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Abstract

Background

Spleen enlargement is often detected in patients with liver cirrhosis, but the precise patho-

genetic mechanisms behind the phenomenon have not been clearly elucidated. We investi-

gated the pathogenetic mechanisms of splenomegaly in both portal hypertensive patients

and rats, and tried to identify the possible therapy for this disease.

Methods

Spleen samples were collected from portal hypertensive patients after splenectomy. Rat

models of portal hypertension were induced by common bile duct ligation and partial portal

vein ligation. Spleen samples from patients and rats were used to study the characteristics

of splenomegaly by histological, immunohistochemical, and western blot analyses. Rapa-

mycin or vehicle was administered to rats to determine the contribution of mTOR signaling

pathway in the development of splenomegaly.

Results

We found that not only spleen congestion, but also increasing angiogenesis, fibrogenesis,

inflammation and proliferation of splenic lymphoid tissue contributed to the development of

splenomegaly in portal hypertensive patients and rats. Intriguingly, splenomegaly devel-

oped time-dependently in portal hypertensive rat that accompanied with progressive activa-

tion of mTOR signaling pathway. mTOR blockade by rapamycin profoundly ameliorated

splenomegaly by limiting lymphocytes proliferation, angiogenesis, fibrogenesis and inflam-

mation as well as decreasing portal pressure.
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Conclusions

This study provides compelling evidence indicating that mTOR signaling activation pathway

plays a key role in the pathogenesis of splenomegaly in both portal hypertensive patients

and rats. Therapeutic intervention targeting mTOR could be a promising strategy for

patients with portal hypertension and splenomegaly.

Introduction
Splenomegaly is a frequent finding in many kinds of chronic liver diseases as a consequence of
portal hypertension (PHT) [1]. It usually manifests with a severe hypersplenism, characterized
by a significant reduction in one or more of the cellular elements of the blood, which will lead
to anemia, thrombocytopenia and even life threatening complications like esophageal variceal
hemorrhage [1–3]. Episodes of splenic ischemia and infarction can also be detected in the
enlarged spleen [1]. Even minor trauma can be a hazard to splenic rupture [1]. Importantly,
splenomegaly is not only as a silent consequence but also a proactive contributor that congests
the portal venous system and participates in the maintenance and aggravation of portal pres-
sure, which may contribute to gastroesophageal varices and related bleeding [4, 5]. To date,
however, limited effective medical therapies have been reported for splenomegaly and its rela-
tive complications. The precise pathogenetic mechanisms leading to spleen enlargement in
PHT have been yet poorly understood [1, 3, 4].

In traditional concept, the enlargement of spleen in liver cirrhotic patients, also known as
passive congestive splenomegaly, is due to the increased portal venous resistance that kidnaps
the red blood cells pooling in the red pulp [4]. However, it has been challenged as conflicting
data have been published in this field. As emerging data showed, besides the evident pooling of
blood in the red pulp, a combination of angiogenesis and fibrogenesis, as well as hyperactiva-
tion and enlargement of the lymphoid compartment was also closely involved in the develop-
ment of splenomegaly in portal hypertensive rat [4, 6, 7]. Thus, congestive-hyperplastic model
is a better interpretation for splenomegaly in PHT rather than simply congestive.

The mammalian target of rapamycin (mTOR) is a ubiquitously expressed serine/threonine
kinase that serves as a central regulator of cell metabolism, growth, proliferation and survival
[8, 9]. Discoveries that have been made over the last decade show that mTOR signaling path-
way plays a pivotal role in immunological processes, angiogenesis [10, 11] and fibrogenesis
[12–15]. Impressively, Mejias and Fernandez recently confirmed that mTOR blockade by rapa-
mycin led to a dramatic regression of splenomegaly and a significant decrease of mesenteric
pathological angiogenesis in a non-cirrhotic PHT model [7, 16], indicating the close relevance
of mTOR signaling pathway in the pathophysiology of splenomegaly with chronic PHT. How-
ever, PHT is the most frequent and important complication that develops in patients with liver
cirrhosis [17], therefore, previous findings demonstrated in a non-cirrhotic PHT model might
not fully reveal the actual pathogenetic mechanisms of splenomegaly in the context of liver cir-
rhotic patients and rats with typical cirrhotic PHT [7].

In view of the above questions, we characterized the pathogenetic mechanisms of spleno-
megaly in PHT patients and two different experimental models of PHT: rats with intrahepatic
PHT induced by common bile duct ligation (BDL), and rats with prehepatic PHT induced by
partial portal vein ligation (PPVL). This study also systematically determined the role of
mTOR signaling pathway during the development of splenomegaly and identified the possible
target for therapeutic intervention.

mTOR Blockade Attenuates Splenomegaly

PLOS ONE | DOI:10.1371/journal.pone.0141159 January 6, 2016 2 / 17



Materials and Methods

Ethics statement
All research protocols regarding human samples were approved by the Clinical Review Board
and Ethics Committee of Ruijin Hospital. All participating patients were thoroughly informed
about the studies and provided written informed consent. All animal care and experimental
procedures complied with the guidelines for the Care and Use of Laboratory Animals, formu-
lated by the Ministry of Science and Technology of the People’s Republic of China, and were
approved by the Ethical Committee on Animal Experiments at Ruijin Hospital (protocol
approval number SYXK 2011–0113).

Methods
Antibodies against 70-kDa ribosomal protein S6 kinase (p70S6K), ribosomal protein S6 (S6),
eukaryotic initiation factor 4E-binding protein 1 (4E-BP1) and their phosphorylated forms, as
well as glyceraldehyde 3-phosphate dehydrogenase (GAPDH) and peroxidase-conjugated sec-
ondary antibodies, were purchased from Cell Signaling Technology (USA). Antibody against
α-smooth muscle actin (α-SMA) was purchased from Doka (Denmark). Antibody against
interleukin 1-beta (IL1-β), tumor necrosis factor alpha (TNF-α), vascular endothelial growth
factor (VEGF), nuclear factor kappa-light-chain-enhancer of activated B cells (NF-κB) and
Ki67 were bought from Santa Cruz Biotechnology (USA). Rapamycin was a kind gift from Pfi-
zer Inc (USA).

Patients
PHT spleen samples were obtained from liver cirrhotic patients who underwent splenectomy
in Ruijin Hospital from Jul. 1, 2014 to Dec. 31, 2014 (n = 12), which were defined as PHT
group. Meanwhile, control spleen samples were obtained from patients with traumatic spleen
rupture who underwent unavoidable spleen removal (n = 3) and patients with distal pancreatic
neoplasms who underwent distal pancreatectomy plus splenectomy (n = 2), which were
defined as NON-PHT group. Characteristic of patients and spleens are summarized in Table 1.
Spleen sizes were measured and spleen samples were fixed in formalin for histological and
immunohistochemical analysis and stored at -80°C for protein analysis.

Animals and rapamycin treatment schedule
Male Sprague–Dawley rats, weighing 230–280 g, were purchased from Shanghai Slaccas Exper-
iment Animal Corporation (Shanghai, China). PHT was induced by BDL or PPVL in rats,
while rats underwent sham operation (SHAM) served as control group. Briefly, after anesthesia

Table 1. Characteristic of patients and spleens.

Liver cirrhosis (n = 12) Traumatic spleen rupture
(n = 3)

Distal pancreatic neoplasms
(n = 2)

Pathological diagnosis Splenomegaly Normal spleen Normal spleen

Male/Female 7 / 5 2 / 1 2 / 0

Mean age, year (SD) 56 (7.4) 52 (0) 60 (4.9)

Liver disease etiology (n) HBV (8); HCV (3); Schistosomiasis
(1)

None None

Mean spleen sizes (length×width×height
cm3)

21.8×14.5×6.3 12.3×7.8×2.9 11.2×6.4×3.1

doi:10.1371/journal.pone.0141159.t001
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(100 mg/kg ketamine, 5 mg/kg xylazine, intramuscularly) and median laparotomy, the com-
mon bile duct was isolated and resected between a proximal and distal ligature for BDL. For
PPVL, the portal vein was isolated and a constricting ligature was placed over a blunt-tipped
20G needle. In control animals (SHAM) the bile duct or the portal vein were similarly manipu-
lated but no resection or ligation were made [18]. No antibiotics were used in our experiments.
Rats were housed in a standard animal laboratory with free activity and access to water and
chow. They were kept under constant environmental conditions with a 12-hour light-dark
cycle. The rats were fasted for 12 hours before surgery.

In the first experimental protocol, rats were sacrificed on days 1, 3, 7, 14, 21 after BDL or
PPVL (n = 4, in each group) and also SHAM (n = 4) in order to study splenomegaly develop-
ment kinetics and mTOR signaling expression pattern in rat spleens. In the second experimental
protocol, rapamycin (2 mg kg-1day-1) was administered to rats (BDL-RAPA: n = 6; PPVL-RAPA:
n = 7; SHAM-RAPA: n = 6) by intraperitoneal injections for a 2-week period, starting one week
after operation when PHT was fully established. Vehicle (5% dimethyl sulfoxide solution) was
injected to rats (BDL-VEH: n = 7; PPVL-VEH: n = 7; SHAM-VEH: n = 7) intraperitoneally in
the same dose and time schedule of rapamycin, which served as control study.

Measurement of portal pressure
Under anesthesia (100 mg/kg ketamine, 5 mg/kg xylazine, intramuscularly), a 24-g cannula
needle was introduced into rat’s portal vein and connected to highly sensitive pressure trans-
ducer to measure portal pressure (mm Hg), which was recorded by a multichannel computer-
based recorder (Power Lab, AD Instruments, Australia). Pressure measurement lasted for 1
min, and the average value was regarded as the portal pressure. Rats were then sacrificed by
cervical dislocation for tissue harvest.

Western blot analysis
Proteins (60–120μg) were separated by SDS–PAGE and subsequently transferred to polyvinyli-
denefluoride membranes. Membranes were blocked with 5% non-fat dry milk in incubation
buffer and incubated with primary antibodies. Bound antibody was detected with peroxidase-
linked secondary antibody and a chemiluminescence detection system. Protein expression was
normalized to GAPDH expression. Quantification of protein signals was performed using Ima-
geJ software (NIH, Bethesda, MD).

Histological and Immunohistochemical analysis
Spleen sections were prepared and stained with hematoxylinand eosin (H&E) and Masson tri-
chrome stain using standard methods. For immunohistochemistry, spleen sections were
blocked and incubated with primary antibodies and developed with biotinylated secondary
antibodies and then incubated with streptavidin-HRP. The sections were then stained with a
solution of 3, 3-diaminobenzidine tetrahydrochloride and counter stained with haematoxylin.
Sections were visualized by light microscopy and images were acquired. The positive area was
quantified using the ImageJ software (NIH, Bethesda, MD). Morphometric results were
expressed as percentage of specific positive area in relation to the total counted area and given
as means ± SD.

Statistical analysis
Comparison between multiple groups was performed with the one-way ANOVA Kruskal-Wal-
lis test, and pairwise comparison was performed with MannWhitney U test. All of the

mTOR Blockade Attenuates Splenomegaly

PLOS ONE | DOI:10.1371/journal.pone.0141159 January 6, 2016 4 / 17



statistical analysis used the Graph Pad statistics software (Graph Pad Software Inc, USA). A p
value of less than 0.05 was considered significant.

Results

Pathophysiology characteristic and mTOR signaling expression profile
in spleen of portal hypertensive patient
There are 12 patients in PHT group and 5 patients in NON-PHT group. Characteristic of
patients and spleens are summarized in Table 1. The average spleen size was 21.8×14.5×6.3
cm3 in PHT group, which was significantly greater than that of NON-PHT group
(11.8×7.1×3.0 cm3; p<0.01).

We first studied the pathophysiology of splenomegaly in patients with PHT. In H&E stained
sections, the white pulp area, representing the lymphoid tissue of spleen, tended to be smaller
in the spleens of PHT group than that of NON-PHT group, albeit without significant difference
(p>0.05; Fig 1A and 1B). However, in immunostained sections, we found an interesting phe-
nomenon that Ki67-positive area was 2.3 folds greater in the spleens of PHT group than that of
NON-PHT group (p<0.01; Fig 1A and 1B). Additionally, the Ki67-positive cells localization
predominantly correlated with the white pulp region (Fig 1A), suggesting proliferation of
splenic lymphocytes [19]. We also detected a robust increase in the expression of perivascular
cell marker α-SMA in splenic red pulp of PHT group when compared with NON-PHT group
(p<0.001; Fig 1A–1C), which meant an increased capillary density in splenomegaly [7].

To investigate mTOR signaling expression profile in splenomegaly, we assessed mTOR
down-stream effectors in spleen tissues from patients with PHT by immunoblotting. We
detected a significant increased protein expression of P-p70S6K and P-S6 relative to their total
proteins in spleens of PHT group compared with NON-PHT group (p<0.05; Fig 1D). How-
ever, relative P-4E-BP1 protein expression was not augmented in spleens of PHT group, but
rather much lower than that of NON-PHT group (Fig 1D). These results suggested mTOR sig-
naling pathway was overactivated, at least in p70S6K/S6 down-stream [20], in spleens of portal
hypertensive patients.

Splenomegaly development kinetics and mTOR signaling expression
pattern in spleen of portal hypertensive rat
To get a better understanding of splenomegaly development kinetics in portal hypertensive
rats, we continuously observed pathologic progress at various stages (days 1, 3, 7, 14 and 21
after BDL or PPVL). Interestingly, we found that spleen size increased time-dependently in
both rat models of PHT. The ratio of splenic weight to body weight, a measure of spleen size,
kept increasing progressively and reached significantly greater on day 7 after BDL when com-
pared with SHAM rats (p<0.05; Fig 2A), and kept elevating throughout the next 2 weeks.
Splenomegaly peaked maximal level on day 3 and remained high throughout the next 2 weeks
in PPVL rats (Fig 2A).

We also studied mTOR signaling expression pattern in spleens of portal hypertensive rats.
By immunoblotting, we detected relative P-p70S6K protein expression elevated gradually from
day 1 and peaked on day 21 in BDL rat spleens, while remained steady until day 14 and peaked
on day 21 in PPVL rat spleens (Fig 2B and 2C). Relative P-S6 protein expression in spleens
reached maximal level on day 3 and day 14 in BDL and PPVL rat spleens, respectively, then
subsequently decreased (Fig 2B and 2C). Relative P-4E-BP1 protein expression remained
unchanged at the first few days then slightly elevated from day 14 in both models, albeit with-
out significant difference from SHAM rats (p>0.05; Fig 2B and 2C). These results indicated
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splenomegaly developed progressively in a time-dependent manner, which might be relevant
with mTOR signaling pathway progressive activation at various stages of disease progress.

mTOR blockade by rapamycin in spleen of portal hypertensive rat
We chose 3 weeks as our study period and further determined whether mTOR signaling path-
way would be altered by 2-week rapamycin treatment, starting one week after BDL or PPVL.

Fig 1. Pathophysiology characteristic andmTOR signaling expression profile in spleens of portal hypertensive patients. (A) Representative images
of spleen tissues stained with H&E showing white pulp (WP) and red pulp (RP), and immunostained for Ki67 or α-SMA (original magnification ×40). The
image in the middle right is a magnified view of the region in the frame. (B) and (C) Quantitative analysis of white pulp occupied area and Ki67- and α-SMA-
positive area. (D) Representative images of western blot for mTOR down-stream effectors and quantification of protein expression relative to their total
protein. *p<0.05 versus NON-PHT group, **p<0.01 versus NON-PHT group, ***p<0.001 versus NON-PHT group.

doi:10.1371/journal.pone.0141159.g001
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Indeed, using the western blot technique, we found that relative P-p70S6K and P-S6 protein
expression elevated in vehicle-treated PHT rat spleens were strongly suppressed by rapamycin
in BDL-RAPA and PPVL-RAPA rat spleens (p<0.05; Fig 3A). Despite relative P-4E-BP1 pro-
tein expression did not significantly differed between vehicle-treated PHT rats and SHAM--
VEH animals, it was remarkably suppressed by rapamycin in BDL-RAPA and PPVL-RAPA rat
spleens (p<0.05; Fig 3A). These results suggested that mTOR signaling pathway could be
blocked by rapamycin in spleens of portal hypertensive rats.

Fig 2. Splenomegaly development kinetics andmTOR signaling expression pattern in spleens of portal hypertensive rats. (A) Relative spleen
weight of rats on days 1, 3, 7, 14 and 21 after BDL or PPVL (n = 4 in each group). (B) and (C) Representative images of western blot and quantification of
protein expression relative to their total protein for mTOR down-stream effectors in spleens of BDL and PPVL rats. *p<0.05 versus SHAM, **p<0.01 versus
SHAM, ***p<0.001 versus SHAM.

doi:10.1371/journal.pone.0141159.g002
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mTOR blockade by rapamycin ameliorates portal pressure and
splenomegaly
We further gauged the impact of mTOR blockade by rapamycin on splenomegaly. Three weeks
after operation, PHT was successfully established along with enlargement of spleen, as indi-
cated by a significant increase in portal pressure and spleen size in BDL-VEH and PPVL-VEH
rats, compared to SHAM-VEH rats (p<0.05; Fig 3B and 3C). Impressively, two-week treat-
ment of rapamycin induced a 28.3% and 31.4% decrease in portal pressure in BDL-RAPA and
PPVL-RAPA rats, respectively, compared to their corresponding vehicle-treated animals
(p<0.05; Fig 3B). Meanwhile, splenomegaly was profoundly ameliorated by rapamycin in both

Fig 3. Effects of rapamycin on splenomegaly of portal hypertensive rats. (A) Representative images of western blot and quantification of protein
expression relative to their total protein for mTOR down-stream effectors in rat spleens. (B) Portal pressure. (C) Representative spleen images. (D)
Quantitative analysis of relative spleen weight. *: p<0.05 versus SHAM-VEH, **: p<0.05 versus BDL-VEH, ***: p<0.05 versus PPVL-VEH.

doi:10.1371/journal.pone.0141159.g003
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PHT models, which translated into a 49% and 21% reduction in the ratio of spleen weight to
body weight in BDL-RAPA and PPVL-RAPA rats, respectively (p<0.05; Fig 3C and 3D).

mTOR blockade by rapamycin attenuates the enlarged splenic lymphoid
tissue
Spleen is an important immune organ, of which the lymphoid tissue, namely white pulp, exe-
cutes the major immunologic function [21]. We explored the pathophysiology of splenic lym-
phoid tissue in rats with PHT, and determined the effects of rapamycin on splenic lymphoid
tissue. Spleen sections (H&E) from BDL-VEH and PPVL-VEH rats demonstrated an evident
enlargement of the splenic lymphoid tissue (Fig 4A). Morphometric quantitative analysis
showed a significant larger white pulp area in BDL-VEH and PPVL-VEH rats than that in
SHAM-VEH animals (p<0.05; Fig 4C). Abundant Ki67-positive cells were also found in the
enlarged splenic lymphoid tissue, suggesting splenic lymphocytes were undergoing prolifera-
tion (Fig 4A and 4C).

After 2-week intervention, rapamycin markedly attenuated the enlargement of splenic lym-
phoid tissue, as indicated by a 34% decrease of white pulp area in BDL-RAPA rats and a 35%
decrease in PPVL-RAPA rats compared with their corresponding vehicle-treated animals
(p<0.05; Fig 4A and 4C). Consistently, Ki67-positive cells in white pulp region were markedly
reduced in rapamycin-treated PHT rats (Fig 4A and 4C). These results indicated anti-prolifera-
tion effect of rapamycin on splenic lymphocytes.

We also investigated whether rapamycin would trigger apoptosis and further conduce to
white pulp area attenuation. Surprisingly, we found two executioner proteins of apoptosis,
cleaved caspase 3 and caspase 7 [22], were apparently upregulated in spleens of vehicle-treated
PHT rats (Fig 4B and 4D), which hinted lymphocytes underwent apoptosis during splenomeg-
aly developed. After 2-week treatment of rapamycin, cleaved caspase 3 and caspase 7 expres-
sion were significantly downregulated in spleens of BDL-RAPA or PPVL-RAPA rats (p<0.05;
Fig 4B and 4D), suggesting that this treatment inhibited lymphocytes apoptosis rather than
triggered apoptosis.

mTOR blockade by rapamycin suppresses pathological angiogenesis in
splenic red pulp
As angiogenesis is essential in development and maintenance of PHT [18, 23, 24], we tried to
inspect the relevance of angiogenesis in the pathophysiology of splenomegaly in portal hyper-
tensive rats. By immunoblotting, we found a robust increase in the expression of proangiogenic
factor VEGF and perivascular cell marker α-SMA [7, 25] in spleens of BDL-VEH and
PPVL-VEH rats, compared to SHAM-VEH animals (p<0.05; Fig 5A and 5B). By immunos-
taining, the splenic red pulp of BDL-VEH and PPVL-VEH rats exhibited a significant increase
in α-SMA-positive area (p<0.05; Fig 5C and 5D), which indicated an increased neovasculariza-
tion in splenic red pulp. Additionally, the Ki67-positive cells were pronouncedly upregulated
in the splenic red pulp of BDL-VEH and PPVL-VEH rats, where it was consistent with sinusoi-
dal endothelial cells (p<0.05; Fig 5C and 5D).

After 2-week treatment of rapamycin, VEGF and α-SMA were markedly suppressed in
spleens of BDL-RAPA and PPVL-RAPA rats, compared to vehicle-treated PHT animals
(p<0.05; Fig 5A and 5B). The α-SMA-positive area and Ki67-positive cells, exhibited in splenic
red pulp, were also strongly decreased in rapamycin-treated PHT rats (Fig 5C and 5D). Taken
together, these data suggested that pathological angiogenesis was involved in the pathophysiol-
ogy of splenomegaly in portal hypertensive rats, which could be suppressed by rapamycin
intervention.
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Fig 4. Effects of rapamycin on the splenic lymphoid tissue in portal hypertensive rats. (A) Representative histological images of spleen tissues stained
with H&E (original magnification ×40) and immunostained for Ki67 (original magnification ×100). Arrowheads point to Ki67-positive cells. (B) Representative
images of western blot for caspase 3 and caspase 7. (C) Quantitative analysis of white pulp occupied area and Ki67-positive cells area to white pulp area. (D)
Quantification of cleaved caspase 3 and caspase 7 protein expression relative to GAPDH. *: p<0.05 versus SHAM-VEH, **: p<0.05 versus BDL-VEH, ***:
p<0.05 versus PPVL-VEH.

doi:10.1371/journal.pone.0141159.g004
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Fig 5. Effects of rapamycin on angiogenesis of splenic red pulp in portal hypertensive rats. (A) Representative images of western blot for VEGF and α-
SMA. (B) Quantification of VEGF and α-SMA protein expression relative to GAPDH. (C) Representative histological images of spleen tissues immunostained
for α-SMA and Ki67 (original magnification ×40). Arrowheads point to α-SMA- and Ki67-positive cells. (D) Quantitative analysis of α-SMA and Ki67-positive
cells area. *: p<0.05 versus SHAM-VEH, **: p<0.05 versus BDL-VEH, ***: p<0.05 versus PPVL-VEH.

doi:10.1371/journal.pone.0141159.g005
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mTOR blockade by rapamycin improves fibrosis and inflammation in
splenic parenchyma
The increased numbers of fibrillar collagen have been found extending to the entire paren-
chyma in the enlarged spleen of liver cirrhosis previously [26, 27]. Accordantly, as evidenced
by Masson trichrome staining, we also found that a 112% and 69% increase in fibrillar collagen
presented in splenic parenchyma of BDL-VEH and PPVL-VEH rats, respectively, when com-
pared with SHAM-VEH animals (p<0.05; Fig 6A). As expected, rapamycin substantially
reduced the amount of fibrillar collagen in spleens of rapamycin-treated PHT rats (Fig 6A).

Since liver cirrhosis is a complex disease, in which fibrosis, angiogenesis and inflammation are
closely integrated [28], we assumed that inflammation also exists in the enlarged spleens of portal
hypertensive rats. As expected, IL-1β and NF-κB, two proinflammatory cytokines thought to be
involved in many acute and chronic diseases [29, 30], were upregulated in spleens of vehicle-
treated PHT rats, though IL-1β was not significantly different between PPVL-VEH and SHAM--
VEH rats (p>0.05; Fig 6B). In accordance with western blot, immunohistochemical findings also
revealed an increased expression of TNF-α in spleens of vehicle-treated PHT rats (Fig 6C). Nota-
bly, IL-1β and NF-κB were significantly downregulated in spleens of rapamycin-treated PHT
rats as compared with vehicle-treated animals (p<0.05; Fig 6B). TNF-α-positive cells was barely
found in spleen from rapamycin-treated animals, as quantitative analysis indicated by a 74% and
47% decrease in BDL-RAPA and PPVL-RAPA rats, respectively (p<0.05; Fig 6C).

Discussion
It has long been considered that enlargement of spleen is mainly due to passive splenic conges-
tion [1, 4]. Our present study strongly supplemented the concept that splenomegaly was also
caused by increased angiogenesis, fibrogenesis, inflammation and splenic lymphoid tissue pro-
liferation. We also found that splenomegaly developed progressively in a time-dependent man-
ner in rats of both intrahepatic and prehepatic portal hypertension models, which was closely
in relevance with progressive activation of mTOR signaling pathway. mTOR blockade by rapa-
mycin could profoundly ameliorate splenomegaly by limiting lymphocytes proliferation,
angiogenesis, fibrogenesis and inflammation as well as decreasing portal pressure in portal
hypertensive rats.

Our previous study and emerging experimental data have already demonstrated that mTOR
signaling pathway played a central role in the activation of hepatic stellate cells, moreover, the
pathway blockade by rapamycin could reverse liver fibrosis, improve liver function, and lower
portal pressure in established cirrhotic animal models [12–15]. Consistently, these reverse
effects were also observed in splenomegaly in our experiments, which indicated that mTOR
signaling pathway might be systematically activated in portal hypertension syndrome, and
rapamycin could be a promising agent in reversing portal hypertension syndrome.

In human spleens, even though the splenic lymphoid tissue region per unit of weight was
similar between the two groups, the spleen size was significantly greater in portal hypertensive
patients than that in non-portal hypertensive patients. Thus, it was reasonable to assume that
an overall increase in the absolute splenic lymphoid tissue might contribute to the enlargement
of spleen in patients with PHT. We also found the Ki67-positive cells localization predomi-
nantly correlated with the white pulp region, which is a solid evidence of proliferation of
splenic lymphoid tissue [19]. In addition, the increased α-SMA-positive area in spleens of PHT
patients was a compelling sign of neovascularization in splenic red pulp [25]. Taken together,
splenomegaly in patients with PHT could be, in part, the result of overall increase in the abso-
lute splenic lymphoid tissue as a consequence of cellular proliferation and increased neovascu-
larization in the splenic red pulp.
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Fig 6. Effects of rapamycin on fibrosis and inflammation in splenic parenchyma in portal hypertensive rats. (A) Representative Masson trichrome
staining images (original magnification ×40) and quantitative analysis of fibrillar collegan-stained area. Arrowheads point to fibrillar collagen. (B)
Representative images of western blot and quantification of protein expression relative to GAPDH for IL-1β and NF-κB. (C) Representative images of spleen
tissues immunostained for TNF-α (original magnification ×40) and quantitative analysis of TNF-α-positive cells area. Arrowheads point to TNF-α-positive
cells. *: p<0.05 versus SHAM-VEH, **: p<0.05 versus BDL-VEH, ***: p<0.05 versus PPVL-VEH.

doi:10.1371/journal.pone.0141159.g006
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These findings in human spleens were further proved in our animal experiments. Spleens of
BDL and PPVL rats exhibited an evident enlargement of the splenic lymphoid tissue along
with abundant Ki67-positive proliferating cells, indicating proliferation of splenic lymphocytes
[19]. Nevertheless, increased lymphocytes apoptosis in PHT rat spleens discovered in our
study was a discrepancy to Mejias’ research that lymphocytes apoptosis did not significantly
alter under PHT induction [7]. Moreover, suppressed splenic lymphocytes apoptosis was
found in our study upon rapamycin treatment, while augmented apoptosis in Mejias’ research
[7]. Recent accumulated researches indicated that liver cirrhosis is a wound-healing response
in face with sustained injuries, such as inflammatory factors, oxidative stress and nitrosative
stress, by which may induce cellular mitochondrial injury, apoptosis and even necrosis [17,
31]. Furthermore, besides as a consequence of liver injury, apoptosis of parenchymal cells is
also viewed as a critical inflammatory stimulus that activates stellate cells [32, 33]. Indeed, apo-
ptosis were significantly triggered in BDL rat livers, as evidenced in the study of Alessandro
Arduini [33]. In our previous study, mitochondrial injury and cellular apoptosis, as evidenced
by transmission electron microscopy, were also obvious in BDL rat livers. However, treatment
with rapamycin markedly modified microenvironment and attenuated mitochondrial injury
and cellular apoptosis [15]. From the microenvironment perspective, it is extremely likely that
sustained injuries can trigger lymphocytes apoptosis in the progress of splenomegaly with
PHT, and lymphocytes apoptosis can be suppressed once the lesion is alleviated by rapamycin.

Our results also demonstrated a significant upregulation of proangiogenic factor VEGF and
perivascular cell marker α-SMA in spleens of rats with PHT [19, 25], suggesting increased
pathological angiogenesis in the spleens. These findings were further confirmed by the evi-
dence of increased α-SMA-positive area and Ki67-positive cells in splenic red pulp. We also
found extensive fibrillar collagen extended to the entire splenic parenchyma in rats with PHT,
as evidenced by Masson trichrome staining. Additionally, inflammation was obvious in spleens
of the two different models of PHT, as shown by the increase of proinflammatory cytokines IL-
1β, NF-κB and TNF-α in splenic parenchyma [29, 30]. It is well acknowledged that angiogene-
sis, fibrosis and inflammation are closely integrated disturbances in liver cirrhosis, which play
important roles in pathophysiology of liver cirrhosis [31, 34]. For instance, many inflammatory
mediators may indirectly stimulate other cells producing angiogenic factors to activate angio-
genic process [35]. Angiogenesis, in turn, contributes to the recruitment and infiltration of
inflammatory cells. The new vessels acting as transporters of nutrients to the site of inflamma-
tion can also accentuate the inflammatory response [28, 35, 36]. Therefore, these three distur-
bances presented in splenomegaly may not only exist in isolation, their complicated
interactions would promote the development of splenomegaly.

This improved understanding in pathophysiology of splenomegaly ignited our interest to
investigate the underlying pathogenetic mechanisms. We shed light on mTOR signaling path-
way for its property on regulating cell growth and proliferation, and pivotal role in immunolog-
ical processes [8, 9], angiogenesis [10, 11] and fibrogenesis [12–15]. To assess this potential
relevance, we performed immunoblots on spleens to detect the protein expression of p70S6K,
S6 and 4E-BP1, which are direct down-stream targets of the mTOR kinase and whose phos-
phorylation states are convenient and widely used measure of the activity of mTOR [20]. We
found that P-p70S6K and P-S6 relative to their total protein were elevated in spleens of PHT
patients, suggesting mTOR signaling pathway was overactivated, at least in p70S6K/S6 down-
stream, in splenomegaly of portal hypertensive patients. Consistently, a progressive activation
of mTOR signaling pathway was detected in rats after BDL or PPVL. We also found that the
spleen size increased progressively in a time-dependent manner, which was basically in parallel
with the tendency of the activation of mTOR signaling pathway. As discussed previously [8–
15], it is reasonable to envisage that the activation of mTOR signaling pathway contributed to
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the enlargement of spleen by promoting processes such as proliferation of lymphocytes, angio-
genesis and fibrogenesis.

To further identify the relationship between mTOR signaling pathway and pathophysiology
of splenomegaly, we determined the effects of mTOR blockade on pathophysiology of spleno-
megaly. Rapamycin is a potent and exquisitely specific inhibitor of mTOR that has been used
clinically in several diseases [11, 37]. Recent studies have demonstrated that rapamycin is able
to prevent mesenteric angiogenesis, and reduce spleen volume in portal hypertensive animal
models [16, 38]. In renal transplant recipients, rapamycin has been shown to decrease spleen
size without compromising splenic function [39]. Thus, rapamycin may be a safe and effective
agent in reducing spleen size. After 2-week treatment of rapamycin in our study, the elevated
P-p70S6K and P-S6 protein expression relative to their total proteins in PHT rat spleens, as
well as relative P-4E-BP1 protein expression, were strongly suppressed. Consequently, the
increased portal pressure and spleen size in PHT rats were profoundly attenuated by rapamy-
cin. Splenomegaly was markedly ameliorated by limiting lymphocytes proliferation, angiogene-
sis, fibrogenesis and inflammation in rats with PHT. Collectively, these results support the
notion that activation of mTOR signaling pathway may be one of the pathogenetic mechanisms
leading to splenomegaly, and mTOR blockade by rapamycin can effectively ameliorate
splenomegaly.

In conclusion, based on clinical investigation and laboratory exploration, our present study
provided important insights into the pathogenetic mechanisms of splenomegaly with PHT.
Combining the findings reported here and in our previous publication [15], targeting mTOR
signaling could represent a potentially effective therapeutic approach for PHT, ameliorating
not only intrahepatic disturbances, but also splenomegaly.

Supporting Information
S1 Fig. H&E staining in rat livers.
(TIF)

S2 Fig. Immunohistochemistry staining for VEGF in rat spleens.
(TIF)

S1 Table. Hematological analysis.
(DOCX)

Acknowledgments
We are grateful to Pfizer Inc (USA) for their kindly donation of rapamycin.

Author Contributions
Conceived and designed the experiments: YCWW JY. Performed the experiments: YC. Ana-
lyzed the data: YCWW. Contributed reagents/materials/analysis tools: HW YLMS. Wrote the
paper: YCWW JY. Critical revision of the manuscript for important intellectual content: HL.

References
1. McCormick PA, Murphy KM. Splenomegaly, hypersplenism and coagulation abnormalities in liver dis-

ease. Best Pract Res Cl Ga. 2000; 14(6):1009–31.

2. Afdhal N, McHutchison J, Brown R, Jacobson I, Manns M, Poordad F, et al. Thrombocytopenia associ-
ated with chronic liver disease. J Hepatol. 2008; 48(6):1000. doi: 10.1016/j.jhep.2008.03.009 PMID:
18433919

mTOR Blockade Attenuates Splenomegaly

PLOS ONE | DOI:10.1371/journal.pone.0141159 January 6, 2016 15 / 17

http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0141159.s001
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0141159.s002
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0141159.s003
http://dx.doi.org/10.1016/j.jhep.2008.03.009
http://www.ncbi.nlm.nih.gov/pubmed/18433919


3. Boyer TD, Habib S. Big spleens and hypersplenism: fix it or forget it? Liver Int. 2015; 35(5):1492–8. doi:
10.1111/liv.12702 PMID: 25312770

4. Bolognesi M, Merkel C, Sacerdoti D, Nava V, Gatta A. Role of spleen enlargement in cirrhosis with por-
tal hypertension. Digest Liver Dis. 2002; 34(2):144–50.

5. Liu H, Lee SS. The spleen is a player in portal hypertension. Exp Physiol. 2012; 97(9):999–1000. doi:
10.1113/expphysiol.2012.064485 PMID: 22932277

6. Manenti A, Botticelli A, Gibertini G, Botticelli L. Experimental congestive splenomegaly: histological
observations in the rat. Pathologica. 1992; 85(1100):721–4.

7. Mejias M, Garcia-Pras E, Gallego J, Mendez R, Bosch J, Fernandez M. Relevance of the mTOR signal-
ing pathway in the pathophysiology of splenomegaly in rats with chronic portal hypertension. J Hepatol.
2010; 52(4):529–39. doi: 10.1016/j.jhep.2010.01.004 PMID: 20206401

8. Inoki K, Guan K-L. Complexity of the TOR signaling network. Trends Cell Biol. 2006; 16(4):206–12.
PMID: 16516475

9. Fingar DC, Blenis J. Target of rapamycin (TOR): an integrator of nutrient and growth factor signals and
coordinator of cell growth and cell cycle progression. Oncogene. 2004; 23(18):3151–71. PMID:
15094765

10. Mayerhofer M, Valent P, Sperr WR, Griffin JD, Sillaber C. BCR/ABL induces expression of vascular
endothelial growth factor and its transcriptional activator, hypoxia inducible factor-1α, through a path-
way involving phosphoinositide 3-kinase and the mammalian target of rapamycin. Blood. 2002; 100
(10):3767–75. PMID: 12393646

11. Guba M, Von Breitenbuch P, Steinbauer M, Koehl G, Flegel S, HornungM, et al. Rapamycin inhibits pri-
mary and metastatic tumor growth by antiangiogenesis: involvement of vascular endothelial growth fac-
tor. Nat Med. 2002; 8(2):128–35. PMID: 11821896

12. Biecker E, De Gottardi A, Neef M, Unternährer M, Schneider V, Ledermann M, et al. Long-term treat-
ment of bile duct-ligated rats with rapamycin (sirolimus) significantly attenuates liver fibrosis: analysis of
the underlying mechanisms. J Pharmacol Exp Ther. 2005; 313(3):952–61. PMID: 15769867

13. Neef M, Ledermann M, Saegesser H, Schneider V, Reichen J. Low-dose oral rapamycin treatment
reduces fibrogenesis, improves liver function, and prolongs survival in rats with established liver cirrho-
sis. J Hepatol. 2006; 45(6):786–96. PMID: 17050028

14. Patsenker E, Schneider V, Ledermann M, Saegesser H, Dorn C, Hellerbrand C, et al. Potent antifibrotic
activity of mTOR inhibitors sirolimus and everolimus but not of cyclosporine A and tacrolimus in experi-
mental liver fibrosis. J Hepatol. 2011; 55(2):388–98. doi: 10.1016/j.jhep.2010.10.044 PMID: 21168455

15. WangW, Yan J, Wang H, Shi M, Zhang M, YangW, et al. Rapamycin Ameliorates Inflammation and
Fibrosis in the Early Phase of Cirrhotic Portal Hypertension in Rats through Inhibition of mTORC1 but
Not mTORC2. PloS one. 2014; 9(1):e83908. doi: 10.1371/journal.pone.0083908 PMID: 24404143

16. Fernandez M, Mejias M, Garcia-Pras E, Mendez R, Garcia-Pagan JC, Bosch J. Reversal of portal
hypertension and hyperdynamic splanchnic circulation by combined vascular endothelial growth factor
and platelet-derived growth factor blockade in rats. Hepatology. 2007; 46(4):1208–17. PMID:
17654489

17. Schuppan D, Afdhal NH. Liver cirrhosis. The Lancet. 2008; 371(9615):838–51.

18. Mejias M, Garcia-Pras E, Tiani C, Miquel R, Bosch J, Fernandez M. Beneficial effects of sorafenib on
splanchnic, intrahepatic, and portocollateral circulations in portal hypertensive and cirrhotic rats. Hepa-
tology. 2009; 49(4):1245–56. doi: 10.1002/hep.22758 PMID: 19137587

19. Gerlach C, Golding M, Larue L, Alison M, Gerdes J. Ki-67 immunoexpression is a robust marker of pro-
liferative cells in the rat. Lab Invest. 1997; 77(6):697. PMID: 9426408

20. Ma XM, Blenis J. Molecular mechanisms of mTOR-mediated translational control. Nat Rev Mol Cell
Biol. 2009; 10(5):307–18. doi: 10.1038/nrm2672 PMID: 19339977

21. Mebius RE, Kraal G. Structure and function of the spleen. Nat Rev Immunol. 2005; 5(8):606–16. PMID:
16056254

22. Lakhani SA, Masud A, Kuida K, Porter GA, Booth CJ, Mehal WZ, et al. Caspases 3 and 7: key media-
tors of mitochondrial events of apoptosis. Science. 2006; 311(5762):847–51. PMID: 16469926

23. Fernandez M, Semela D, Bruix J, Colle I, Pinzani M, Bosch J. Angiogenesis in liver disease. J Hepatol.
2009; 50(3):604–20. doi: 10.1016/j.jhep.2008.12.011 PMID: 19157625

24. Fernandez M, Mejias M, Angermayr B, Garcia-Pagan JC, Rodes J, Bosch J. Inhibition of VEGF recep-
tor-2 decreases the development of hyperdynamic splanchnic circulation and portal-systemic collateral
vessels in portal hypertensive rats. J Hepatol. 2005; 43(1):98–103. PMID: 15893841

25. Karamysheva AF. Mechanisms of angiogenesis. Biochemistry (Moscow). 2008; 73(7):751–62.

mTOR Blockade Attenuates Splenomegaly

PLOS ONE | DOI:10.1371/journal.pone.0141159 January 6, 2016 16 / 17

http://dx.doi.org/10.1111/liv.12702
http://www.ncbi.nlm.nih.gov/pubmed/25312770
http://dx.doi.org/10.1113/expphysiol.2012.064485
http://www.ncbi.nlm.nih.gov/pubmed/22932277
http://dx.doi.org/10.1016/j.jhep.2010.01.004
http://www.ncbi.nlm.nih.gov/pubmed/20206401
http://www.ncbi.nlm.nih.gov/pubmed/16516475
http://www.ncbi.nlm.nih.gov/pubmed/15094765
http://www.ncbi.nlm.nih.gov/pubmed/12393646
http://www.ncbi.nlm.nih.gov/pubmed/11821896
http://www.ncbi.nlm.nih.gov/pubmed/15769867
http://www.ncbi.nlm.nih.gov/pubmed/17050028
http://dx.doi.org/10.1016/j.jhep.2010.10.044
http://www.ncbi.nlm.nih.gov/pubmed/21168455
http://dx.doi.org/10.1371/journal.pone.0083908
http://www.ncbi.nlm.nih.gov/pubmed/24404143
http://www.ncbi.nlm.nih.gov/pubmed/17654489
http://dx.doi.org/10.1002/hep.22758
http://www.ncbi.nlm.nih.gov/pubmed/19137587
http://www.ncbi.nlm.nih.gov/pubmed/9426408
http://dx.doi.org/10.1038/nrm2672
http://www.ncbi.nlm.nih.gov/pubmed/19339977
http://www.ncbi.nlm.nih.gov/pubmed/16056254
http://www.ncbi.nlm.nih.gov/pubmed/16469926
http://dx.doi.org/10.1016/j.jhep.2008.12.011
http://www.ncbi.nlm.nih.gov/pubmed/19157625
http://www.ncbi.nlm.nih.gov/pubmed/15893841


26. Manenti F, Williams R. Injection studies of the splenic vasculature in portal hypertension. Gut. 1966; 7
(2):175–80. PMID: 5932895

27. Yamaguchi S, Kawanaka H, Yoshida D, Maehara Y, Hashizume M. Splenic hemodynamics and
decreased endothelial nitric oxide synthase in the spleen of rats with liver cirrhosis. Life Sci. 2007; 80
(22):2036–44. PMID: 17481668

28. Tugues S, Fernandez-Varo G, Munoz-Luque J, Ros J, Arroyo V, Rodes J, et al. Antiangiogenic treat-
ment with sunitinib ameliorates inflammatory infiltrate, fibrosis, and portal pressure in cirrhotic rats.
Hepatology. 2007; 46(6):1919–26. PMID: 17935226

29. Kolb M, Margetts PJ, Anthony DC, Pitossi F, Gauldie J. Transient expression of IL-1β induces acute
lung injury and chronic repair leading to pulmonary fibrosis. J Clin Invest. 2001; 107(12):1529. PMID:
11413160

30. Tak PP, Firestein GS. NF-κB: a key role in inflammatory diseases. J Clin Invest. 2001; 107(1):7. PMID:
11134171

31. Friedman SL. Mechanisms of hepatic fibrogenesis. Gastroenterology. 2008; 134(6):1655–69. doi: 10.
1053/j.gastro.2008.03.003 PMID: 18471545

32. Jaeschke H. Inflammation in response to hepatocellular apoptosis. Hepatology. 2002; 35(4):964–6.
PMID: 11915046

33. Arduini A, Serviddio G, Escobar J, Tormos AM, Bellanti F, Viña J, et al. Mitochondrial biogenesis fails in
secondary biliary cirrhosis in rats leading to mitochondrial DNA depletion and deletions. Am J Physiol-
Gastr L. 2011; 301(1):G119–G27.

34. Tsochatzis EA, Bosch J, Burroughs AK. Liver cirrhosis. The Lancet. 2014; 383(9930):1749–61.

35. Cohen T, Nahari D, Cerem LW, Neufeld G, Levi B-Z. Interleukin 6 induces the expression of vascular
endothelial growth factor. J Biol Chem. 1996; 271(2):736–41. PMID: 8557680

36. Jackson JR, Seed M, Kircher C, Willoughby D, Winkler J. The codependence of angiogenesis and
chronic inflammation. FASEB J. 1997; 11(6):457–65. PMID: 9194526

37. Tsang CK, Qi H, Liu LF, Zheng XS. Targeting mammalian target of rapamycin (mTOR) for health and
diseases. Drug Discov Today. 2007; 12(3):112–24.

38. Geerts AM, Vanheule E, Van Vlierberghe H, Leybaert L, Van Steenkiste C, De Vos M, et al. Rapamycin
prevents mesenteric neo-angiogenesis and reduces splanchnic blood flow in portal hypertensive mice.
Hepatol Res. 2008; 38(11):1130–9. doi: 10.1111/j.1872-034X.2008.00369.x PMID: 18564143

39. Araújo NC, Sampaio Gonçalves de Lucena SB, da Silveira Rioja S. Effect of Rapamycin on Spleen
Size in Longstanding Renal Transplant Recipients. Transpl P. 2014; 46(5):1319–23.

mTOR Blockade Attenuates Splenomegaly

PLOS ONE | DOI:10.1371/journal.pone.0141159 January 6, 2016 17 / 17

http://www.ncbi.nlm.nih.gov/pubmed/5932895
http://www.ncbi.nlm.nih.gov/pubmed/17481668
http://www.ncbi.nlm.nih.gov/pubmed/17935226
http://www.ncbi.nlm.nih.gov/pubmed/11413160
http://www.ncbi.nlm.nih.gov/pubmed/11134171
http://dx.doi.org/10.1053/j.gastro.2008.03.003
http://dx.doi.org/10.1053/j.gastro.2008.03.003
http://www.ncbi.nlm.nih.gov/pubmed/18471545
http://www.ncbi.nlm.nih.gov/pubmed/11915046
http://www.ncbi.nlm.nih.gov/pubmed/8557680
http://www.ncbi.nlm.nih.gov/pubmed/9194526
http://dx.doi.org/10.1111/j.1872-034X.2008.00369.x
http://www.ncbi.nlm.nih.gov/pubmed/18564143

