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Liver diseases, including cirrhosis, viral hepatitis, and hepatocellular carcinoma, account for approximately two million annual
deaths worldwide. They place a huge burden on the global healthcare systems, compelling researchers to find effective
treatment for liver fibrosis-cirrhosis. Portacaval anastomosis (PCA) is a model of liver damage and fibrosis. Arginine
vasopressin (AVP) has been implicated as a proinflammatory-profibrotic hormone. In rats, neurointermediate pituitary
lobectomy (NIL) induces a permanent drop (80%) in AVP serum levels. We hypothesized that AVP deficiency (NIL-induced)
may decrease liver damage and fibrosis in a rat PCA model. Male Wistar rats were divided into intact control (IC), NIL, PCA,
and PCA+NIL groups. Liver function tests, liver gene relative expressions (IL-1, IL-10, TGF-β, COLL-I, MMP-9, and MMP-
13), and histopathological assessments were performed. In comparison with those in the IC and PCA groups, bilirubin, protein
serum, and liver glycogen levels were restored in the PCA+NIL group. NIL in the PCA animals also decreased the gene
expression levels of IL-1 and COLL-I, while increasing those of IL-10, TGF-β, and MMP-13. Histopathology of this group also
showed significantly decreased signs of liver damage with lower extent of collagen deposition and fibrosis. Low AVP serum
levels were not enough to fully activate the AVP receptors resulting in the decreased activation of cell signaling pathways
associated with proinflammatory-profibrotic responses, while activating cell molecular signaling pathways associated with an
anti-inflammatory-fibrotic state. Thus, partial reversion of liver damage and fibrosis was observed. The study supports the
crucial role of AVP in the inflammatory-fibrotic processes and maintenance of immune competence. The success of the AVP
deficiency strategy suggests that blocking AVP receptors may be therapeutically useful to treat inflammatory-fibrotic liver diseases.

1. Introduction

Liver diseases (e.g., cirrhosis, viral hepatitis, and hepatocellu-
lar carcinoma) create an enormous burden on the global
healthcare system, accounting for approximately two million
deaths per year. In Mexico, it is the third leading cause of
death in men and seventh in women [1]. Currently, research
into new treatments for liver diseases is of great importance.

Liver disease and fibrosis are the result of chronic inflamma-
tory processes, which are independent of its etiology (e.g.,
drugs, alcohol history, hepatitis virus B and C, obesity, and
autoimmunity). Liver inflammation and fibrosis are initiated
in response to permanent liver damage with excessive
accumulation of collagen overdegradation [2–5]. During
the initial stage, liver damage induces the release of proin-
flammatory cytokines like IL-1, TNF-α, and IL-8 [2, 3, 6]. If
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the liver damage persists, the inflammatory response
includes infiltration of lymphocytes, plasma cells, polymor-
phonuclear cells, histiocytes, fibroblast, and development of
regeneration nodules, vascular distortion, and fibrosis [3].
During persistent inflammation, the hepatic stellate cells
(HSCs) are activated by different kind of factors: cytokines
(IL-1, TNF-α, and IL-8), growth factors (TGF-β, PDGF,
and ET-1), and factors from the endothelial cells, Kupffer’s
cells, hepatocytes, and platelets. All these factors induce
differentiation of HSCs into myofibroblasts with properties
such as proliferation, contraction, fibrogenesis, and expres-
sion of type I collagen (Col1al) and alpha-smooth muscle
actin (α-SMA) [2, 4], thus making HSCs one of the main
responsible factors for liver fibrosis and liver failure.
Currently, liver fibrosis treatment is done to revert fibrosis
and to restore the liver functions [2, 7–10].

There are several models of experimental fibrosis-cirrho-
sis, which have physio-pathogenic characteristics of the
human cirrhosis. Some models of the experimental liver
fibrosis are induced by (1) CCl4 administration for eight
weeks, (2) acetaminophen administration for ten weeks, (3)
ethanol administration for more than ten weeks, (4) hyper-
caloric diets for more than 12 weeks [5, 7, 8, 11], and (5)
portacaval anastomosis (PCA) [12–14].

In rats, PCA induces a decrease in serum albumin,
hyperbilirubinemia, and increased serum levels of bile acids,
alkaline phosphatase (AP), aspartate aminotransferase
(AST), alanine aminotransferase (ALT), lactate dehydroge-
nase (LDH), creatinine, urea, and ammonium [13–15] with
clear signs of liver histopathological damage such as hepato-
cytic necrosis and apoptosis, portal inflammation, biliary
proliferation, steatosis, and fibrosis. All these observations
indicate that the PCA model reproduces the clinical and
histopathological signs of chronic liver disease [13–15].

In recent years, neuro-immune-endocrine interactions
in inflammatory diseases have allowed for a better under-
standing of pathological regulatory processes. In this
context, arginine vasopressin (AVP), also called antidiuretic
hormone, synthesizes in the paraventricular and supraoptic
nuclei of the hypothalamus, passes through the axons to
the posterior lobe of the pituitary gland (neurohypophysis),
and releases into the blood. Corticotropin-releasing
hormone (CRH) and AVP of the hypothalamic paraventric-
ular parvocellular neurons play an important role in coordi-
nating hypothalamic-pituitary-adrenal axis activity during
stress, inflammation, and autoimmune diseases [16, 17].
AVP also has several other activities that include diuresis
inhibition, contraction of vascular smooth muscle cells,
and liver glycogenolysis. AVP is also involved in several
brain functions that affect memory, anxiety, and depression
[18, 19]. Presently, most of the evidence indicates that AVP
acting directly on different cells of the immune system is a
proinflammatory hormone [20–23]. We have shown that
animals that underwent surgical removal of the neurohy-
pophysis (NIL) showed a permanent decrease in AVP and
oxytocin (OXT) blood levels (80% and 90% below the
normal ranges, respectively) [24]. Experiments from others
[25] and from our lab have demonstrated that decreased
AVP serum levels (NIL-induced) diminish humoral and

cellular immune responses [20, 21, 26, 27]. Profibrogenic
properties of AVP on the heart, liver, and kidney have been
demonstrated [28–32]. In addition, we have reported that
AVP deficiency promotes the reduction of collagen deposits
in a CCl4 cirrhosis hamster model and restores the balance
between metalloproteinases and tissue inhibitors of metallo-
proteinases (TIMPs) [33]. All this evidence supports that
AVP is a major player in the regulation of immune
responses and fibrosis; however, less is known on cell and
molecular mechanisms through AVP deficiency may modu-
late the immune responses. Thus, in this work, we study the
effects of AVP deficiency (NIL-induced) on liver inflamma-
tion, tissue damage, and fibrosis in the PCA rat model.

2. Materials and Methods

2.1. Animals. Male Wistar rats (Rattus norvegicus) at 6-8
weeks old (200-250 g body weight) from our Animal Care
Facility were used. Animals were treated according to the
Institutional Normative Welfare Standards of the Autono-
mous University of Aguascalientes and the official Mexican
regulations (NOM-062-ZOO-1999). Experimental protocols
were approved by the Institutional Bioethics Committee.

Animals were maintained in a 12h/12 h light/dark cycle
and 21-22°C room temperature and fed with Purina Rat
Chow (Ralston Purina Company, St. Louis, MO, USA). Food
and water were provided ad libitum. The rats were divided
into the following four groups (4-6 animals/group): (1)
intact control (IC), (2) NIL, (3) PCA, and (4) PCA+NIL.
In the PCA+NIL group, NIL surgery was performed three
weeks after PCA. Figure 1 shows the experimental schedule.

2.2. Portacaval Anastomosis (PCA). PCA was performed at
week 0 in the PCA and PCA+NIL groups (Figure 1). The
PCA microsurgery technique used was an adaptation of
those described by Aller et al. [13] and Padilla-Sánchez
[34]. Rats were anesthetized with a mixture of ketamine
(80%) and xylazine (20%) (Cheminova, Mexico) (1μL/g of
body weight/i.p.), and a laparotomy was performed to access
the abdominal organs. Under stereomicroscope (Zeiss
OPMI-19 FC at 6x magnification), the portal vein was dis-
sected, followed by the right kidney vein and the inferior
cava vein. The cava vein was dissected from above the left
kidney vein to where the cava vein is covered by the liver
lobule. The right kidney vein and the ends of the isolated
cava vein were transiently occluded by a gentle pull of
removable threads. On the left side of the dissected cava, a
window was opened and washed with heparin-saline solu-
tion (1%) (Inhepar, Heparina, Pisa, Mexico). The dissected
portal vein was temporarily occluded with a surgical clip at
its union with the splenic vein, and the vein was tied and
cut below the knot at the hilum liver level. The remnant vein
blood was washed with heparin-saline solution. The open
end of the portal vein was then anastomosed with the cava
vein window. The PCA was performed in less than 15min.
After surgery, the animals were placed in a recovery box
with clinical oxygen and controlled temperature. For infec-
tion prevention, animals were injected with penprocillin
(6000 IU, i.m.) (Pisa, Mexico) once a day for three days.
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For analgesia, sodium metamizole (Pharmalife, Mexico)
(10mg/kg i.m.) was administrated once daily for three days.
After anesthesia recovery, the animals were put in cages with
food and water ad libitum.

2.3. Neurointermediate Pituitary Lobectomy (NIL). NIL sur-
geries were performed on the NIL and PCA+NIL groups
at week 3 of the experiment (see experimental schedule
in Figure 1).

The method employed has been described in our previ-
ous work [35]. Fifteen minutes prior to anesthesia, 0.06mg
atropine/s.c. (Atropisa, Pisa, Mexico) was injected to prevent
excessive airway secretion. Animals were anesthetized with a
mixture of ketamine 80% and xylazine 20% (1μL/g body
weight/i.p.). Removal of the neurointermediate pituitary
lobe (neural and intermediate lobes) was performed under
a dissecting microscope (Zeiss OPMI-19 FC at 6x magnifica-
tion) through the parapharyngeal-transoccipital-sphenoidal
approach. After direct viewing of the neurointermediate
lobe, it was gently aspirated using a bent needle as follows.
The neck was shaved, and the animal was placed into dorsal
decubitus on the operating table. With the upper incisor
fork, the head was fixed to the table, while the legs were
fastened with threads to the lateral edges of the table. The
trachea was cannulated through the snout. The surgical
approach to the pituitary gland included the following steps:
(1) asepsis and cutting of the skin on the anterior aspect of
the neck, (2) identification of the left digastric muscle, (3)
blunt separation of the digastric muscle central tendon, (4)
placement of retractors to get a wider view of the bottom
of the opening, (5) identification of the distal end of the pter-
ygoid process and the long neck muscles, (6) identification
and cleaning of the basioccipital and basisphenoid bones,
(7) display of the occipital-sphenoid joint, (8) trepanation
of the skull in the center of the occipital-sphenoid joint until
the pituitary capsule can be viewed, (9) cutting of the pitui-
tary capsule at its most posterior end, (10) elevation of the
adenohypophyseal lobe and visual identification of the inter-
mediate and neural lobes of the hypophysis, and (11) gentle
aspiration of the neurointermediate lobe with a bent needle

The total time of the surgery was within 15min, and
animals were fully recovered within 40min. For infection

prevention, animals were injected with penprocillin after
the surgery (6000 IU, i.m./3 days). For analgesia, sodium
metamizole (10mg/kg/i.m./2 days) was used.

All groups were euthanized at the fourth week of experi-
mentation. Before euthanasia, animals were anesthetized
with sodium pentobarbital (Maver, China), bled from the
abdominal aorta, and the serum was aliquoted and frozen
at −70°C until the liver function tests. Samples of liver tissue
were immediately immersed in RNA later (Invitrogen,
Thermo Fisher Scientific, USA) and processed to determine
pro- and anti-inflammatory and pro- and antifibrogenic gene
expression (relative levels). For histopathological study, liver
tissue samples were fixed in 10% neutral formalin solution in
paraffin, cut into 5μm thick slices, mounted on slides, and
stained with hematoxylin-eosin (HE) for histopathological
study andMasson’s trichrome and Sirius Red stains for fibro-
sis area and collagen content estimation [36]. Fuji software
was used to determine the percentage of fibrosis area [37]
from Sirius Red-stained slides observed under polarized light
at 400x magnification. The histopathological study was
performed under a Nikon light microscope Optiphot-2.

2.4. Liver Function Tests. Serum samples were defrosted, and
the following markers of hepatic function were assessed:
AST, ALT, AP, LDH, total bilirubin, total protein, albumin,
and urea serum levels. All tests were performed using kits
from Spinreact (Girona, Spain) following the manufactur-
er’s instructions. Samples were read in a spectrophotomet-
ric semiautomatic bts-350 analyzer (Biosystems, Quezon
City, Philippines).

2.5. RNA Isolation and Determination of Gene Expression by
Real-Time qPCR. Total RNA was isolated from 100mg of
liver samples with the Jena Bioscience Isolation System (Jena
Bioscience, Jena, Germany), following the manufacturer’s
protocol. Total RNA was quantified with a NanoDrop
2000 (Thermo Scientific, Waltham, MA, USA). Reverse
transcription was performed with 1μg of total RNA using
the GoScript Reverse Transcription System (Promega) for
real-time quantitative PCR, which was analyzed using qPCR
GreenMaster with UNG-clear (Jena Bioscience, Jena,
Germany) in a StepOne machine (Applied Biosystems)

IC
NIL

PCA
PCA+NIL

WEEKS
0 1 2 3 4

PCA NIL

Bleeding and euthanized

 (i) Serum aliquots for liver function tests: AST,
ALT, TB, BUN, Alb, TP, and AP

 Liver samples:
 (i) RNA later for inflammatory and fibrogenic

factors expression: COL-1, MMP-13, MMP-9,
TGF-𝛽, IL-10, IL-1

 (ii) Liver slides stained with H-E, Masson
trichrome and Sirius red for histopathological
and collagen content studies

 (iii) Glycogen content.

Figure 1: Experimental schedule. Rats were divided into intact control (IC), neurointermediate pituitary lobectomy (NIL), portacaval
anastomosis (PCA), and the PCA+NIL groups. PCA and NIL surgeries were performed at weeks 0 and 3, respectively. At week 4, all
animals were anesthetized, bled, and euthanized. Serum aliquots were used for assessing functional liver test, tissue liver samples were
used to assess inflammatory and fibrogenic factors expression, histopathological studies and collagen and glycogen contents. n = 4 − 6
animals/group.
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under the following conditions: 50°C for 2min, 95°C for
3min, 40 cycles of 95°C for 45 sec, and 60°C for 45 sec. Oli-
gonucleotides were designed to target type I collagen
(COL-I), MMP-13, MMP-9, TGFβ, IL-10, IL-1, and β-actin
(as a reference control) (Table 1). Relative expression level
was normalized with β-actin as reference gene, and differ-
ences were determined using the 2−ΔΔCt method.

2.6. Statistical Analyses. All data were evaluated for Gaussian
distribution using the Kolmogorov-Smirnov normality test.
Multiple comparisons between the groups were performed
for each parameter. One-way ANOVA and Tukey’s post

hoc test for parametric data or the Kruskal-Wallis test and
Dunn’s post hoc test were performed for nonparametric data,
according to the Kolmogorov-Smirnov normality test. Two-
way ANOVA was performed to analyze differences in total
area of fibrosis between the groups (green and red); p <
0:05 were considered significant in all cases. All statistical
analyses were performed using GraphPad Prism 7.0 software.

3. Results

3.1. Liver Function Assessment. As shown in Figure 2(a),
serum levels of total proteins in the NIL group were not

Table 1: Oligonucleotide sequences.

Gene Oligonucleotide-F Oligonucleotide-R Accession number

IL-1 5′-CTGTGACTCGTGGGATGATG-3′ 5′-GGGATTTTGTCGTTGCTTGT-3′ NM_031512.2

IL-10 5′-GAATTCCCTGGGAGAGAAGC-3′ 5′-CGGGTGGTTCAATTTTTCAT-3′ NM_012854.2

TGF-β 5′-GACTCTCCACCTGCAAGACCA-3′ 5′-CGGGTGACTTCTTTGGCGTA-3′ AY550025.1

COL-1 5′-TTGACCCTAACCAAGGATGC-3′ 5′-CACCCCTTCTGCGTTGTATT-3′ NM_053356.1

MMP-9 5′-CAGAAGCCCAAGGAAGAGTG-3′ 5′-AGACCCACAGGAAACCACAG-3′ AJ438266.1

MMP-13 5′-ATCCCAGCTTAGGGCTCAAT-3′ 5′-GGGAAAACAGCTACGCTGAG-3′ AY135636.1

β-Actin 5′-GTCGTACCACTGGCATTGTG-3′ 5′-GCTGTGGTGGTGAAGCTGTA-3′ XM_032887061.1
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Figure 2: Effects of neurointermediate pituitary lobectomy (NIL), portacaval anastomosis (PCA), and PCA+NIL on total proteins (a),
albumin (b), and urea (c) serum levels. The intact control (IC) group served as reference. (a) ∗p < 0:05: NIL vs. PCA+NIL. (b) ∗p < 0:05:
IC vs. PCA and ∗∗p < 0:01NIL vs. PCA. (c) Nonstatistical (NS) differences between groups were observed. It was evaluated with analysis
of variance test with the Tukey post hoc values, which are expressed as the mean ± SD.
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significantly different from the IC group. PCA induced a sig-
nificant decrease in total proteins (p < 0:05) as compared
with those in the NIL group, whereas the NIL surgery
restored the serum proteins to normal in the PCA+NIL
group (NS: NIL vs. NIL+PCA). The albumin serum levels
were not significantly different in the IC, NIL, and PCA
+NIL groups, while a significant decrease in the serum albu-
min occurred in the PCA group (p < 0:05 and p < 0:01: PCA
vs. IC and NIL, respectively; Figure 2(b)). In the PCA+NIL
group, the AVP deficiency caused a mild recovery in the

albumin serum levels (NS: IC and NIL vs. PCA+NIL;
Figure 2(b)). Compared with the IC group, NIL, PCA, and
PCA+NIL did not affect the urea serum levels (Figure 2(c)).

In comparison with the IC group, no significant changes
in total bilirubin serum levels occurred in the PCA and PCA
+NIL groups. The NIL surgery alone caused a significant
increase in the bilirubin serum levels in the NIL group
(p < 0:05: IC vs. NIL) (Figure 3(a)). In comparison with the
IC and NIL groups, the PCA surgery alone induced a signif-
icant decrease in the glycogen content (p < 0:05: IC and NIL
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Figure 3: Effects of neurointermediate pituitary lobectomy (NIL), portacaval anastomosis (PCA), and PCA+NIL on (a) total bilirubin serum
levels and (b) hepatic glycogen. ∗p < 0:05 IC vs. NIL. The intact control (IC) group served as reference. It was evaluated with analysis of
variance test with the Tukey post hoc values, which are expressed as the mean ± SD.
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Figure 4: Effects of neurointermediate pituitary lobectomy (NIL), portacaval anastomosis (PCA), and PCA+NIL on (a) alkaline
phosphatase (AP), (b) aspartate aminotransferase (AST), (c) alanine aminotransferase (ALT), and (d) lactate dehydrogenase (LDH)
serum levels. Nonstatistical differences between groups were apparent. The intact control (IC) group served as reference. It was evaluated
with analysis of variance test with the Tukey post hoc values, which are expressed as the mean ± SD.
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vs. PCA group), whereas the NIL to the PCA+NIL group
caused a mild recovery in the glycogen content (NS: IC,
NIL, and PCA vs. PCA+NIL group) (Figure 3(b)).

The serum levels of the enzymes AP, AST, ALT, and
LDH were not significantly affected by the different experi-
mental conditions (Figures 4(a), 4(b), 4(c), and 4(d)). In
summary, as shown in Figures 2, 3, and 4, four weeks of
PCA is a model of liver damage, where the pathophysiologi-
cal changes do not develop concurrently.

The relative gene expression levels of proinflammatory
cytokine IL-1 and anti-inflammatory cytokines IL-10 and
TGF-β showed that in comparison with the IC group, PCA
induced a significant increase in IL-1 level (p < 0:001: IC
vs. PCA), NIL surgery did not affect the IL-1 expression
level, while the PCA+NIL group showed a diminution of
the IL-1 expression levels to basal levels (Figure 5(a)). Com-
pared with the IC, NIL, and PCA groups, the expression
levels of the anti-inflammatory cytokines IL-10 and the
TGF-β were significantly higher in the PCA+NIL group
(p < 0:001 and p < 0:01; IC vs. PCA+NIL, respectively;
Figures 5(b) and 5(c)).

The relative gene expression levels of COLL-I, MMP-9,
and MMP-13 showed that while PCA induced a significant
increase of the COL-I expression level (p < 0:01: IC vs.
PCA), the PCA+NIL group showed a decrease in COLL-I

expression level, although not to the IC group levels
(p < 0:05: IC vs. PCA+NIL group; Figures 6(a), 6(b), and 6(c)).

The MMP-9 was not significantly expressed in the NIL,
PCA, and PCA+NIL groups compared with the IC group
(Figure 6(b)). While the NIL and PCA+NIL groups showed
significantly increased MMP-13 expression levels (p < 0:001:
IC vs. NIL and PCA+NIL, respectively), no significant differ-
ences were found between the expression levels in the IC vs.
PCA groups (Figure 6(c)).

3.2. Effects of NIL, PCA, and PCA+NIL on the Liver
Histopathology. The livers from all the groups showed histo-
pathological changes in response to different experimental
conditions. Table 2 summarizes the main stromal and cellu-
lar changes found in the different experimental groups.
Figure 7 shows liver slides stained with HE method at 20x
magnification. As shown in Figure 7(a), a normal pattern of
the blood sinusoids and tissue morphology from an IC group
show normal liver lobules and triads: hepatic artery (aster-
isk), bile ducts (arrow), and portal vein (arrowhead). No
inflammatory infiltrates, necrosis, or fibrosis was observed
(Table 2). The NIL group (Figure 7(b)) showed a similar nor-
mal histological pattern as the IC group (Table 2). The PCA
group showed significant changes in the morphology of liver
structures, mainly in the periportal zone, with a significant
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Figure 5: Effects of neurointermediate pituitary lobectomy (NIL), portacaval anastomosis (PCA), and PCA+NIL on the relative expression
of (a) IL-1, (b) IL-10, and (c) TGF-β. (a) ∗∗∗p < 0:001: IC vs. PCA, ∗p < 0:05: NIL vs. PCA, and ∗∗∗p < 0:001: PCA vs. PCA+NIL. (b) ∗∗∗

p < 0:001 IC vs. PCA+NIL. (c) ∗∗p < 0:01: IC vs. PCA+NIL. The intact control (IC) group served as reference. It was evaluated with
analysis of variance test with the Kruskal-Wallis test and Dunn’s post hoc values, which are expressed as the mean ± SD.
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thickening around the bile ducts (arrows), artery walls (aster-
isks), and portal veins (arrowhead) caused by increased colla-
gen deposits (Figure 7(c)). Some inflammatory infiltrations
were occasionally observed (Table 2). The PCA+NIL group
showed a partial reversion in the stroma and cell patterns
as compared to the PCA and IC groups (Figure 7(d))
(Table 2). The periportal area showed the restored morpho-
logical pattern of the hepatocytes and sinusoids and the
slimming of the portal vein wall (arrowhead).

Masson’s trichrome staining method to assess the distri-
bution of collagen fibers (blue) in the several liver groups
showed major histopathological changes mainly in the peri-
portal area of the PC and PC+NIL groups (Figure 8). The IC

(Figure 8(a)) and NIL (Figure 8(b)) groups showed a thin
pattern of collagen distribution around the portal vein
(arrowhead). The effects of PCAwere observed as an increased
collagen deposition around the triad vessels andmildly into the
surrounding liver parenchyma (asterisk in Figure 8(c)). In addi-
tion, isolated inflammatory infiltrates were observed (arrow).
In comparison with the APC group (Figure 8(c)), the PCA
+NIL group (Figure 8(d)) showed decreased collagen deposits
around the triad and liver parenchyma (asterisk). All photo-
graphs were taken at 20x magnification.

The slides stained with Sirius Red and analyzed under
polarized light to assess the collagen types and areas of fibro-
sis showed normal basal distribution of type III collagen
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Figure 6: Effects of neurointermediate pituitary lobectomy (NIL), portacaval anastomosis (PCA), and PCA+NIL on the relative expression
of (a) collagen type 1 (COLI), (b) metalloproteinase-9 (MMP-9), and (c) metalloproteinase-13 (MMP-13). (a) ∗p < 0:05: IC vs. PCA-NIL
and ∗∗p < 0:01: IC vs. PCA. (b) Nonstatistical differences between groups were apparent. (c) ∗∗p < 0:01: IC vs. NIL, ∗∗p < 0:01: IC vs.
PCA+NIL, and ∗p < 0:05: NIL vs. PCA. The intact control (IC) group served as reference. It was evaluated with analysis of variance test
with the Kruskal-Wallis test and Dunn’s post hoc values, which are expressed as the mean ± SD.

Table 2: Table of parameters of magnitude of cell damage and stroma.

Experimental group
Stromal changes Cell changes

Arterial wall thickening Collagen fibers Inflammatory infiltrate Pleomorphism Binucleation Balonization

IC - - - - - -

PCA ++ +++ ++ ++ ++ +++

NIL - - - - - -

PCA+NIL ++ + + ++ + ++

-: parameter not found in histological preparations; +: magnitude of damage found in histological preparations.

7Journal of Immunology Research



(mainly yellow and green colors) in the periportal area from
an IC group (Figure 9(a)). The NIL group showed similar
distribution of collagen, although thinner than that observed
in the IC group (Figure 9(b)). In the PCA group,
(Figure 9(c)) large changes in the distribution and type of
collagens were observed such as increased fibrosis in the
periportal area type III collagen (green, asterisk), thickness
of the triad vessels, and increased collagen invasion into
the surrounding liver parenchyma (arrow). PCA+NIL ani-
mal showed a decreased amount of collagen invading the
liver parenchyma (type III collagen) and a significant dimi-
nution of the periportal fibrotic area (asterisk; Figure 9(d)).
To assess the percentage of liver fibrosis, the ImageJ software
program was used [36, 37]. On comparing the percentage
area of fibrosis among the different groups, NIL surgery
showed no effect on the percentage of fibrosis as compared
to the IC group (Figure 9(e)). In contrast, the PCA group
developed a significant increase in the fibrotic area
(p < 0:001: IC vs. PCA, Figure 9(e)). The PCA+NIL group
showed significantly lower percentage (p < 0:01: PCA vs.
PCA+NIL group, Figure 9(e)).

Previously, it was demonstrated that NIL induced an
immediate but transient increase in water intake and urine
output (diabetes insipidus) for 2-4 weeks and a permanent

drop in AVP serum levels. AVP assessed at 3, 15, 45, and
90 days after NIL were on average 2:4 ± 0:16 pg/mL versus
10:6 ± 0:08 pg/mL of their respective control groups [24].
Similar low AVP serum levels were also reported 3 and 8
weeks after NIL surgery [38].

4. Discussion

In the present work, PCA as a model of chronic liver disease
is supported by the decreased circulating levels of total
proteins and albumin, decreased liver glycogen level, the
increased relative expression levels of IL-1 and COLL-I genes,
nonsignificant changes in gene expression levels of MMP-13
and IL-10, and the significant increase in periportal (triads)
and Rappaport parenchymal 1 and 2 fibrosis. This informa-
tion, along with those previous findings of Aller et al. [13],
Vázquez-Martínez et al. [14], and Gandhi et al. [39], rein-
forces that PCA is a paradigm of chronic liver damage.

The stimulating role of AVP in fibrotic process has been
demonstrated in several clinical and experimental condi-
tions. In vitro, AVP stimulates the mesangial cell prolifera-
tion, hypertrophy, type IV collagen production, and
increased concentration of TGF-β, which are inhibited by
the selective V1a AVP receptor antagonist (YM218) [30].

(a) (b)

(c) (d)

Figure 7: Liver slides HE stained from the IC, NIL, PCA, and PCA+NIL groups. (a) Slide from an IC animal. Normal pattern of the liver
lobules, triads (hepatic artery ∗), bile ducts (arrow), portal vein (arrowhead), and blood sinusoids are apparent. Neither inflammatory
infiltrates nor necrosis or fibrosis is present. (b) The NIL group. Similar normal structural patterns of the IC liver morphology are
discernible. (c) PCA slide. Evident morphological changes are noted in the periportal zone, increased collagen deposits, thickening of the
bile ducts (arrows), artery walls (∗), and portal veins (arrowhead). (d) PCA+NIL slide. A restored morphological pattern of hepatocytes
and sinusoids (∗) is apparent, as well as slimming of the portal vein wall (arrowhead). All images taken at 20x magnification. n = 5 − 6
animals/group.
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Experiments in rats and human observational studies
suggest that AVP may play a role in the genesis and exacer-
bation of renal damage and chronic renal insufficiency [32].
Yan-Hong et al. [29] described the effect of AVP on cardiac
fibroblast differentiation into collagen producer myofibro-
blasts, and Niu et al. [28] found a synergistic effect of angio-
tensin (fragments 1-7) and AVP on proliferation and
collagen synthesis in rat cardiac fibroblasts. The presence
of V1a and V2 AVP receptors in immune system cells and
its stimulatory role during inflammatory responses has also
been demonstrated [40]. AVP V1a receptors were present
in blood monocytes, macrophages, splenic lymphocytes,
and B cells; V2 AVP receptors in peripheral blood cell
cultures; and V1b receptors in the thymus and spleen cells.
Furthermore, the V1a AVP receptors in HSCs and their acti-
vation and differentiation into collagen producer myofibro-
blasts were demonstrated by Bataller et al. [31], whereas
the presence of V1a and V2 AVP receptors and their activa-
tion by AVP in hepatocytes and cholangiocytes were
described by Dünser and Westphal [41]. Together, this
information strongly supports that AVP is directly involved
in innate and acquired immunity, as well as in the activation
and development of the fibrotic process. This view is sup-
ported by the present results in the AVP-deficient animals.

In the NIL group, AVP deficiency increased both total
bilirubin serum levels and relative gene expression levels of

the MMP-13, with no significant effects on the remaining
biochemical and histopathological parameters. Although
the mechanism by which AVP deficiency (NIL-induced)
causes hyperbilirubinemia is not known, a possible explana-
tion for this may be that AVP in the liver is involved in
hepatocyte ureogenesis, glycogenolysis, neoglucogenesis,
and cell regeneration through its V1a receptors [41], while
the V2 AVP receptors regulate the biliary epithelium func-
tions [42]. It is known that AVP stimulates efflux of the bile
salts taurocholate and glycocholate in suspended hepato-
cytes, via its association with the AVP V1 receptors on hepa-
tocyte membranes [43, 44]. It is also known that several
hepatobiliary organic anion-transporting polypeptide
systems (Oatps in rodents) located in the basolateral
membrane extract chemicals from sinusoidal blood into
the hepatocytes, while canalicular transporters mediate the
movement of chemicals into the lumen of the bile canalicu-
lus, including the bile acids and unconjugated bilirubin (in
rodents) [45]. Therefore, we speculate that the hyperbilirubi-
nemia in the NIL group may be due to the low AVP circulat-
ing levels, which were not enough to activate the AVP
receptor signaling mechanisms that mediate the hepatocyte
bilirubin excretion. Further experiments must be conducted
to evaluate this possibility.

Results also show that one week of AVP deficiency in the
PCA+NIL animals caused the following effects: (i) reversion

(a) (b)

(c) (d)

Figure 8: Liver slides stained with Masson’s trichrome to identify collagen distribution (blue) in the several experimental groups. In (a) from
an IC and (b) from a NIL group, a thin pattern of collagen fibers is distributed around the triad (hepatic artery, bile duct, and portal vein)
(arrowhead). (c) PCA liver slide. An increase in collagen distribution around the vessels of the triad and a mild invasion into the liver
parenchyma is observed (∗). In addition, isolated foci of inflammation are observed (arrow). (d) PCA+NIL liver slide. In comparison
with the PCA group, the collagen distribution around the triad and liver parenchyma is less apparent (∗). All photographs are taken at
20x magnification.
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of some of the altered metabolic parameters to normal (total
proteins and serum albumin and liver glycogen content), (ii)
increase in the anti-inflammatory IL-10 gene expression
level, (iii) decrease of both COLL-I gene expression level
and deposition of type I collagen, and (iv) increase in
MMP-13 gene expression level and depressed liver fibrosis
(assessed by histopathology). The anti-inflammatory and

antifibrotic role of IL-10 has been associated with the control
of inflammation in many organs with clinical diseases and
experimentally induced fibrosis [46, 47]. Currently, the
administration of IL-10 is considered as a tentative pharma-
cological tool in the treatment of liver inflammation and
fibrosis [46, 48]. Considering all the previous observations,
present results can be partially explained as follows: the

(a) (b)

(c) (d)
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(e)

Figure 9: Liver slides stained with Sirius Red analyzed under polarized light to assess the area of fibrosis. (a) Periportal area from an IC
animal. Normal distribution of type III collagen (mainly green color) is observed. (b) NIL liver slide. Similar distribution of collagens of
the IC group is apparent. (c) PCA liver slide. Increase in collagen type I (red) and III (yellow) distribution is observed in the periportal
area, with thickening of the triad vessels. Also, an increased collagen invasion into the surrounding liver parenchyma (∗) is apparent. (d)
PCA+NIL. It shows regression of type I collagen, mainly in the periportal area (∗). (e) Comparisons of percentage of the fibrosis areas in
the several experimental groups. Observe that between the IC and NIL groups, similar percentages of fibrosis are apparent. In contrast,
the PCA animals developed a significant increase in the fibrotic area (∗∗p < 0:001: IC vs. PCA). In the PCA+NIL group, the percentage
of fibrosis was significantly decreased as compared with the PCA group (∗p < 0:01: PCA vs. PCA+NIL group), indicating reversible effect
of AVP deficiency on liver fibrosis. It was evaluated with analysis of variance test with the Tukey post hoc values, which are expressed as
the mean ± SD. Pictures are taken at 20x magnification.
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low levels of AVP (NIL-induced) are not enough to activate
the AVP receptors of the immune cells and HSCs, resulting
in a decreased activation of the cell signaling pathways asso-
ciated with the proinflammatory-profibrotic responses (IL-1,
COLL-1). Simultaneously, the AVP deficiency activates cell
signaling pathways associated with an anti-inflammatory-
antifibrotic state (IL-10 and MMP-13), thus favoring a
decreased liver inflammatory response and less activation
of the HSCs and fibrosis, favoring liver recovery. This possi-
bility is supported by our previous work on NIL-cirrhotic
hamsters, in which both overexpression of MMP-13 and
decreased expression level of TIMP-2 were accompanied
by a significant regression in liver cirrhosis [33].

In response to acute and chronic liver injury, TGF-β is
activated from the ECM deposits and then expressed and
released from various cell types. The presence of V1a AVP
and TGF-β receptors in the HSCs and its activation by
inducing transdifferentiation of HSCs into collagen producer
myofibroblasts have been demonstrated previously [31, 49].
In cooperation with other signaling pathways (reactive oxy-
gen species (ROS), platelet-derived growth factor (PDGF),
and connective tissue growth factor (CTGF)), the TGF-β
signaling is considered the key fibrogenic factor in liver
fibrosis [49]. In the present study, despite significant
increase of TGF-β gene expression levels in the PCA+NIL
animals, the inflammatory-fibrotic process (PCA-mediated)
was downregulated. A possible explanation for this may be
that the increased expression level of TGF-β combined with
the inhibition in the expression of the IL-1 and COLL-1
(proinflammatory-profibrotic factors) was overcome by
anti-inflammatory-antifibrotic factors (IL-10 and MMP-
13). However, further experiments are required to establish
this interpretation.

The effects of NIL on the adenohypophyseal hormone
secretions have been reported [50–53]. Based on the litera-
ture and our previous work, the short- and long-term effects
of the NIL surgery on several adenohypophyseal hormone
secretions might be differentially regulated; thus, the main
hormone secretory changes in response to NIL occur for a
short time, returned to basal conditions after a few weeks,
including the ability of the pituitary cells to respond to
different physiological challenges [50–53]. In our studies,
the effects of NIL on GH and TSH secretions decreased after
3 weeks of NIL and reverted to normal levels after eight
weeks after surgery, whereas PRL, FSH, LH, and ACTH
always showed normal ranges [27, 38, 53, 54]. Furthermore,
to assess the viability of the physiological reactivity of the
hypothalamic-pituitary-thyroid axis, NIL rats were simulta-
neously subjected to thyroidectomy. Results showed that
NIL-thyroidectomized rats responded with a significant
increase in TSH secretion levels, accompanied by significant
changes in pituitary thyrotrophs, which underwent hyper-
trophy, hyperplasia, and development of thyroidectomy cells
[53, 55]. These results suggest that short- and long-term
endocrine effects of NIL on adenohypophyseal hormonal
secretion are transient and that the regulatory
hypothalamic-adenohypophyseal mechanisms for hormone
secretions in the NIL animals were able to adapt to the
permanent diminution of AVP and OT serum levels.

5. Conclusions

From the present study, we conclude that PCA is a good
model to study chronic liver damage. The inflammatory and
fibrotic effects of PCA are partially reverted by the AVP defi-
ciency (NIL-induced) through both decreased expression of
inflammatory-fibrotic factors and increased expression of
the anti-inflammatory-antifibrotic factors, resulting in a
decreased fibrosis and improvement in liver functions. Pres-
ent results support the view that AVP plays a direct role in
the regulation of the immune system and fibrotic process.
Further experiments are required in order to obtain better
insight regarding cell and molecular mechanisms through
the AVP deficiency which stimulate or inhibit the cell signal
pathways involved in the anti-inflammatory and antifibrotic
processes responsible of improvement liver damage.

Abbreviations

PCA: Portacaval anastomosis
AVP: Arginine vasopressin
OXT: Oxytocin
NIL: Neurointermediate pituitary lobectomy
HSCs: Hepatic stellate cells
IL-Iβ: Interleukin-1β
IL-10: Interleukin-10
TGF-β: Transforming growth factor-β
MMP: Matrix metalloproteinase
AST: Aspartate aminotransferase
ALT: Alanine aminotransferase
TNF-α: Tumor necrosis factor-α
IL-8: Interleukin-8
PDGF: Platelet-derived growth factor
ET-1: Endothelin-1
α-SMA: Alpha-smooth muscle actin
CCl4: Carbon tetrachloride
AP: Alkaline phosphatase
LDH: Lactate dehydrogenase
Ig: Immunoglobulin
TIMPs: Tissue inhibitors of metalloproteinases
HE: Hematoxylin & eosin
COLL-I: Type I collagen
GH: Growth hormone
PRL: Prolactin
CRH: Corticotropin-releasing hormone
ACTH: Corticotropin
TSH: Thyrotropin
FSH: Follicle-stimulating hormone
LH: Luteotropic hormone.

Data Availability

The data that support the findings of this study are available
from the corresponding author, AQS, upon reasonable request.

Disclosure

Noé Macías-Segura’s present address is Departamento de
Inmunología, Facultad de Medicina y Hospital Universitario

11Journal of Immunology Research



“Dr. José Eleuterio González”, Universidad Autónoma de
Nuevo León, Monterrey, PC 64460, Mexico.

Conflicts of Interest

The authors declare that they have no conflicts of interest.

Acknowledgments

We thank MVZ Karen Estefany Sánchez-Hernández, from
the Universidad Autónoma de Aguascalientes, for providing
the animals for this study, LAQB Erika Paulina Huerta-
Carreón for surgery assistance and care of the animals,
Technical Histologist Manuel Tinajero-Ruelas for tissue
preparation and stains, and LAQB Cintya Esquivel-Dueña
and LAQB Mariana Perez-Villalobos for the RT-qPCR assis-
tance. We also thank Dr. Sergio Lozano-Rodríguez from the
Universidad Autónoma de Nuevo León for reviewing and
editing the manuscript and Accountant Pablo Figueroa-
Morales for reviewing the English version. This study was
supported by the CONACYT-México under Grant nos.
241312 and A1-S-21375 (MMO) and 221262 (AQS) and
the Universidad Autónoma de Aguascalientes, Mexico,
under Grant nos. PIBB19-11N (MMO) and PIFF19-2 (AQS).

References

[1] A. A. Mokdad, A. D. Lopez, S. Shahraz et al., “Liver cirrhosis
mortality in 187 countries between 1980 and 2010: a system-
atic analysis,” BMC Medicine, vol. 18, no. 12, p. 145, 2014.

[2] S. L. Friedman, “Mechanisms of hepatic fibrogenesis,” Gastro-
enterology, vol. 134, pp. 1655–1669, 2008.

[3] E. Huang, N. Peng, F. Xiao, D. Hu, X. Wang, and L. Lu, “The
roles of immune cells in the pathogenesis of fibrosis,” Interna-
tional Journal of Molecular Sciences, vol. 21, p. 5203, 2020.

[4] A. P. Holt, M. Salmon, C. D. Buckley, and D. H. Adams,
“Immune interactions in hepatic fibrosis,” Clinics in Liver Dis-
ease, vol. 12, pp. 861–882, 2008.

[5] R. P. Tamayo, “Is cirrhosis of the liver experimentally pro-
duced by CC14 an adequate model of human cirrhosis?,”
Hepatology, vol. 3, pp. 112–120, 1983.

[6] H. Popper, “Pathologic aspects of cirrhosis. A review,” The
American Journal of Pathology, vol. 87, p. 228, 1977.

[7] R. Afrin, S. Arumugam, A. Rahman et al., “Curcumin amelio-
rates liver damage and progression of NASH in NASH-HCC
mouse model possibly by modulating HMGB1-NF-κB translo-
cation,” International Immunopharmacology, vol. 44, pp. 174–
182, 2017.

[8] Q. Bai, H. Yan, Y. Sheng et al., “Long-term acetaminophen
treatment induced liver fibrosis in mice and the involvement
of Egr-1,” Toxicology, vol. 382, pp. 47–58, 2017.

[9] M. Parola and M. Pinzani, “Liver fibrosis: pathophysiology,
pathogenetic targets and clinical issues,” Molecular Aspects of
Medicine, vol. 65, pp. 37–55, 2019.

[10] T. Tsuchida and S. L. Friedman, “Mechanisms of hepatic stel-
late cell activation,” Nature Reviews. Gastroenterology & Hepa-
tology, vol. 14, pp. 397–411, 2017.

[11] A. Kojima-Yuasa, M. Goto, E. Yoshikawa et al., “Protective
effects of hydrolyzed nucleoproteins from salmon milt against

ethanol-induced liver injury in rats,” Marine Drugs, vol. 14,
p. 232, 2016.

[12] J.-L. Arias, M.-A. Aller, F. Sánchez-Patan, and J. Arias, “The
inflammatory bases of hepatic encephalopathy,” European
Journal of Gastroenterology & Hepatology, vol. 18, pp. 1297–
1310, 2006.

[13] M. A. Aller, V. Martinez, M. T. Corcuera et al., “Liver impair-
ment after portacaval shunt in the rat: the loss of protective
role of mast cells?,” Acta Histochemica, vol. 114, pp. 301–
310, 2012.

[14] O. H. Vázquez-Martínez, H. Valente-Godínez, A. Quintanar-
Stephano et al., “Reduced liver lipid peroxidation in subcellu-
lar fractions is associated with a hypometabolic state in rats
with portacaval anastomosis,”Oxidative Medicine and Cellular
Longevity, vol. 2019, 13 pages, 2019.

[15] C. García, E. Gine, M.-A. Aller et al., “Multiple organ inflam-
matory response to portosystemic shunt in the rat,” Cytokine,
vol. 56, pp. 680–687, 2011.

[16] F. A. Antoni, “Vasopressinergic control of pituitary adreno-
corticotropin secretion comes of age,” Frontiers in Neuroendo-
crinology, vol. 14, pp. 76–122, 1993.

[17] M. Harbuz, G. Conde, O. Marti, S. Lightman, and D. Jessop,
“The hypothalamic-pituitary-adrenal axis in autoimmunity,”
Annals of the New York Academy of Sciences, vol. 823,
pp. 214–224, 1997.

[18] M. A. Gülpınar and B. Ç. Yegen, “The physiology of learning
and memory: role of peptides and stress,” Current Protein
and Peptide Science, vol. 5, pp. 457–473, 2004.

[19] S. Jard, “Vasopressin receptors: a historical survey,” in
Vasopressin and Oxytocin, H. H. Zingg, C. W. Bourque,
and D. G. Bichet, Eds., pp. 1–13, Springer, New York,
NY, 1998.

[20] A. Quintanar-Stephano, E. Abarca-Rojano, R. A. Jarillo-Luna
et al., “Hypophysectomy and neurointermediate pituitary
lobectomy decrease humoral immune responses to T-
independent and T-dependent antigens,” Journal of Physiology
and Biochemistry, vol. 66, pp. 7–13, 2010.

[21] V. Viñuela-Berni, B. Gómez-González, and A. Quintanar-
Stephano, “Blockade of arginine vasopressin receptors
prevents blood-brain barrier breakdown in experimental
autoimmune encephalomyelitis,” Scientific Reports, vol. 16,
p. 467, 2020.

[22] J. Szmydynger-Chodobska, L. M. Fox, K. M. Lynch, B. J. Zink,
and A. Chodobski, “Vasopressin amplifies the production of
proinflammatory mediators in traumatic brain injury,” Jour-
nal of Neurotrauma, vol. 27, pp. 1449–1461, 2010.

[23] L. Ferrier, C. Serradeil-le Gal, A. M. Schulte et al., “Proin-
flammatory role of vasopressin through V1b receptors in
hapten-induced experimental colitis in rodents: implication
in IBD,” American Journal of Physiology-Gastrointestinal
and Liver Physiology, vol. 299, no. 6, pp. G1298–G1307,
2010.

[24] G. M. Villanueva-Rodríguez, A. Organista-Esparza,
V. Biñuela-Berni et al., “Effects of Arginine Vasopressin defi-
ciency on Basal Mean Arterial Blood Pressure in Normal and
Spontaneously Hypertensive Rats,” The FASEB Journal,
vol. 30, 1 Supplement, p. 955.7, 2016.

[25] V. K. Patchev, K. T. Kalogeras, P. Zelazowski, L. I. Wilder, and
P. C. Chrousos, “Increased-plasma concentrations, hypotha-
lamic content, and in vitro release of arginine vasopressin in
inflammatory disease-prone, hypothalamic corticotropin-

12 Journal of Immunology Research



releasing hormone-deficient Lewis rats,” Endocrinology,
vol. 131, no. 3, pp. 1453–1457, 1992.

[26] A. Quintanar-Stephano, K. Kovacs, and I. Berczi, “Effects of
neurointermediate pituitary lobectomy on humoral and cell-
mediated immune responses in the rat,” Neuroimmunomodu-
lation, vol. 11, pp. 233–240, 2004.

[27] I. Berczi, A. Quintanar-Stephano, E. C. Villalobos-Hernández,
R. Campos-Rodríguez, and K. Kovacs, “The healing power of
vasopressin,” Advances in Neuroimmune Biology, vol. 3,
pp. 217–224, 2012.

[28] X. Niu, Y. Xue, X. Li et al., “Effects of angiotensin-(1-7) on the
proliferation and collagen synthesis of arginine vasopressin–
stimulated rat cardiac fibroblasts: role of mas receptor-calcine-
urin-NF-κB signaling pathway,” Journal of Cardiovascular
Pharmacology, vol. 64, pp. 536–542, 2014.

[29] F. Yan-Hong, D. Hui, P. Qing et al., “Effects of arginine vaso-
pressin on differentiation of cardiac fibroblasts into myofibro-
blasts,” Journal of Cardiovascular Pharmacology, vol. 55,
pp. 489–495, 2010.

[30] A. Tahara, J. Tsukada, Y. Tomura, T. Yatsu, and M. Shibasaki,
“Vasopressin increases type IV collagen production through
the induction of transforming growth factor-beta secretion in
rat mesangial cells,” Pharmacological Research, vol. 57, no. 2,
pp. 142–150, 2008.

[31] R. Bataller, J. M. Nicolas, P. Gines et al., “Arginine vasopressin
induces contraction and stimulates growth of cultured human
hepatic stellate cells,” Gastroenterology, vol. 113, pp. 615–624,
1997.

[32] D. Bolignano and C. Zoccali, “Vasopressin beyond water:
implications for renal diseases,” Current Opinion in Nephrol-
ogy and Hypertension, vol. 19, pp. 499–504, 2010.

[33] A. Quintanar-Stephano, J. Ventura-Juárez, E. Sánchez-
Alemán et al., “Liver cirrhosis reversion is improved in
hamsters with a neurointermediate pituitary lobectomy,”
Experimental and Toxicologic Pathology, vol. 69,
pp. 496–503, 2017.

[34] L. Padilla-Sánchez, Microvascular End-To-Side Portacaval
Anastomosis (Sun Lee), Servicio de Cirugía Experimental. Cen-
tro Médico Nacional, México, 2013, November 20 I.S.S.S.T.E.
https://www.youtube.com/watch?v=1YXQKcQA0ec.

[35] A. Quintanar-Stephano, R. Chavira-Ramírez, K. Kovacs, and
I. Berczi, “Neurointermediate pituitary lobectomy decreases
the incidence and severity of experimental autoimmune
encephalomyelitis in Lewis rats,” The Journal of Endocrinology,
vol. 184, no. 1, pp. 51–58, 2005.

[36] L. C. U. Junqueira, W. Cossermelli, and R. Brentani, “Differen-
tial staining of collagens type I, II and III by Sirius Red and
polarization microscopy,” Archivum Histologicum Japonicum,
vol. 41, no. 3, pp. 267–274, 1978.

[37] J. I. Schindelin, E. Arganda-Carreras, V. Frise et al., “Fiji: an
open-source platform for biological-image analysis,” Nature
Methods, vol. 9, no. 7, pp. 676–682, 2012.

[38] A. Organista-Esparza, V. Viñuela-Berni, M. Tinajero-Ruelas
et al., “Effects of the neurointermediate pituitary lobectomy
(NIL) on pituitary hormones blood level in the rat,” The
FASEB Journal, vol. 2016, pp. 1248.6–1248.6, 2016.

[39] C. R. Gandhi, N. Murase, V. M. Subbotin et al., “Portacaval
shunt causes apoptosis and liver atrophy in rats despite
increases in endogenous levels of major hepatic growth fac-
tors,” Journal of Hepatology, vol. 37, no. 3, pp. 340–348,
2002.

[40] A. Quintanar-Stephano, A. Organista-Esparza, R. Chavira-
Ramírez, R. Campos-Rodríguez, I. Berczi, and K. Kovacs,
“Arginine vasopressin: an immunoregulatory hormone,” in
Insights to Neuroimmune Biology 2nd ed, pp. 85–106, Elsevier,
2016.

[41] M. W. Dünser and M. Westphal, “Arginine vasopressin in
vasodilatory shock: effects on metabolism and beyond,” Cur-
rent Opinion in Anesthesiology, vol. 21, no. 2, pp. 122–127,
2008.

[42] R. Mancinelli, A. Franchitto, S. Glaser et al., “Vasopressin reg-
ulates the growth of the biliary epithelium in polycystic liver
disease,” Laboratory Investigation, vol. 96, no. 11, pp. 1147–
1155, 2016.

[43] D. A. Gewirtz, J. K. Randolph, and I. D. Goldman, “Induction
of taurocholate release from isolated rat hepatocytes in suspen-
sion by α-Adrenergie agents and vasopressin: implications for
control of bile salt secretion,” Hepatology, vol. 4, no. 2,
pp. 205–212, 1984.

[44] W. F. Kuhn, D. M. Heuman, Z. Reno Vlahcevic, and D. A.
Gewirtz, “Receptor-mediated stimulation of taurocholate
efflux from the rat hepatocyte and the ex vivo perfused rat
liver,” European Journal of Pharmacology, vol. 175, no. 2,
pp. 117–128, 1990.

[45] J. E. Manautou, N. S. Campion, and L. M. Aleksunes, “Regula-
tion of hepatobiliary transporters during liver injury,” in Com-
prehensive Toxicology (Second Edition), vol. 9, pp. 175–220,
Elsevier, 2010.

[46] E. H. Steen, X. Wang, S. Balaji, M. J. Butte, P. L. Bollyky, and
S. G. Keswani, “The role of the anti-inflammatory cytokine
interleukin-10 in tissue fibrosis,” Advances in Wound Care,
vol. 1, no. 4, pp. 184–198, 2020.

[47] M. N. Shi, Y. H. Huang, W. D. Zheng, L. J. Zhang, Z. X. Chen,
and X. Z. Wang, “Relationship between transforming growth
factor beta1 and anti-fibrotic effect of interleukin-10,” World
Journal of Gastroenterology, vol. 21, no. 15, pp. 2357–2362,
2006.

[48] L.-J. Zhang and X.-Z. Wang, “Interleukin-10 and chronic liver
disease,” World Journal of Gastroenterology, vol. 12, no. 11,
pp. 1681–1685, 2006.

[49] B. Dewidar, C. Meyer, S. Dooley, and N. Meindl-Beinker,
“TGF-β in hepatic stellate cell activation and liver
fibrogenesis-updated 2019,” Cell, vol. 8, no. 11, p. 1419,
2019.

[50] I. Murai and N. Ben-Jonathan, “Chronic posterior pituitary
lobectomy: prolonged elevation of plasma prolactin and inter-
ruption of cyclicity,” Neuroendocrinology, vol. 43, no. 4,
pp. 453–458, 2004.

[51] F. Mena, D. Aguayo, M. Vigueras, A. Quintanar-Stephano,
G. Perera, and T. Morales, “Effect of posterior pituitary lobec-
tomy on in vivo and in vitro secretion of prolactin in lactating
rats,” Endocrine, vol. 5, no. 3, pp. 285–290, 1996.

[52] R. E. Miller, H. Yueh-Chien, M. K. Wiley, and R. Hewitt,
“Anterior hypophysial function in the posterior-
hypophysectomized rat: normal regulation of the adrenal
system,” Neuroendocrinology, vol. 14, no. 3-4, pp. 233–250,
2004.

[53] A. Quintanar-Stephano, I. Villapando-Fierro, P. Damián-
Matsumura et al., “Effects of protracted neurointermediate
pituitary lobectomy on hormone secretion and number of
each type of endocrine cell in the anterior pituitary lobe
of rats,” Endocrine Pathology, vol. 12, pp. 235–237, 2001.

13Journal of Immunology Research

https://www.youtube.com/watch?v=1YXQKcQA0ec


[54] K. D. Fagin, S. G.Wiener, andM. F. Dallman, “ACTH and cor-
ticosterone secretion in rats following removal of the neuroin-
termediate lobe of the pituitary gland,” Neuroendocrinology,
vol. 40, no. 4, pp. 352–362, 2004.

[55] R. Campos-Rodríguez, A. Quintanar-Stephano, R. A. Jarillo-
Luna et al., “Hypophysectomy and neurointermediate pitui-
tary lobectomy reduce serum immunoglobulin M (IgM) and
IgG and intestinal IgA responses to Salmonella enterica sero-
var Typhimurium infection in rats,” Infection and Immunity,
vol. 74, no. 3, pp. 1883–1889, 2006.

14 Journal of Immunology Research


	Recovery from Liver Failure and Fibrosis in a Rat Portacaval Anastomosis Model after Neurointermediate Pituitary Lobectomy
	1. Introduction
	2. Materials and Methods
	2.1. Animals
	2.2. Portacaval Anastomosis (PCA)
	2.3. Neurointermediate Pituitary Lobectomy (NIL)
	2.4. Liver Function Tests
	2.5. RNA Isolation and Determination of Gene Expression by Real-Time qPCR
	2.6. Statistical Analyses

	3. Results
	3.1. Liver Function Assessment
	3.2. Effects of NIL, PCA, and PCA+NIL on the Liver Histopathology

	4. Discussion
	5. Conclusions
	Abbreviations
	Data Availability
	Disclosure
	Conflicts of Interest
	Acknowledgments

