic Amino-Acid Transporters-2 (CAT-2) Protein.
ADMA interferes with NO synthesis by competing with
arginine and symmetric dimethylarginine (SDMA); the latter
is not biologically active, for cellular transport across CAT. In
sham-operated animals, higher levels of CAT-2 were found
in RL andML lobes as compared with LL (Figure 6).The iso-
form CAT-2, particularly expressed in the liver, significantly
decreases in RL and ML after BDL as compared with the
respective sham-operated group (Figure 6).

3.6. Gelatinolytic Activity. Gelatinase-A (MMP-2) and gelat-
inase-B (MMP-9) activities were evaluated in order to
investigate the degree of MMP-induced hepatic extracellular
matrix degradation after BDL and its variability among the
different lobes. Both BDL and sham-operated groups showed
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Figure 5: Tissue expression of PRMT after 3-day BDL. Livers
were submitted to BDL and left lobe (LL), median lobe (ML), and
right lobe (RL) were collected. Sham-operated control animals had
similar manipulation without bile duct occlusion. The results are
reported as the mean ± S.E. of 8 different experiments.
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Figure 6: Hepatic CAT-2 protein after 3-day BDL. Livers were
submitted to BDL and left lobe (LL), median lobe (ML), and
right lobe (RL) were collected. Sham-operated control animals had
similar manipulation without bile duct occlusion. The results are
reported as the mean ± S.E. of 8 different experiments.

detectable MMP-2 and MMP-9 activities. After 72 hours
activities of MMP-2 increased significantly in BDL left and
right lobes, but not in median lobe, as compared with the
respective sham-operated group (Figure 7(a)). Interestingly,
the RL obtained from sham-operated or BDL group showed

higher levels of MMP-2 as compared with the respective ML
and LL.

For MMP-9 significant differences were noted between
BDL and sham-operated groups only in right lobe
(Figure 7(b)). After BDL, the MMP-9 activity of RL was
higher when compared with ML and LL.

4. Discussion

These results support previous data on the lobar functional
heterogeneity of the liver: we found that, under the reported
BLD conditions, the right and median lobes exhibit an
increase in tissue ADMA concomitant with a marked CAT-
2 decrease. After 3-day BDL, an activation of MMP-2 and
MMP-9 occurs mainly in RL.

4.1. Lobe ADMA Heterogeneity after BDL. Recent studies
reported an increase in serum ADMA levels evaluated 2
weeks after BDL [10, 24]; in the present work we evaluated
what happened in a period close to the induction of damage.
No increase in serum ADMA levels was found and it is
reasonably connected with the period of occlusion: before
obtaining an increase in serum, a tissue increase of ADMA
occurs in the days immediately after BDL as reported in this
study. In addition, to the best of our knowledge, this is the
first evidence showing that ADMA is significantly higher in
the right and median lobes as compared with the left lobe.
In Wistar rats, the right and the caudate lobes represent a
functional unit that differs from the middle and the left lobes
in terms of protein synthesis [25]. On the other hand, it is
also known that each lobe is organized into 3-dimensional
vascular unit [26]. Moreover, while the left lobe has only one
primary portal branch, the median lobe appears to have two
portal branches [27]. The published data support the present
finding on the hepatic lobe functionality in response to dif-
ferent pathological situation such as obstructive cholestasis.

To explain the hepatic ADMA increase in RL and ML,
we evaluated the lobe heterogeneity of PRMT expression
and no difference was detected among the lobes after BDL.
The increase in DDAH mRNA expression after BDL was not
found in the DDAH activity in RL, ML, and LL: as DDAH is
highly oxidative sensitive enzyme, oxidative stress that occurs
after BDL may inhibit DDAH activity as previously reported
[23].The heterogeneity of tissue ADMA concentration found
after BDL is probably associated with the CAT-2 levels: these
transporters were higher in the RL and ML in the sham-
operated controls as compared with the LL; after BDL, a
CAT-2 decrease was particularly evident in RL and ML
when compared with the respective sham-operated groups.
Previous papers reported that in obstructive cholestasis a
downregulation of cationic transporter and its impairment
occurs in rat liver already after 3-day BDL [28]. A decrease
in CAT-2 transporters associated with an increase in tissue
ADMA was also described in 2-week BDL [10]. CAT-2 is
involved in both the cellular release and uptake of ADMAand
the limitation in ADMA exchange could be the mechanism
responsible for tissue ADMA concentration [29]. Further-
more, in humans the hepatic expression of the cationic drug
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Figure 7: Bar graphs of hepatic MMP-2 (a) and MMP-9 (b) activity and gelatin zymography (c) after 3-day BDL. Livers were submitted to
BDL and left lobe (LL), median lobe (ML), and right lobe (RL) were collected. Sham-operated control animals had similar manipulation
without bile duct occlusion. Gelatinase activity of MMP-2 and MMP-9 is expressed as optical density (OD) for mm2, reported to 1mg/mL
protein content. Data are shown as mean values ± ES. (c) Representative gelatin zymography in homogenized liver tissue. Lanes 1: purified
MMP-2 and MMP-9 proenzyme; lanes 2, 3, and 4: tissue samples of left (L), median (M), and right (R) sham-operated rats; lanes 5, 6, and 7:
tissue samples of left (L), median (M), and right (R) BDL rats.

uptake transporters in Caucasians is significantly affected by
cholestasis [30].

The mechanism involved in this interlobe variation is
largely unknown, although factors such as portal streamlin-
ing of blood to the liver [27] and differences in the metabolic
capacity of each lobe have been proposed to explain the
heterogeneous liver lobe response [31]. A variation in biliary
drainage of the liver lobes could be also considered as specific
event connected with the hepatic lobe heterogeneity [32].

4.2. Lobe MMPs Heterogeneity after BDL. Our results show
marked alteration in gelatinases activity after BDL and show
that this increase takes place in the first days after BDLmainly
in the right lobe. The rat model of BDL is also used to study
the hepatic fibrosis, a condition that results in loss of normal
liver function due to changes of extracellular matrix (ECM)
component [16]. It is important to emphasize that fibrosis
progression is dynamic and constitutes both formation and
degradation of ECM,which becomes imbalanced during liver
disease [33–35]. During this remodeling process endopepti-
dases such as MMP-2 and MMP-9 are upregulated and are
able to degrade excessive ECM.

Recent works support the crucial role of the analysis of
the MMPs activation not only after 1-2 weeks after BDL but

also after few days of occlusion [36, 37]. We confirm in rats
the previous results in mice because we also observed an
increase inMMP-2 andMMP-9 that in our conditions occurs
significantly in RL than in ML and LL.

We previously reported a lobe-specific heterogeneity in
MMP activation observed in a model of partial I/R injury:
higher levels of MMP-2 and MMP-9 were detected also
in nonischemic lobe (RL); in addition the MMP content
was higher in RL of sham-operated group as compared
with LL [7]. The MMP changes found in RL after I/R were
oxidative-stress-independent and in the present work, using
a BDL model, again this event appears to be oxidative-stress-
independent. Based on this data it can be assumed that these
markers reflect the early dynamics of fibrogenesis which
would seem to start from the right lobe. Thus, they could
be related to disease activity and may potentially also carry
prognostic information.

The lobular heterogeneity seen in this cholestatic rat
model was also found in other animal models of liver
disease such as acetaminophen hepatotoxicity [9], cirrhosis
[6], and I/R [7]. Although no data on lobular heterogeneity
in human cholestatic liver diseases were reported, hepatic
lobar differences have been described in subjects [38–41]. Of
note, the human liver heterogeneity was documented in the
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progression of chronic disease: a proliferation of fibrosis was
slower in left lobe than in the right [38].

In conclusion, these data indicate that different events
occur in the different hepatic lobes after BDL injury. We
reported, for the first time, that tissue ADMA increases in
RL and ML with a CAT-2-dependent mechanism; this event
is concomitant with a parallel MMP upregulation mainly
in RL. In addition, the previously described lobe-specific
heterogeneity has been confirmed and supported by the
present study. Such elucidation of the hepatic heterogeneity
may be useful in several clinical situations and it could help
provide rational strategies for the treatment of cholestatic
liver disorders.
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