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Editorial on the Research Topic
Portal Hypertension in Cirrhosis: From Pathogenesis to Novel Treatments

This Editorial summarizes the contributions to the Frontiers Research Topic “Portal Hypertension
in Cirrhosis: From Pathogenesis to Novel Treatments” with peer-reviewed articles published in
Frontiers in Physiology (Gastrointestinal Sciences) and Frontiers in Medicine (Gastroenterology).

Cirrhosis and its complications are responsible for a large number of deaths worldwide annually.
Almost 90% of patients with cirrhosis eventually develop portal hypertension (PHT) and this
condition is a prequel to the majority of deaths in these patients. Cirrhotic PHT results from
increased intrahepatic vascular resistance combined with extrahepatic hyperdynamic circulatory
state characterized by a high cardiac output and splanchnic vasodilatation. There have been very
few new therapies introduced for the long-term management of PHT over the last 30 years.
Thus, the goal of this Research Topic was to highlight recent advances in PHT research and in
particular, novel concepts of pathophysiological pathways (e.g., transcription regulation, systemic
inflammation), but also to remind the field of already known and possibly forgotten mechanisms
(e.g., impact of abdominal surgery, role of bile acids) in the development and modulation of
PHT. In addition, this Research Topic elaborates on new and established diagnostics and therapies
in PHT.

Portal vein thrombosis (PVT) is an important complication of cirrhosis that aggravates PHT and
variceal bleeding. In general, transjugular intrahepatic portosystemic shunts (TIPS) are used as a
therapeutic option to establish a shunt between the hepatic vein and the portal vein to reduce portal
pressure. Wang et al. conducted a retrospective analysis to study and compare the effectiveness of
TIPS in cirrhotic patients with and without PVT and found that cirrhotic patients with PVT were
equally able to tolerate TIPS. This suggests that this treatment may be used in the management of
cirrhotic PHT with PVT. The Research Topic also included a paper by Chen et al. who conducted
a retrospective study to investigate the impact of PVT on cirrhosis decompensation and survival of
cirrhotic patients and found that PVT has no significant impact on the progression of cirrhosis.

Developing a novel drug to improve cirrhotic PHT by reducing hepatic vascular resistance to
incoming portal blood flow whilst increasing splanchnic vascular resistance to lower mesenteric
blood flow is a difficult task because vasoactive drugs can either vasodilate or vasoconstrict the
respective vasculature. In this Research Topic, Zhao et al. comprehensively demonstrated that
PTUPB, a dual cyclooxygenation-2 (COX-2) and soluble epoxy hydrolase (sEH) inhibitor, given
orally to carbon tetrachloride-induced cirrhotic PHT rats markedly improved PHT by reducing
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hepatic extracellular matrix deposition and hepatic vascular
remodeling while also increasing the wall thickness of the
superior mesenteric artery which helped improve splanchnic
vascular resistance. It was notable that PTUPB treatment caused
a massive ~70% reduction in portal pressure from its baseline
levels. The findings thus suggest that PTUPB which acts on both
hepatic and splanchnic vasculatures is a potential drug candidate
to treat cirrhotic PHT.

Macrophage activation plays a vital role in the pathogenesis of
chronic liver disease and has also been linked to cirrhotic PHT,
although a role in non-cirrhotic PHT has not been established.
Orntoft et al. evaluated the role of macrophage activation by
measuring well-characterized markers of macrophage activation,
soluble CD163 (sCD163) and soluble mannose receptor (sMR),
in cohorts of patients with idiopathic PHT, non-cirrhotic patients
with PVT and compared with those of cirrhotic patients with
and without PVT and healthy subjects. The findings that elevated
levels of sCD163 and sMR in cirrhotic patients with or without
PVT compared to low levels of the markers in patients with
idiopathic PHT and in non-cirrhotic PVT patients suggested
that hepatic macrophage activation with elevated sCD163 and
sMR levels is closely linked to the underlying liver disease with
cirrhosis rather than PHT.

Hepatic surgery is generally contraindicated in patients with
advanced liver disease since it increases the chances of acute
decompensation of cirrhosis and multiorgan failure, resulting
in high mortality. Similarly, extrahepatic surgical procedures
have also been recognized as a main cause of mortality
in cirrhotic patients with PHT. To further understand this,
Chang et al. investigated the pathophysiology of post-operative
decompensation of cirrhosis in cirrhotic animals undergoing
extrahepatic intestinal manipulation (IM). The authors reported
that IM significantly elevated portal pressure, induced systemic
inflammation, and accelerated progression of liver fibrosis in the
presence of liver injury. The findings thus suggest that these
models may be useful to investigate pathophysiology of post-
operative decompensation of cirrhosis which may be prevented
by controlling portal pressure peri-operatively.

The formation of esophageal varices and variceal bleeding
constitutes a major clinical manifestation of PHT in
decompensated cirrhosis and has high associated morbidity
and mortality. Although liver stiffness measurement (LSM) is
an accurate widely used non-invasive tool for the diagnosis of
liver fibrosis, its use to predict the occurrence of complications
of liver cirrhosis such as esophageal variceal rebleeding in
cirrhotic PHT patients has not been reported. In this Research
Topic, Liu et al. conducted a prospective study to examine the
effectiveness of LSM in predicting rebleeding compared with
other non-invasive methods in hepatitis B cirrhotic patients. The
authors reported that in comparison with other non-invasive
methods including AST to Platelet Ratio Index, Fibrosis-4 score,
King’s College Criteria, Goteborg University Cirrhosis Index,
Fibroindex, Fornsindex and transient elastography, LSM showed
a highly reliable prediction performance of variceal rebleeding.
The findings thus suggest that LSM can simply and accurately
predict variceal rebleeding events in hepatitis B cirrhotic patients
with PHT.

Balvey and Fernandez provided a comprehensive review
of the literature on “translational control of liver disease,
highlighting the abnormalities in the regulation of translation of
key mRNA transcripts by RNA-binding proteins during chronic
liver disease and their pathological impact on PHT, fibrosis,
steatosis, neovascularization, and cancer development. In a
second review, Sauerbruch et al. analyzed the current literature
to evaluate a possible vasoactive role of bile acids in the cirrhotic
hyperdynamic circulatory state, based primarily on in-vitro
studies, and suggested that long-term RCTs with hemodynamic
endpoints are needed in patients with early-stage cirrhosis.

Finally, a case-report of subtotal splenectomy during auxiliary
partial orthotopic liver transplantation has been published by
Zhou et al. which demonstrated that this is a viable procedure for
modulating portal inflow and correcting severe hypersplenism in
patients with end-stage liver cirrhosis.

Collectively, whilst the original work published in this
Frontiers Research Topic highlighted novel aspects of
pathophysiology, diagnosis and treatment of cirrhotic PHT,
potential limitations include the lack of mechanistic aspects
of the work, for example, the mechanism(s) by which PTUPB
improves PHT and investigation of regional blood flows using
approaches such as fluorescent-labeled colored microsphere
beads in animal models with cirrhotic PHT. Work on these areas
potentially leads to future Research Topics.
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Introduction: Macrophages are involved in development and progression of chronic
liver disease and portal hypertension. The macrophage activation markers soluble
(s)CD163 and soluble mannose receptor (sMR), are associated with portal hypertension
in patient with liver cirrhosis but never investigated in patients with non-cirrhotic
portal hypertension. We hypothesized higher levels in cirrhotic patients with portal
hypertension than patients with non-cirrhotic portal hypertension. We investigated
sCD163 and sMR levels in patients with portal hypertension due to idiopathic
portal hypertension (IPH) and portal vein thrombosis (PVT) in patients with and
without cirrhosis.

Methods: We studied plasma sCD163 and sMR levels in patients with IPH (n = 26),
non-cirrhotic PVT (n = 20), patients with cirrhosis without PVT (n = 31) and with PVT
(n =17), and healthy controls (n = 15).

Results: Median sCD163 concentration was 1.51 (95% Cl: 1.24-1.83) mg/L in healthy
controls, 1.96 (95% Cl: 1.49-2.56) in patients with non-cirrhotic PVT and 2.16 (95%
Cl: 1.75-2.66) in patients with IPH. There was no difference between non-cirrhotic PVT
patients and healthy controls, whereas IPH patients had significantly higher levels than
controls (P < 0.05). The median sCD163 was significantly higher in the cirrhotic groups
compared to the other groups, with a median sCD163 of 6.31 (95% ClI: 5.16-7.73) in
cirrhotics without PVT and 5.19 (95% Cl: 4.18-6.46) with PVT (P < 0.01, all). Similar
differences were observed for sMR.
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Macrophage Activation in Non-cirrhotic Portal Hypertension

Conclusion: Soluble CD163 and sMR levels are elevated in patients with IPH and
patients with cirrhosis, but normal in patients with non-cirrhotic PVT. This suggests
that hepatic macrophage activation is more driven by the underlying liver disease with
cirrhosis than portal hypertension.

Keywords: portal hypertension, cirrhosis, macrophages, non-cirrhotic portal hypertension, biomarker

INTRODUCTION

Liver macrophages play a significant role in chronic liver disease
development and progression, and are also suggested to play
a role in portal hypertension (Steib, 2011). The macrophages
may be activated by the specific liver disease (e.g., virus, alcohol,
steatosis, and drugs) where damage associated molecular patterns
(DAMPs) activate macrophages accompanied by inflammation,
fibrosis, and finally cirrhosis. Further, patients with liver cirrhosis
and portal hypertension have intestinal edema and a leaky gut
wall resulting in translocation of endotoxins and gut bacteria, e.g.,
pathogen associated molecular patterns (PAMPs), stimulating
gastrointestinal and liver macrophages (Wiest and Garcia-Tsao,
2005; Wiest et al., 2014; Seitz et al., 2018) with secretion
of inflammatory and vasoactive cytokines (Steib et al., 2007,
2010a,b).

Similar mechanisms of macrophage activation especially
PAMPs may be involved in patients with non-cirrhotic portal
hypertension; however, most often, without underlying liver
disease. Non-cirrhotic portal hypertension is mainly caused by
vascular disorders, especially portal vein thrombosis (PVT).
However, a number of other conditions are associated with non-
cirrhotic portal hypertension (Wanless, 1990; Strauss and Valla,
2014; Hernandez-Gea et al., 2018), and yet in some patients, a
specific cause for the portal hypertension cannot be identified
and these patients are classified as having idiopathic portal
hypertension (IPH) currently also known as porto sinusoidal
vascular liver disease (Schouten et al., 2012b; Hernandez-Gea
etal., 2018). Patients with non-cirrhotic portal hypertension may
also display macrophage activation due to portal hypertension
and PAMPs; however, it is unknown how macrophage activation
differs between patients with non-cirrhotic portal hypertension
e.g., PVT and IPH and patients with cirrhosis with and without
PVT. Divergences may partly explain differences in disease
severity and prognosis in patients with non-cirrhotic portal
hypertension compared to patients with liver cirrhosis, who may
develop acute decompensation with risk of progression toward
acute-on-chronic liver failure.

As recently reviewed macrophage activation markers soluble
(s)CD163 and soluble mannose receptor, sSMR, are associated
with chronic liver disease severity (Child-Pugh and MELD
scores) and portal hypertension (Moller et al., 2016). However,
the macrophage activation markers sCD163 and sMR have never
been studied in the setting of non-cirrhotic portal hypertension.
We therefore aimed to evaluate the role of macrophage activation

Abbreviations: IPH, idiopathic portal hypertension; PVT, portal vein thrombosis;
PAMPs, pathogen associated molecular patterns; TLR, toll like receptors; sCD163,
soluble CD163; sMR, soluble mannose receptor; HVPG, hepatic venous pressure
gradient.

by sCD163 and sMR in patients with non-cirrhotic portal
hypertension (PVT and IPH) and compare this to patients
with cirrhotic portal hypertension with and without PVT and
in healthy controls. We hypothesized higher levels in patients
with cirrhosis and portal hypertension than patients with non-
cirrhotic portal hypertension, which suggest that the underlying
liver disease is the main driver of macrophage activation.

MATERIALS AND METHODS
Patients and Healthy Controls

Ninety-four patients were included in the study from 2003 to
2015 from the outpatient clinic in Barcelona. The patients were
divided into four groups according to their underlying disease.
Twenty-six patients had IPH, 20 patients had non-cirrhotic
PVT, 31 patients had cirrhosis without PVT and 17 patients
had cirrhosis with PVT. All patients with IPH reached this
diagnosis after discarding other etiologies for portal hypertension
with CT-examination, biochemical screening and liver biopsy.
In general, the histological changes were subtle and diverse.
The most pronounced histological features present in 48%
of the IPH patients were portal tract vascular abnormalities
(including vascular multiplication, periportal vascular channels
and aberrant vessels). Hepatic sinusoidal dilation, architectural
disturbance (irregular distribution of central veins and portal
tract) and regenerative nodules was present in 38%, 21%,
and 21%, respectively. Two patients with IPH had histological
features of obliterative portal venopathy. In 21% of IPH patients
there was mild perisinusoidal fibrosis. None of the patients with
IPH showed histological features of inflammation in the liver
biopsy. Fifteen healthy human subjects were included at Hvidovre
Hospital in Denmark. Liver cirrhosis was diagnosed in patients
with underlying chronic liver disease (e.g., alcohol, HCV, and
HBV) combined with imaging showing nodular surface and
collaterals including clinical complications to portal hypertension
(e.g., ascites, varices, and hepatic encephalopathy).

All patients and healthy controls had physical examination,
measurements of additional biochemical parameters and
underwent hemodynamic investigation with vein
catheterization for measurement of hepatic venous pressure
gradient (HVPG), physical examination and measurements
of additional biochemical parameters (Table 1). HVPG was
determined as the difference between the wedged and the free
hepatic venous pressure. No patients or healthy subjects had fever
or other signs of infections. Blood samples were collected from
a peripheral vein for measurements of sCD163 and sMR and

liver
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TABLE 1 | Baseline characteristics.

Controls (n = 15) IPH (n = 26) Non-cirrhotic PVT Cirrhosis with PVT Cirrhosis without PVT
(n =20) (n=17) (N =31)
Male/female (n) 6/9* # 19/7 15/5 9/8 15/16
Age (years) 53 (51, 65) 43 (31, 56)€,& 53 (38, 62)€ 61 (51, 70) 60 (51, 68)
Child-Pugh score - 5 (5, B)E& 5 (5, B)E,& 7(7,9 7 (5, 8)&
HVPG (mmHg) 3.0(2.0,4.0"€& 6.8 (5.5, 11)#,€,& 4.0 (2.75, 4.5)€,& 21.5 (16, 23) 18.0 (14.5, 19.5)&

Varices (% with small
and large varices)
Ascites (% with
non-tense and tense
ascites)

0%; 0%*, #,€,&

0%, 0%€,&

12%; 7T7%€, &

12%; 0%€,&

BMI (kg/m?) 25 (19, 28) 23 (21, 25)€,&
Bilirubin (mg/dL) 0.4 (0.2, )E& 1(0.6,1.5)
Alkaline phosphatase 113 (69, 193) 142 (114, 287)
(IU/1)

Albumin (g/dl) 4.0(3.5,4.2) 4.0 (3.6, 4.2€&
INR 1.1(1.0, 1.2)€,& 1.2 (1.1, 1.4)&
AST (U/) - 33 (27, 46)€
ALT (1U/) 28 (23, 35)€ 25 (21, 42)€
Creatinine (mg/dl) 0.84 (0.74,1.1) 0.77 (0.61, 0.99)
MELD score - 9.8 (8.2, 11.7)€,&
Sodium (mmol/l) 143 (140, 145) 140 (139, 143)
Potassium (mmol/l) 4.3 (3.8,4.4) 4.1 (3.8, 4.5)
Hemoglobin (g/dl) 8.6 (7.8,9.0) 12.9 (10.7, 14.5)
Thrombocytes (109/1) 372 (250, 447)* #,€, & 82 (60, 112)#
Leukocytes (109/]) - 4.0 (3.4,5.0)

25%; 60%€,&

15%; 0%¢€,&

12%; 76%

71%; 18%

29%; 52%

48%; 3%&

23 (21, 26)€,& 25 (24, 30) 25 (23, 29)
0.8(0.6,1.7) 1.6 (1.4, 3.0) 1.4 (0.8, 2.5)
163 (135, 216) 133 (108, 286) 173 (96, 215)
4.1 (3.6, 4.4)€& 3.6(3.1,3.9 3.6(3.2,3.9
1.2 (1.1, 1.9)& 1.4(1.3,1.6) 1.3 (1.2, 1.4)&
30 (25, 45)€ 43 (33, 53) 83 (38, 115)&
29 (23, 48)€ 26 (21, 39) 58 (24, 101)&
0.86 (0.78, 0.94) 0.86 (0.72, 1.02) 0.70 (0.59, 0.94)
9.5 (8.0, 10.6)€,& 13.1 (10.3, 15.2) 12.4 (10.1, 15.8)
140 (137, 141)€ 141 (137, 142) 142 (140, 144)
4.44.1,4.7) 4.2 (4.0,4.5) 4.3(4.0,4.6)
12.3 (10.5, 14.7) 11.2 (10.4, 12.5) 12.8 (11.3, 14.2)
159 (105, 281)€,& 62 (44, 102) 97 (70, 125)
5.4 (3.3, 8.4) 3.4(2.9, 4.9 4.0(3.2,5.7)

Values are reported as median with 25 and 75% interquartile range in brackets unless other is specified.

* Significantly different from patients with IPH (P < 0.05).

# Significantly different from patients with non-cirrhotic PVT (P < 0.05).

€ Significantly different from patients with cirrhosis without PVT (P < 0.05).
& Significantly different from patients with cirrhosis with PVT (P < 0.05).

frozen at —80°C until analysis. Informed consent was obtained
from all participants according to the Helsinki Declaration.

Soluble CD163 and Soluble MR

Levels of sCD163 and sMR in plasma samples were measured by
an in-house sandwich enzyme-linked immunosorbent assay as
previously described (Moller et al., 2002; Rodgaard-Hansen et al.,
2014).

Statistics

Normality was assessed visually by using quantile-quantile-plots
and histograms. The values of the biomarkers were not normally
distributed. To obtain normal distribution, the data were log-
transformed. Accordingly, data are presented as median with a
95% CI of the median. Multiple linear regression was used to
test if the values of sCD163 and sMR were different between the
groups. Age was used as a control variable in the regression of
both sCD163 and sMR, as sCD163 is known to increase with
age (Moller, 2012). Model assumptions was checked and fulfilled.
For all other parameters the Mann-Whitney U test was used to
test statistical differences between groups. A p-value < 0.05 was
considered to indicate statistical significance. Statistical analyses
were performed using STATA software, release 11 (StataCorp,
College Station, TX, United States).

RESULTS

Patient Groups

Gender was evenly distributed for the healthy controls and
the patients with cirrhosis, but in the groups with IPH and
non-cirrhotic PVT there was an overweight of males (75%).
Although HVPG was significantly higher in the patients with IPH
compared to healthy controls and patients with non-cirrhotic
PVT, there was no difference in the clinical signs of portal
hypertension, with no significantly difference in the degree of
varices or the degree of ascites between the groups (P = 0.26 and
P =0.73, Table 1). HVPG was significantly higher in the patient
groups with cirrhosis compared to the non-cirrhotic patients
(P < 0.05) and they also had a significantly higher degree of
ascites (P < 0.05 for all), whereas there was no significantly
difference in the grade of varices (P > 0.05, for all, Table 1).
Both HVPG and the degree of ascites was significantly higher in
the cirrhotic group with PVT compared to the cirrhotic group
without PVT (P = 0.02 and P = 0.006, Table 1).

Soluble CD163

In the healthy controls and in patients with non-cirrhotic PVT,
where the liver can be assumed to be normal or near normal, the
plasma concentration of sCD163 was low and within the normal
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range (0.69-3.86 mg/L). The median plasma concentration was
1.51 mg/L (1.24-1.83) in healthy controls and 1.96 mg/L (1.49-
2.56) in patients with non-cirrhotic PVT (Figure 1A); and with
no significant difference between the two groups (P = 0.09).

In the patients with IPH sCD163 was slightly but significantly
elevated [2.16 mg/L (1.75-2.66)], when compared to the healthy
controls (P = 0.007) (Figure 1A). The median plasma sCD163
concentration in patients with IPH was slightly but insignificantly
higher than patients with non-cirrhotic PVT (P = 0.35).

In patients with cirrhosis sCD163 levels were high with a
median of 6.31 mg/L (5.16-7.73) in the patients without PVT
and 5.19 mg/L (4.18-6.46) in the patients with PVT (Figure 1A).
The two patient groups with cirrhosis had significantly elevated
sCD163 compared to healthy controls, patients with IPH and
patients with non-cirrhotic PVT (all P < 0.001). There was no
difference between the concentration of sCD163 in the cirrhotic
patients with or without PVT (P = 0.23).

Soluble MR

Soluble mannose receptor was not measured in healthy controls,
but reference values have been established with a mean of
0.28 mg/L and 95% reference interval of 0.10 mg/L to 0.43 mg/L
(Rodgaard-Hansen et al., 2014). The median concentration of
sMR was 0.27 mg/L (0.22-0.33) in patients with IPH and
0.24 mg/L (0.19-0.31) in the patients with non-cirrhotic PVT
(Figure 1B). In both cirrhotic patient groups, median sMR was
approximately two times higher than the concentration in the
patients without cirrhosis with 0.58 mg/L (0.49-0.68) in cirrhotic
patients without PVT and 0.51 mg/L (0.39-0.66) in cirrhotic
patients with PVT (Figure 1B).

Similar, to the results of sSCD163 the median concentration of
sMR was higher but not significantly different in patients with
IPH compared to patients with non-cirrhotic PVT (P = 0.46) and

there was no difference between the cirrhosis groups (P = 0.41).
The concentration of sMR was significantly higher in both patient
groups with cirrhosis compared to the patients with IPH and
non-cirrhotic PVT (P < 0.001 for all cases), see Figure 1B.

Hepatic Venous Pressure Gradient

Median HVPG was 3.0 mmHg in the healthy controls, 6.8 mmHg
in patients with IPH, and 4.0 mmHg in patients with non-
cirrhotic PVT (Table 1). In the patients with cirrhosis, median
HVPG was 18.0 mmHg in patients without PVT and 21.5 mmHg
in patient with PVT (Table 1). There was no correlation between
HVPG and sCD163. Soluble MR was only correlated to HVPG in
patients with cirrhosis without PVT (Rho = 0.46, P = 0.01).

DISCUSSION

This is to our knowledge the first study to investigate
macrophages and macrophage activation markers in patients
with IPH and non-cirrhotic PVT. The main finding of the present
study was the significantly elevated sCD163 levels in patients with
underlying liver disease and cirrhosis with and without PVT, and
being lesser in IPH and non-cirrhotic PVT. This may suggest
that the primary driver for hepatic macrophage activation and
elevated sCD163 and sMR levels is the underlying liver disease
with cirrhosis rather than portal hypertension.

A major strength of the present study is the inclusion of
well-characterized patients and healthy controls who all had
invasive measurements of HVPG. The study limitations include
the relatively small number of patients within each category and
the cross-sectional design, which does not permit determination
of changes in macrophage activation marker levels with prognosis
or progression or regression of inflammation and fibrosis.
However, this may not affect the rather clear distinction between

254

20 4

sCD163 (mgll)
O @ 00

0

-

+
-
4.

B 25-
204 °
= 154
=]
é o
<
» 1.0 4
o
° g
0.5 4 o E
é E o

IPH

Healthy Controls
Non-cirrhotic PVT
Cirrhosis with PVT

Cirrhosis without PVT 4 o@ mn+ @»® oo ® O

FIGURE 1 | Plasma concentration and median s163 (A) and sMR (B) levels in patients with idiopathic portal hypertension (IPH), non-cirrhotic portal vein thrombosis,
cirrhosis without portal vein thrombosis, cirrhosis with portal vein thrombosis and healthy controls. sCD163 was significantly elevated in IPH and the two cirrhosis
groups when compared to healthy controls (P < 0.05). Both sCD163 and sMR was significantly higher in the cirrhosis groups compared to the non-cirrhosis groups
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healthy controls and patients with IPH or cirrhosis. Additionally,
while included patients had stable disease it is not possible
to control for subclinical events, such as minor infections,
which could affect macrophage activation; however, none of the
patients showed any signs of infections at inclusion or during
HVPG measurements.

CD163 is a monocyte/macrophage lineage specific scavenger
receptor for the hemoglobin and haptoglobin complex
(Kristiansen et al., 2001). The soluble form is present in
plasma under normal circumstances but substantially increased
during macrophage activation (Moller, 2012). Over the past
decade, studies have established macrophage activation as an
important factor in liver disease development, progression and
prognosis. Macrophage activation, as measured by sCD163, is
associated with liver fibrosis and cirrhosis, liver disease severity
(Child-Pugh- and MELD scores), and portal hypertension
(Holland-Fischer et al., 2011; Gronbaek et al., 2012; Rode et al.,
2013; Kazankov et al., 2014, 2015, 2016; Grgnbak et al., 2020).
Furthermore, sCD163 levels are associated with prognosis,
predict the risk of variceal bleeding (Rode et al., 2013; Waidmann
et al., 2013) and correlates to disease severity and treatment
response in patients with non-alcoholic fatty liver disease
(Kazankov et al., 2015), alcoholic hepatitis (Sandahl et al,
2014), hepatitis B and C virus infection (Dultz et al., 2015;
Laursen et al,, 2018, 2019) and autoimmune liver diseases
(Gronbaek et al., 2016a; Bossen et al., 2020, 2021). The
magnitude of macrophage activation and corresponding elevated
plasma markers depends on the underlying pathogenesis,
being more pronounced in conditions with a high hepatic
inflammatory load and fibrosis like acute liver failure and
advanced cirrhosis (Hiraoka et al., 2005; Moller et al., 2007;
Gronbaek et al, 2012). In acute liver failure, macrophage
activation is dynamic and resolves with disease regression in
contrast to the stable increase in activation seen in advanced
cirrhosis (Hiraoka et al., 2005).

The mannose receptor is able to bind various ligands of
microbial and endogenous origin and is involved in antigen
presentation and macrophage activation (Martinez-Pomares,
2012). The receptor is expressed on selected inflammatory cells,
including subsets of macrophages, dendritic and endothelial cells
and shed during inflammation and subsequently measurable as
soluble MR (Martinez-Pomares, 2012; Rodgaard-Hansen et al,,
2014). Consequently, sMR is not as specific a marker of
macrophage activation as sCD163. However, elevated sMR levels
have previously been described in patients with liver disease and
are shown to be associated to disease severity, portal hypertension
and mortality (Gronbaek et al., 2016b; Laursen et al., 2017;
Sandahl et al., 2017; Gronbaek et al., 2021).

Hepatic venous pressure gradient measures the post-
sinusoidal pressure gradient. Consequently, the patients without
cirrhosis who have elevated pre-sinusoidal pressure and a
normal pressure gradient across the liver, e.g., patients with
non-cirrhotic PVT or IPH, can still suffer from significant
splenic and portal hypertension without it being detectable
with standard HVPG-measurement (Keiding et al., 2004;
Serensen et al., 2018). The patients with IPH had a significantly
higher HVPG compared to healthy controls (Table 1), but no

association to macrophage activation, as measured by sCD163
and sMR. Same lack of association was seen for cirrhotic
patients, except for cirrhotic patients without PVT where
HVPG correlated with sMR. This is in opposition to previous
findings in patients with liver cirrhosis (Holland-Fischer
et al., 2011; Gronbaek et al., 2012) and could pertain to the
small sample size.

As previously observed, macrophage
substantially higher in patients with underlying chronic
liver disease and cirrhosis compared to controls and as a
novel finding, this also applied to patients with IPH where
the structural changes, however, are less severe. This may
suggest that macrophage activation is a pronounced feature of
the underlying liver disease per se and not related to vascular
or hemodynamic changes. In the cirrhotic patients, there
was a tendency toward less macrophage activation in the
group with PVT, who had a significantly higher HVPG and
Child-Pugh score. This likewise supports that vascular changes
are less important for macrophage activation. Additionally,
findings of comparable patterns for both sCD163 and sMR
corroborate the observed associations. Furthermore, we suggest
that the central mechanisms behind macrophage activation
in cirrhosis and IPH is not only driven by translocation of
gut-derived PAMPs but represents a constitutive inflammatory
upregulation in the liver disease as also demonstrated in TIPS
treated patients (Holland-Fischer et al., 2011). In addition to
the constitutive macrophage activation, this may be further
enhanced by a general systemic inflammatory state as seen
in cirrhosis, leading to immune activation and production
of pro-inflammatory cytokines, like tumor necrosis factor
and interleukin 8, which are known to be involved in
recruitment of inflammatory cells to the liver (Seitz et al.,
2018). In the event of acute exacerbation of inflammation or
infection as seen in e.g., ACLF we have observed even more
pronounced macrophage activation by sCD163 and sMR levels
(Gronbaek et al., 2016b).

Patients with IPH in general have a better prognosis
than patients with cirrhosis with 10-year transplant free
survival of 82% (Siramolpiwat et al., 2014). The current
treatment of IPH is restricted to the management of portal
hypertension and this does not prevent disease progression
(Schouten et al., 2012a; Hernandez-Gea et al, 2018). Our
study shows that macrophages to some degree are activated
in IPH patients and consequently therapeutic strategies
aimed at decreasing macrophage activation might be
relevant in the treatment of IPH in the future. However,
the association between IPH and macrophage activation needs
further investigations.

activation was

CONCLUSION

Macrophage activation, as measured by elevated sCD163 and
sMR, were only observed in patients with cirrhosis with and
without PVT and in IPH patients, and not in patients with
non-cirrhotic PVT. This suggest that the main determinant of
macrophage activation in chronic inflammatory liver diseases is
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associated to the underlying liver disease with cirrhosis and not
portal hypertension.
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Objectives: To investigate the impact of portal vein thrombosis (PVT) on cirrhosis
decompensation and survival of cirrhosis.

Methods: In this retrospective observational study between January 2012 and
August 2020, 117 patients with cirrhotic PVT and 125 patients with cirrhosis were
included. Propensity score matching (PSM) was applied to reduce the bias. The
clinical characteristics of non-tumoral PVT in cirrhosis and its influence on cirrhosis
decompensation and survival were analyzed.

Results: The median follow-up for the PVT group was 15 (8.0-23.0) months and for
the non-thrombosis group 14 (8.0-23.5) months. The presence of PVT was related
with esophageal varices, higher Child-Pugh score and MELD score (P < 0.05). Most
PVTs were partial (106/117). Non-occlusive PVT disappeared on later examinations in
32/106 patients (30.19%), of which six patients reappeared. All the 11 patients with
occlusive PVT remained occlusive, among which five patients (45.45%) developed portal
cavernoma. There was no significant correlation between PVT and decompensation
or survival before or after PSM. Multivariate analysis identified only Child-Pugh score
(HR = 2.210, 95% CI: 1.332-3.667) and serum sodium level (HR = 0.818, 95% CI:
0.717-0.933) as independent factors for death.

Conclusion: Though PVT is associated with greater Child-Pugh score and MELD score,
it has no significant impact on the progression of cirrhosis.

Keywords: cirrhosis, survival, decompensation, portal vein thrombosis, propensity score matching

INTRODUCTION

Portal vein thrombosis (PVT) is a common complication of patients with cirrhosis. It is associated
with relative venous stasis caused by portal hypertension, endothelial injury, hypercoagulability,
splenectomy and other factors. Acute PVT can have severe abdominal pain, while chronic PVT can
be asymptomatic. Many asymptomatic PVT have been accidentally discovered by the widespread
application of medical imaging technology. It was reported that the 5-year cumulative incidence
of PVT was 10.7% after regular follow-up of 1,243 Child A and B cirrhosis (1). Non-tumoral PVT
is present at liver transplantation in 5-26% of cirrhotic patients (2). Based on current data, the
annual incidence of PVT in patients with advanced cirrhosis may be 10-15% (3). The incidence
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of PVT is significantly higher in decompensated cirrhosis (10-
25%) than in compensated cirrhosis (1-5%) (4). Although
it was estimated from clinical experience that non-tumoral
PVT increases the incidence of refractory ascites, worsens liver
function, and ultimately reduces the survival rate of patients, the
conclusions from clinical studies are controversial, largely due to
the bias in baseline features. Propensity score matching (PSM) is
a good way to reduce selection bias.

We retrospectively explored the impact of PVT on the hepatic
decompensation and survival rate in 117 patients with cirrhotic
PVT and 125 patients without PVT. We found that the Child-
Pugh score and MELD score of the PVT group were higher than
those of the non-thrombosis group (P < 0.05). PVT was mostly
partial and the most common clinical outcome was unchanged
or improvement. However, there was no significant correlation
between PVT and decompensation or survival before or after
PSM. All together, though PVT is associated with greater Child-
Pugh score and MELD score, it has no impact on the progression
of cirrhosis.

MATERIALS AND METHODS
Patients and Study Design

This study selected patients who were hospitalized for cirrhosis in
the Second Affiliated Hospital of Chongqing Medical University
from 2012 to 2020. Inclusion criteria included: Age >18 and
<80 years, clinical diagnosis of cirrhosis (presence of irregular
margins on ultrasound, portal hypertension with laboratory
evidence of chronic liver disease) (5). The exclusion criteria
were as follows: patients with malignant diseases (including
history of hepatocellular carcinoma); patients who received
anticoagulant treatment during follow-up; prior transjugular
intrahepatic portosystemic shunt (TIPS) or surgical shunt; (6)
patients with history of bleeding or blood products (red blood
cells, platelets, plasma) transfusion in the past 2 weeks. This study
was approved by the institutional ethics committee of the Second
Afhiliated Hospital of Chongqing Medical University.

Portal Vein Thrombosis Diagnosis

When abdominal ultrasound found solid endoluminal material
in the trunk and branches of the portal vein, it was suspected that
there was a portal vein thrombosis. Patients with suspected PVT
underwent abdominal computed tomography (CT) or magnetic
resonance (MRI) to confirm the diagnosis. Occlusive PVT was
defined as no flow visible in portal vein lumen on imaging or
Doppler study (7). Otherwise PVT was considered non-occlusive.
The natural course of thrombosis was observed in our study,
which was classified into three categories based on the changes
in the degree or extension seen on the imaging: improved or
worsened appearance for 50% change or more and unchanged
appearance for less than that (6).

Follow-UP

All patients performed imaging and laboratory tests at least every
6-12 months. Primary endpoint: all-cause death during follow-
up; secondary endpoint: decompensation (refractory ascites,
hepatic encephalopathy, variceal bleeding, jaundice, or serum

bilirubin >45 mol/L) (1). Esophageal varices were graded
according to the Paquet’s classification (8). The management of
complications of cirrhosis was carried out according to current
international guidelines (9-12).

Statistical Analysis

Kolmogorov-Smirnov test was used to test the normality of
continuous variables. Normally distributed variables were
compared with Student’s T-tests, expressed as mean =+ standard
deviation (SD). Non-normally distributed variables were
compared with the Mann-Whitney U-test, expressed as
the medians with interquartile ranges (IQRs). Categorical
variables were compared with the x? or Fisher’s exact tests,
expressed as counts and percentages. Cox proportional hazards
regression model with forward stepwise elimination was used to
determine risk factors for decompensations and survival. Ninety-
five percent confidence intervals (95% CI) were computed.
Multivariate models included variables significantly associated
with the outcome in univariate analyses at a level of 0.1.

To reduce the probability of selection bias, propensity
score matching (PSM) was performed. Propensity scores were
estimated using based on serum albumin level, hemoglobin level,
Child-Pugh score, MELD score, the history of splenectomy,
varices grade III/IV according to Paquet, portal vein diameter and
D-dimer. Patients in the PVT group were matched to those in the
non-thrombosis group (1:1), with the nearest neighbor estimated
propensity score within a range of 0.02 standard deviation.

Data analysis used IBM SPSS Statistics version 25.0. P < 0.05
was considered as statistically significant.

RESULTS

Patient Baseline Characteristics

Initially, 1,187 patients with cirrhosis were evaluated, of
which 945 were excluded (221 with malignant diseases,
112 with insufficient laboratory data, 86 with anticoagulant
treatment during follow-up, 74 with transjugular intrahepatic
portosystemic shunt or surgical shunt, 323 with history of
bleeding or blood products transfusion in the past 2 weeks, 89
with inadequate follow-up duration, 40 with patients with hepatic
encephalopathy, refractory ascites, and recent variceal bleeding
in the baseline). Finally, 117 patients with cirrhotic PVT and
125 patients with cirrhosis who were hospitalized during the
same period were enrolled. All patients with PVT did not receive
anticoagulation and TIPS treatment before or during the follow-
up period. No significant difference was observed between the
two group in sex, age, or cirrhosis etiology. The serum albumin
and hemoglobin level of the PVT group were significantly lower
than those of the non-thrombosis group (P < 0.05), and the
Child-Pugh score and MELD score were higher than those of the
non-thrombosis group (P < 0.05). There were also differences
in the history of splenectomy, varices grade III/IV according
to Paquet, portal vein diameter, and D-dimer between the two
groups (P < 0.05). Detailed patient characteristics are presented
in Supplementary Table 1.
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TABLE 1 | Characteristics of PVT in patients with cirrhosis.

Patients with PVT (n = 117)

Site of PVT, n (%)

Only trunk 32 (27.35%)
Only branch 23 (19.66%)
Trunk and branches 62 (52.99%)
Degree of PVT, n (%)

Occlusive 11 (9.40%)

Non-occlusive 106 (90.60%)

Extension of PV system occlusion, n (%)

PV alone 65 (565.56%)
Extension into SV 4 (3.42%)

Extension into MV 36 (30.77%)
Extension into SV and MV 12 (10.25%)

PVT, portal vein thrombosis; PV, portal vein; SV, splenic vein; MV, mesenteric Vein.

Characteristics and Natural Course of PVT
Among the 117 PVT patients, 62 patients (52.99%) had
thrombosis involving the trunk and branches of the portal
vein, and only 11 patients (9.40%) had occlusive PVT. During
the follow up period, 44.44% of PVT extended to the splenic
vein or superior mesenteric vein (Table1). Non-occlusive
PVT disappeared on later examinations in 32/106 patients
(30.19%), of which six patients reappeared. Totally, 11/117
(9.40%) patients with PVT had progression of the thrombosis
(Supplementary Table 2). All the 11 patients with occlusive
PVT remained occlusive, but 5/11 patients with occlusive PVT
(45.45%) developed portal cavernoma.

Clinical Outcomes

The median follow-up for the PVT group was 15 (8.0-23.0)
months and for the on-thrombosis group 14 (8.0-23.5)
months. There was no significant difference in the incidence
of refractory ascites, hepatic encephalopathy, variceal bleeding,
and decompensation between the two groups (P > 0.05)
(Supplementary Table 3). Occlusive PV T also had no significant
effect on decompensation (x> = 0.031, P = 0.861). Factors
associated with decompensation of cirrhosis by Cox univariate
regression analysis are shown in Supplementary Table 4.
Multivariate COX regression analysis found that the independent
influencing factors of decompensation in patients with cirrhosis
were esophageal varices (HR = 3.187, 95% CI: 1.601-6.343, P =
0.001), endoscopic treatment (HR = 0.834, 95% CI: 0.706-0.984,
P = 0.032), serum sodium level (HR = 0.903, 95% CI: 0.853-
0.955, P < 0.001) and spontaneous portosystemic shunts (HR =
2.338,95% CI: 1.314-4.162, P = 0.004) (Table 2). No relationship
has been observed between PVT and decompensation in different
Child-Pugh class and MELD score.

Overall, 10/242 (4.13%) patients died, among which five
are associated with multiple organ failure and the other
five with gastrointestinal bleeding. Factors associated with
death by univariate Cox regression analysis are shown in
Supplementary Table 4. There was no influence of PVT on
survival. Multivariate analysis identified only Child-Pugh score

TABLE 2 | Multivariate analysis to determine predictive factors for
decompensation and death.

P-values HR 95% CI

Decompensation
Esophageal varices (Paquet’s grade IlI/IV) 0.001 3.187 1.601-6.343
SPSS 0.004 2.338  1.314-4.162
Endoscopic treatment 0.032 0.834  0.706-0.984
Serum sodium level <0.001 0.903  0.853-0.955
Death
Child-Pugh score 0.002 2210  1.332-3.667
Serum sodium level 0.003 0.818  0.717-0.933
SPSS, Spontaneous portosystemic shunts.
TABLE 3 | Propensity-matched study cohort.

With PVT Without PVT  P-values

(n =44) (n=44)
Age (years) 540+ 11.4 54.6 £11.7 0.775
Male gender 30 (68.18%) 26 (59.09%) 0.375
Etiology of cirrhosis 29/5/10 28/5/11 0.968
(HBV/alcohol/other)
Child-Pugh score 7.0 (6.0-8.0) 7.0 (6.0-8.0) 0.594
MELD score 9.3(8.5-11.8)  8.8(8.1-10.7) 0.367
Serum albumin (g/L) 35.5 + 5.1 35.1 +£6.3 0.785
Hemoglobin (g/L) 99.4 £+ 24.3 99.8 + 25.5 0.935
Portal vein diameter (mm) 16.0 16.0 0.970

(15.0-17.2) (13.3-18.4)
D-dimer (ng/L) 0.4 (0.1-0.6) 0.2 (0.1-0.7) 0.468
History of splenectomy 2 (4.55%) 2 (4.55%) 1.000
Diabetes 8(18.18%) 7 (156.91%) 0.777
Esophageal varices 32 (72.73%) 33 (75.00%) 0.808
(Paquet’s grade IlI/IV)
SPSS 8(18.18%) 9 (20.45%) 0.787

PVT, portal vein thrombosis; HBV, hepatitis B virus;, MELD, Model for End-Stage Liver
Disease; SPSS, Spontaneous portosystemic shunts.

(HR = 2.210, 95% CI: 1.332-3.667, P = 0.002) and serum
sodium level (HR = 0.818, 95% CI: 0.717-0.933, P = 0.003) as
independent factors (Table 2).

Propensity-Matched Cohort

After propensity score matching, 44 patients remained in
each group (Table 3). There was no significant difference in
the baseline features between the two groups. We found
that PVT had no effect on variceal bleeding (Figure 1A)
and decompensation of cirrhosis (Figure 1B). No significant
difference in survival time was found between the two groups
(Figure 1C). Meanwhile, esophageal varices (HR = 4.428, 95%
CI: 1.633-12.008, P = 0.003), serum sodium level (HR =
0.921, 95% CI: 0.862-0.984, P 0.015) and spontaneous
portosystemic shunts (HR = 3.062, 95% CI: 1.363-6.880,
P = 0.007) independently predicted cirrhosis decompensations
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FIGURE 1 | Kaplan-Meier curves for PVT and non-PVT groups. (A) PVT had no effect on variceal bleeding, (B) decompensation of cirrhosis and (C) survival after PSM.

TABLE 4 | Multivariate analysis to determine predictive factors for
decompensation and death (propensity-matched study cohort).

P-values HR 95% CI
Decompensation
Esophageal varices (Paquet’s grade llI/IV) 0.003 4.428  1.633-12.008
SPSS 0.007 3.062 1.363-6.880
Serum sodium level 0.015 0.921 0.862-0.984
Death
Child-Pugh score 0.085 1.996  0.909-4.380

SPSS, Spontaneous portosystemic shunts.

(Table 4). Because of the small number of deaths, we did not find
independent risk factors for death after PSM.

DISCUSSION

PVT is a common complication in patients with cirrhosis, and
its pathogenesis can be explained by the Virchow’s triad (blood
flow stasis caused by portal hypertension, vascular endothelial
damage and blood hypercoagulability). With the progress of liver
disease, the flow of the portal vein decreases and ectopic intestinal
bacteria increase, which lead to vascular endothelial damage
(13). In addition, elevated endothelial-derived factor VWF and
decreased protein C resulted in a relatively hypercoagulable state
(14). As a result, the incidence of PVT is higher in patients with
more advanced cirrhosis. Nery et al. followed up 1,243 patients
with cirrhosis for 47 months and found that the independent risk
factors for development of PVT were baseline esophageal varices
and prothrombin time, but not with prothrombotic mutations
(1). Consistently, our study also found that patients with PVT
have worse liver function and a higher proportion of severe
esophageal varices.

There are few studies on the natural course of PVT. A
retrospective study found that thrombosis was improved in
47.60 %, unchanged in 4520 %, and worsened in 7.20% (6).
Our data showed that 90.59% of PVT were partial thrombosis,

27.35% of PVT disappeared completely during follow-up, and
only 9.40% of PVT had progressed significantly. It can be seen
that PVT is mostly partial thrombosis and the most common
clinical outcome is unchanged or improvement. Qi X et al
proposed risk stratification for PVT: transient PVT was defined
if a thrombus within the portal vein spontaneously disappears
within 3 months in the absence of antithrombotic treatment
(15). But so far, no predictor of transient PVT has been found.
All the 11 patients with occlusive PVT remained occlusive, but
5/11 patients with occlusive PVT (45.45%) developed portal
cavernoma. Portal cavernoma is considered to be one of the
characteristics of chronic PVT and can maintain blood supply to
the liver.

The effect of PVT on the decompensation or survival is
controversial. Some studies did report that PVT was associated
with increased mortality (16-18). But other studies showed that
partial thrombosis is common in the clinic and there is no
significant association (1, 6, 19, 20). Nery et al. (1) adjusted
for baseline liver function and found that the formation of
PVT did not increase the risk of decompensation in patients
with cirrhosis. The independent risk factors for decompensation
were esophageal varices (>grade2) and prothrombin time. A
recent prospective study (19) followed up 241 patients with
cirrhosis for 29 months and found that PVT development did not
independently predict cirrhosis decompensations or lower OLT-
free survival. This can be at least partially caused by the fact that
some of these studies did not appropriately adjust for differences
in baseline liver function between PVT and non-thrombosis
patients. Because PVT is more likely to occur in advanced
cirrhosis, differences in liver function have a greater impact on
decompensation and mortality (21). We used propensity score
matching to adjust for confounding factors and found that the
independent risk factors for decompensation were esophageal
varices, serum sodium level and spontaneous portosystemic
shunts. We consider that PVT has little effect on liver blood
flow as most of the PVT is partial and occlusive thrombosis
can form collateral vessels, which will reduce the portal vein
tension. PVT may be a marker of liver disease decompensation,
rather than a direct cause of portal hypertension and liver disease
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decompensation. Large prospective studies are needed to reveal
the effect of PVT on the outcome of cirrhosis patients.

A systematic review analyzed 25,753 liver transplant patients
and found that only patients with occlusive thrombosis had a
reduced survival rate after transplantation (22). Qi X et al. called
occlusive PVT or PVT with extensive superior mesenteric vein
thrombosis as clinically significant PVT (23) and believe that
when clinically PVT is present, the prognosis of cirrhosis will
be significantly compromised and anticoagulation therapy will
benefit in such patients. However, our data showed that the
occlusive PVT was 11.1% (5/45) in decompensated liver disease
and was 8.3% (6/72) in the compensated group. The difference
between two groups is not statistically significant (P = 0.861).
Due to limited data, whether clinically significant PVT affects the
prognosis of cirrhosis needs more data to verify.

Anticoagulation could be considered in selected cases. Acute
symptomatic PVT can cause intestinal ischemia, anticoagulation
therapy is reccommended. The presence of severe PVT increases
the complexity of the operation, reduces the blood supply of the
transplanted organ, and decrease survival after transplantation
(22). Therefore, the current guidelines generally recommend
anticoagulation therapy for patients with PVT who are liver
transplantation candidates (9, 24). With newly diagnosed PVT,
comprehensive consideration should be given to extent of
the thrombosis, presence or absence of attributable symptoms
and risk of bleeding (24). When PVT progresses significantly
and extends to the superior mesenteric vein, anticoagulation
therapy should be considered. If no treatment, regular follow-
up is required, and a considerable part of non-occlusive PVT
will disappear.

Limitations of our study are mainly related to its retrospective
nature. Most of the patients we included were Child-Pugh
class A and B, the number of deaths during the observation
period was small. Therefore, exploring the independent risk
factors of death in cirrhosis has limited significance. Despite
these limitations, our study has several strengths. This is
a large retrospective study to observe the course of PVT
under natural conditions. PSM analysis was applied to control
selection bias.

In conclusion, the incidence of PVT is higher in patients
with more advanced cirrhosis. The development of PVT cannot
independently predict clinical outcome.

REFERENCES

1. Nery E Chevret S, Condat B, de Raucourt E, Boudaoud L, Rautou PE,
et al. Causes and consequences of portal vein thrombosis in 1,243 patients
with cirrhosis: results of a longitudinal study. Hepatology. (2015) 61:660-
7. doi: 10.1002/hep.27546

2. Bhangui P, Lim C, Levesque E, Salloum C, Lahat E, Feray C, et al. Novel
classification of non-malignant portal vein thrombosis: a guide to surgical
decision-making during liver transplantation. J Hepatol. (2019) 71:1038-
50. doi: 10.1016/j.jhep.2019.08.012

3. Intagliata NM, Caldwell SH, Tripodi A. Diagnosis, development, and
treatment of portal vein thrombosis in patients with and without cirrhosis.
Gastroenterology. (2019) 156:1582-99.el. doi: 10.1053/j.gastro.2019.01.265

DATA AVAILABILITY STATEMENT

The original contributions presented in the study are included
in the article/Supplementary Materials, further inquiries can be
directed to the corresponding authors.

ETHICS STATEMENT

The studies involving human participants were reviewed and
approved by the Institutional Ethics Committee of the Second
Affiliated Hospital of Chongqing Medical University. Written
informed consent for participation was not required for this
study in accordance with the national legislation and the
institutional requirements.

AUTHOR CONTRIBUTIONS

ZC, Z-hZ, and SH: conception and design. ZC, HC, and FX:
collection and assembly of data. ZC, TR, and HC: analysis
and interpretation of the data. ZC and TR drafting of the
manuscript. Z-hZ and SH supervised the study and revised the
manuscript. All authors contributed to the article and approved
the submitted version.

FUNDING

This study was funded by Kuanren Talents Program of the
Second Affiliated Hospital of Chongqing Medical University
(13-002-011, 13-004-009), Chongqing Appropriate technology
for health (06-123, 06-137), and National Science Foundation of
China (81972285).

ACKNOWLEDGMENTS

ZC wants to thank his parents for their nurturing and
selfless love.

SUPPLEMENTARY MATERIAL

The Supplementary Material for this article can be found
online at: https://www.frontiersin.org/articles/10.3389/fmed.
2021.685944/full#supplementary-material

4. Zanetto A, Rodriguez-Kastro KI, Germani G, Ferrarese A, Cillo U, Burra P,
et al. Mortality in liver transplant recipients with portal vein thrombosis - an
updated meta-analysis. Transpl Int. (2018) 31:1318-29. doi: 10.1111/tri.13353

5. Benvegnu L, Gios M, Boccato S, Alberti A. Natural history of compensated
viral cirrhosis: a prospective study on the incidence and hierarchy of major
complications. Gut. (2004) 53:744-9. doi: 10.1136/gut.2003.020263

6. Maruyama H, Okugawa H, Takahashi M, Yokosuka O. De novo portal
vein thrombosis in virus-related cirrhosis: predictive factors and long-term
outcomes. Am ] Gastroenterol. (2013) 108:568-74. doi: 10.1038/ajg.2012.452

7. Sarin SK, Philips CA, Kamath PS, Choudhury A, Maruyama H, Nery
FG, et al. Toward a comprehensive new classification of portal vein
thrombosis in patients with cirrhosis. Gastroenterology. (2016) 151:574-
7. doi: 10.1053/j.gastro.2016.08.033

Frontiers in Medicine | www.frontiersin.org

18

June 2021 | Volume 8 | Article 685944


https://www.frontiersin.org/articles/10.3389/fmed.2021.685944/full#supplementary-material
https://doi.org/10.1002/hep.27546
https://doi.org/10.1016/j.jhep.2019.08.012
https://doi.org/10.1053/j.gastro.2019.01.265
https://doi.org/10.1111/tri.13353
https://doi.org/10.1136/gut.2003.020263
https://doi.org/10.1038/ajg.2012.452
https://doi.org/10.1053/j.gastro.2016.08.033
https://www.frontiersin.org/journals/medicine
https://www.frontiersin.org
https://www.frontiersin.org/journals/medicine#articles

Chen et al. Impact of PVT on Cirrhosis

8. Paquet KJ. Prophylactic endoscopic sclerosing treatment of the esophageal 18. Violi E, Corazza GR, Caldwell SH, Talerico G, Romiti GE, Napoleone L, et al.
wall in varices — a prospective controlled randomized trial. Endoscopy. (1982) Incidence and recurrence of portal vein thrombosis in cirrhotic patients.
14:4-5. doi: 10.1055/5-2007-1021560 Thromb Haemost. (2019) 119:496-9. doi: 10.1055/s-0038-1676981

9. de Franchis R, Baveno VI Faculty. Expanding consensus in portal 19. Noronha Ferreira C, Marinho RT, Cortez-Pinto H, Ferreira P, Dias MS,
hypertension: report of the baveno VI consensus workshop: stratifying risk Vasconcelos M, et al. Incidence, predictive factors and clinical significance of
and individualizing care for portal hypertension. J Hepatol. (2015) 63:743- development of portal vein thrombosis in cirrhosis: a prospective study. Liver
52. doi: 10.1016/j.jhep.2015.05.022 Int. (2019) 39:1459-67. doi: 10.1111/liv.14121

10. European Association for the Study of the Liver. EASL clinical practice 20. Luca A, Caruso S, Milazzo M, Marrone G, Mamone G, Crino E et al. Natural
guidelines for the management of patients with decompensated cirrhosis. J course of extrahepatic nonmalignant partial portal vein thrombosis in patients
Hepatol. (2018) 69:406-60. doi: 10.1016/j.jhep.2018.03.024 with cirrhosis. Radiology. (2012) 265:124-32. doi: 10.1148/radiol.12112236

11. Ge PS, Runyon BA. Treatment of patients with cirrhosis. N Engl ] Med. (2016) 21. Berry K, Taylor J, Liou IW, Ioannou GN. Portal vein thrombosis is not
375:767-77. doi: 10.1056/NEJMral504367 associated with increased mortality among patients with cirrhosis. Clin

12. Garcia-Tsao G, Abraldes JG, Berzigotti A, Bosch J. Portal hypertensive Gastroenterol Hepatol. (2015) 13:585-93. doi: 10.1016/j.cgh.2014.10.010
bleeding in cirrhosis: risk stratification, diagnosis, and management: 2016 22. Rodriguez-Castro KI, Porte RJ, Nadal E, Germani G, Burra P, Senzolo M.
practice guidance by the American association for the study of liver diseases. Management of non-neoplastic portal vein thrombosis in the setting of
Hepatology. (2017) 65:310-35. doi: 10.1002/hep.28906 liver transplantation: a systematic review. Transplantation. (2012) 94:1145-

13. Praktiknjo M, Trebicka ], Carnevale R, Pastori D, Queck A, Ettorre 53. doi: 10.1097/TP.0b013e31826€8¢e53
E, et al. Von willebrand and factor VIII portosystemic circulation 23. Qi X, Li H, Lu X, Yao H, Han G, Hu E et al. Novel
gradient in cirrhosis: implications for portal vein thrombosis. Clin insights into the development of portal vein thrombosis in
Transl Gastroenterol. (2020) 11:¢00123. doi: 10.14309/ctg.00000000000 cirrhosis ~ patients.  Expert ~Rev  Gastroenterol — Hepatol. ~ (2015)
00123 9:1421-32. doi: 10.1586/17474124.2015.1083856

14. Sinegre T, Duron C, Lecompte T, Pereira B, Massoulier S, Lamblin G, et al. 24. O’Leary JG, Greenberg CS, Patton HM, Caldwell SH. AGA clinical
Increased factor viii plays a significant role in plasma hypercoagulability practice update: coagulation in cirrhosis. Gastroenterology. (2019) 157: 34—
phenotype of patients with cirrhosis. ] Thromb Haemost. (2018) 16:1132- 43.el. doi: 10.1053/j.gastro.2019.03.070
40. doi: 10.1111/jth.14011

15. Qi X, Guo X, Yoshida EM, Méndez-Sanchez N, De Stefano V, Tacke E  Conflict of Interest: The authors declare that the research was conducted in the
et al. Transient portal vein thrombosis in liver cirrhosis. BMC Med. (2018) absence of any commercial or financial relationships that could be construed as a
16:83. doi: 10.1186/s12916-018-1069-8 potential conflict of interest.

16. Qi X, Dai ], Yang M, Ren W, Jia J, Guo X. Association between portal
vein thrombosis and survival in non-liver-transplant patients with liver Copyright © 2021 Chen, Ran, Cao, Xu, Zhou and He. This is an open-access article
cirrhosis: a systematic review of the literature. Gastroenterol Res Prac. (2015) distributed under the terms of the Creative Commons Attribution License (CC BY).
2015:480842. doi: 10.1155/2015/480842 The use, distribution or reproduction in other forums is permitted, provided the

17. Amitrano L, Guardascione MA, Brancaccio V, Margaglione M, Manguso original author(s) and the copyright owner(s) are credited and that the original

F, Tannaccone L, et al. Risk factors and clinical presentation of portal
vein thrombosis in patients with liver cirrhosis. J Hepatol. (2004) 40:736-
41. doi: 10.1016/j.jhep.2004.01.001

publication in this journal is cited, in accordance with accepted academic practice.
No use, distribution or reproduction is permitted which does not comply with these
terms.

Frontiers in Medicine | www.frontiersin.org

19

June 2021 | Volume 8 | Article 685944


https://doi.org/10.1055/s-2007-1021560
https://doi.org/10.1016/j.jhep.2015.05.022
https://doi.org/10.1016/j.jhep.2018.03.024
https://doi.org/10.1056/NEJMra1504367
https://doi.org/10.1002/hep.28906
https://doi.org/10.14309/ctg.0000000000000123
https://doi.org/10.1111/jth.14011
https://doi.org/10.1186/s12916-018-1069-8
https://doi.org/10.1155/2015/480842
https://doi.org/10.1016/j.jhep.2004.01.001
https://doi.org/10.1055/s-0038-1676981
https://doi.org/10.1111/liv.14121
https://doi.org/10.1148/radiol.12112236
https://doi.org/10.1016/j.cgh.2014.10.010
https://doi.org/10.1097/TP.0b013e31826e8e53
https://doi.org/10.1586/17474124.2015.1083856
https://doi.org/10.1053/j.gastro.2019.03.070
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/medicine
https://www.frontiersin.org
https://www.frontiersin.org/journals/medicine#articles

1’ frontiers
In Medicine

ORIGINAL RESEARCH
published: 28 July 2021
doi: 10.3389/fmed.2021.690825

OPEN ACCESS

Edited by:
Jonel Trebicka,
Goethe University Frankfurt, Germany

Reviewed by:

JayaKrishna Chintanaboina,
University of California, San Francisco,
United States

Michael Praktiknjo,

University of Bonn, Germany

*Correspondence:
Xuan Zhu
waiyongtg@163.com

T These authors have contributed
equally to this work

Specialty section:

This article was submitted to
Gastroenterology,

a section of the journal
Frontiers in Medicine

Received: 04 April 2021
Accepted: 24 June 2021
Published: 28 July 2021

Citation:

Liu L, Nie Y, Zhang Y, Liu Q and Zhu X
(2021) Liver Stiffness Is a Predictor of
Rebleeding in Patients With Hepatitis
B-Related Cirrhosis: A Real-World
Cohort Study. Front. Med. 8:690825.
doi: 10.3389/fmed.2021.690825

Check for
updates

Liver Stiffness Is a Predictor of
Rebleeding in Patients With Hepatitis
B-Related Cirrhosis: A Real-World
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Background: Esophageal vein rebleeding is a life-threatening complication of liver
cirrhosis. However, the role of non-invasive methods that were developed to evaluate
the severity of chronic liver disease, especially in rebleeding, remains unclear.

Aims: To evaluate the performance of liver stiffness and non-invasive fibrosis scores in
predicting esophageal vein rebleeding in hepatitis B virus (HBV) cirrhotic patients.

Methods: A prospective analysis of 194 HBV patients between 2017 and 2021 was
performed. Receiver operating characteristic (ROC) curves and time-dependent ROC
curves were used to assess the power for predicting rebleeding with non-invasive fibrosis
score and liver stiffness.

Results: During the median follow-up time of 68.28 weeks, 55 patients experienced
rebleeding. In the entire cohort, the area under the ROC curve for liver stiffness
measurement (LSM) predicting for rebleeding was 0.837, with a cut-off value of
17.79 kPa, and the time-dependent ROC curve also showed stable prediction
performance of LSM. The predictive ability of the non-invasive fibrosis score was
less than that of LSM, and there were statistical differences. Moreover, patients using
non-selective beta-blockers and HBV DNA-negative patients experienced significantly
reduced rebleeding.

Conclusions: Compared with non-invasive fibrosis scores, LSM can more simply and
accurately predict rebleeding events of hepatitis B liver cirrhosis.

Keywords: cirrhosis complications, hepatitis B virus, liver stiffness, non-invasive fibrosis score, rebleeding

INTRODUCTION

Liver cirrhosis is caused by various injury mechanisms which can induce liver necrosis and fibrosis.
It is considered not a single disease entity but a disease that can be subdivided into different
clinical prognostic stages (1). Esophageal variceal bleeding (EVB) is a common complication of
liver cirrhosis, and it can also be a life-threatening complication due to high morbidity and high
mortality (2). Despite improvements in the efficacy of endoscopic, pharmacologic, surgical, and
radiologic techniques, the 6-week mortality and total mortality after bleeding are 17.5 and 33.5%,
respectively (3). Not only is the mortality rate of the first esophageal venous bleeding high, but
the 6-week rebleed rate is up to 60% in patients who have not undergone secondary prevention
patients (4). Therefore, the occurrence of rebleeding events has received increasing attention in
cirrhosis patients.
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Recent studies pooling available evidence have demonstrated
that the severity of liver fibrosis, especially the presence of
advanced fibrosis defined as stage F3 or F4 fibrosis, is the main
driver of prognosis in cirrhosis and the main risk factor for
developing not only liver-related events but also extrahepatic
complications (5-7). In this context, there is a good correlation
between the non-invasive fibrosis score and the degree of liver
fibrosis (5, 8-10), and the degree of liver fibrosis was correlated
with the degree of portal hypertension. However, the use of the
fibrosis score to predict the occurrence of complications of liver
cirrhosis, especially the rebleeding of the esophageal vein of liver
cirrhosis, is a major unmet need.

Liver stiffness measurement (LSM) is a widely used non-
invasive tool for the diagnosis of liver fibrosis and has high
accuracy (11), and combined platelets are also used to identify
patients at high risk for esophageal varices without the need for
endoscopic screening (12). Previous studies have demonstrated
that liver stiffness can reflect the prognosis of patients with liver
cirrhosis because it can indirectly reflect portal hypertension
(11, 13). Liver stiffness measured using transient elastography
(TE) has been validated as a prognostic quantitative marker for
the occurrence of liver-related complications, survival without
liver-related death, and overall survival (6, 14-16). However, LSM
has not been well-verified in the esophageal variceal rebleeding,
which is a critical event.

Chronic hepatitis B (CHB) is a major health burden, with an
estimated 240 million chronic carriers of the hepatitis B virus
(HBV) surface antigen (HBsAg) worldwide, resulting in 815,000
people dying annually due to its complications (17, 18). TE and
fibrosis scores currently focus on the accuracy of the pathological
classification of liver cirrhosis. However, there are few studies
predicting the complications of esophageal venous rebleeding in
liver cirrhosis, which makes it difficult for clinicians to accurately
and rapidly evaluate such patients and increases the burden
of public health. To address this limitation, our study aims
to evaluate non-invasive serological indices, namely, the AST
to Platelet Ratio Index (APRI), Fibrosis-4 score (FIB-4), King’s
College Criteria (King’s Score), Goteborg University Cirrhosis
Index (GUCI), Fibrolndex, and FornsIndex, and determine
their accuracy in predicting bleeding events in hepatitis B liver
cirrhosis patients. Simultaneously, we compared the predictive
performance of transient elastography.

METHODS
Study Patients

This was a prospective cohort study, and consecutive hospitalized
patients with hepatitis B liver cirrhosis were admitted to the
Department of Gastroenterology, the First Affiliated Hospital
of Nanchang University in China, between February 2017 and
January 2021. The patient inclusion criteria were as follows: (1)
age > 18, (2) diagnosis of hepatitis B cirrhosis (positive hepatitis
B surface antigen, and diagnosed with cirrhosis by liver biopsy
or imaging examinations together with clinical features such as
ascites, thrombocytopenia or gastro-esophageal varices), (3) first
bleeding in the past and received secondary prevention of variceal
rebleeding (endoscopic variceal ligation (EVL) combined with a

non-selective beta-blocker (NSBB) or EVL alone), and (4) had
a liver transient elastography measurement before the second
episode of variceal bleeding, The exclusion criteria included the
following: (1) a diagnosis of HCC at inclusion or during the first
6 months of follow-up, (2) known HIV, (3) the first bleeding is
non-esophagogastric vein bleeding under digestive endoscopy,
(4) history of liver transplantation, (5) combination with other
types of liver disease such as alcoholic cirrhosis or hepatitis C
cirrhosis, (6) the patient had a large amount of ascites at the
time of admission or a status of Child-Pugh C class, and (7)
severe heart and lung disease. The treatment of the included
patients was individualized according to Baveno VI standards.
The study protocol was approved by the institutional ethics
committee of the First Affiliated Hospital of Nanchang University
(No. 2015-1206). Informed written consent was obtained from
all the study participants.

Clinical Data Collection and Follow-Up
Clinical data such as age, sex, diabetes, hypertension, etiology,
white blood cell (WBC), hemoglobin (HB), platelet (PLT),
alanine aminotransferase (ALT), aspartate aminotransferase
(AST), total bilirubin (TBIL), albumin (ALB), gamma-glutamyl
transpeptidase (y-GT), alkaline phosphatase (ALP), creatinine
(Cr), international normalized ratio (INR), prothrombin time
(PT), fibrinogen, blood urea nitrogen (BUN), HBV DNA,
hepatitis B e antigen (HBeAg), and liver stiffness measurements
were collected at the time of the first acute variceal bleeding.
The Child-Pugh score and model for end-stage liver disease
(MELD) score were also recorded. The data were collected
independently by two physicians and checked by a third person.
All included patients were followed up for rebleeding and
survival. The primary outcome was a rebleeding event due to
esophageal varices.

Liver Stiffness Measurements and

Calculation of Scores
The liver stiffness measurements were completed within 1 week
after the patient underwent ligation for acute bleeding. For
patients with ascites at the time of admission, the LSM was
measured after the ascites subsided. Transient elastography was
performed with FibroScan (Echosens, Paris, France) using the
standard-probe, and on a fasting (4 h) patient lying flat on his/her
back, with the right arm tucked behind the head to facilitate
access to the right upper quadrant. The probe is positioned
perpendicular to the skin surface in one of the intercostal spaces
adjacent to the right lobe of the liver. LSM was considered reliable
only if 10 successful acquisitions were obtained and the ratio of
the interquartile range over the median (IQR/LSM) was <0.3.
LSM was expressed in kilopascals. Patients with unreliable LSM
results had the examination repeated immediately; the results
were not analyzed if they remained unreliable. The operators
were blinded to all clinical data and the diagnoses of the patients.
A total of four non-invasive models were performed for all
included patients:

a. APRI: AST (U/L)/upper limit of normal/PLT (10°/L) x 100
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299 patients with hepatitis B related cirrhosis who
experienced the first bleeding

206 patients at admission

93 patients were excluded for the following reasons:

1 patients age<18 years

2 patients had HIV infection

48 patients did not receive secondary prevention after first
bleeding

21 patients combined with other types of cirrhosis

14 patients’ the first bleeding in non-esophagogastric vein
bleeding

5 patients have sever heart and lung disease

2 patients have a history of liver transplantation

194 patients included into final analysis

FIGURE 1 | The flowchart of our study.

7 patients excluded for loss to follow-up
S patients excluded for diagnosis of HCC at inclusion or
during first 6 months of follow-up

b. FIB-4: [age x AST (U/L)J/[PLT (10°/L) x
/ALT (U/L)]

c. King’s score: age (years) x AST (U/L) x INR/PLT (10°/1)

d. GUCL: [AST (U/L)/upper limit of normal] x [(prothrombin
- INR x 100)/PLT (10°/L)]

e. Fibrosis index: 828 -
albumin (g/dl)

f. Forns score: 7.811 - 3.131 x In [PLT (109/L)] + 0.781
x In [GGT (U/L)] + 3.467 x In [age (years)] — 0.014
[cholesterol (mg/dl)]

g. MELD: 3.78 x In [TBil (wmol/L)] + 11.2 x In (INR) + 9.57
x In [creatinine (mg/dl)] 4 6.43

h. MELD-Na: MELD + 1.59 x [135-Na™ (mmol/L)]

i. ALBI: —0.085 x [albumin (g/L)] 4 0.66 x lg [TBil (nmol/L)].

(years)

0.01 x PLT (10°/L)—serum

NSBB Treatment and EVL Procedure

For patients receiving NSBB treatment, either carvedilol or
propranolol was used. Carvedilol was started at an initial dose
of 6.25mg once daily and adjusted gradually to the maximum
tolerated dose, keeping the heart rate at >55 beats per minute and
systolic blood pressure at >90 mmHg. Propranolol was started at
an initial dose of 10 mg three times daily and adjusted gradually
to the maximum tolerated dose, keeping the heart rate at >55
beats per minute and the systolic blood pressure at >90 mmHg.
EVL was performed using commercial multiband devices under
sedation with propofol. The varices were ligated from the cardia
to the oral side.

Statistical Analysis

Continuous variables are shown as the mean and standard
deviation (SD) or median and interquartile range (IQR),
while categorical variables are shown as frequencies (%). The
rebleeding rate for the study population was generated using
the Kaplan-Meier method, and differences in rebleeding rate
were examined using the log-rank test. We tested whether the

explanatory variable had an interaction and found no significant
interactions within the included variables. Student’s ¢-tests or
Mann-Whitney U-test were performed for group comparisons.
The diagnostic accuracy of rebleeding was assessed by receiver
operating characteristic (ROC) analysis. Areas under the ROC
curves (AUROCs) were compared by the method of DeLong
et al. A time-dependent ROC curve was employed to evaluate
the time-dependent predictive performance of the model to be
tested for rebleeding. All levels of significance were set at a two-
sided 5% level. All analyses were performed using SPSS 25.0
IBM (IBM Corp., Armonk, NY, USA) and R 3.5.2 (R Project
for Statistical Computing, Vienna, Austria). The R statistical
packages “pROC,” “survival,” “compareGroups,” and “survminer”
were used to calculate the clinical characteristics table, Kaplan—
Meier curves, ROC curve, and time-dependent ROC curves.

RESULT

A total of 299 patients with suspected HBV-related liver cirrhosis
underwent series of examinations. Of these, 93 patients were
excluded for the exclusion criteria. The remaining 206 patients
were followed up. Finally, 194 patients were included in the final
analysis. A flow chart for the study enrollment is summarized in
Figure 1.

Patients’ Characteristics

The baseline characteristics of the 194 patients with HBV-related
liver cirrhosis are shown in Table 1. The average age of the whole
population was 52.83 years, and the majority of them were male
(81.96%). The baseline median LSM value was 14.57 KPa, and the
BMI value was 22.01. The median Child-Pugh, MELD, MELD-
Na, and ALBI scores were 6, 9.64, 3.83, and —2.073, respectively.
Patients of Child-Pugh class A (86.08%) comprised the majority
of this cohort. Various median fibrosis scores were as follows:
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TABLE 1 | Baseline characteristics of patients.

TABLE 2 | Characteristics between the no rebleeding group and rebleeding group.

Variable All patients (N = 194)
Male 159 (81.96)
Follow-up time (weeks) 63.28 (17.64-112.5)
Age (years) 52.83(11.43)
BMI 22.01(3.16)
ALT (U/L) 25 (17-40)
AST (U/L) 35 (27-50)
Hemoglobin (g/L) 98.23(29.3)
Platelet count (109/L) 69.5 (47-114)
White Blood Count (10%/L) 4.3(2.3)
Albumin (g/L) 34.67 (5.43)
Globulins (g/L) 26.95 (7.89)
Total bilirubin (wmol/L) 20.25 (14-31.9)
INR 1.24 (1.14-1.36)
PT (s) 13.9 (12.7-15)
y-GT (UL) 30 (19-59.5)
Cholesterol (mmol/L) 3.18 (2.565-3.86)
Creatinine (umol/L) 66.4 (57.3-79.1)
Serum sodium (mmol/L) 139.4 (135.8-141.2)
HBV DNA (log10 IU/ml)* 3.121(1.701)
HBeAg (positivity rate, %) 33 (17.01)

LSM (kPa)

APRI

FIB-4

King’s score

GUCI

Fibrolndex

Forns score

MELD

MELD-Na

ALBI

Child-Pugh score
Child A
Child B

Rebleeding events
6-week rebleeding event

3-month rebleeding events

1-year rebleeding events

14.57 (11.22-18.81)
1.537 (0.807-2.523)
5.029 (2.887-9.495)

32.765 (17.829-63.320)
1.846 (0.942-3.232)
2.588 (2.242-2.881)

9.254 (7.882-10.609)
9.64 (8.13-11.59)
3.83 (—1.41 to 9.40)
—2.073 (=2.424 to 1.694)
6 (5-7)

167 (86.08)

27 (13.92)

55 (28.35)

13 (6.70)
26 (13.40)
47 (24.23)

*For patients with liver cirrhosis who are positive for HBY DNA.

BMI, body mass index; ALT, alanine aminotransferase; AST, aspartate
aminotransferase; LSM, liver stiffness measurement; PT, prothrombin time; y-GT,
gamma-glutamyl transpeptidase.

APRI, FIB-4, King’s score, GUCI, FibroIndex, and Forns score
were 1.537, 5.029, 32.765, 1.846, 2.588, and 9.254, respectively.

When they were hospitalized due to bleeding esophageal
varices for the first time, eight patients developed
hepatic encephalopathy below stage III, five patients
had fever with bacteremia or spontaneous peritonitis,
and one developed hepatorenal syndrome. All patients
who suffered complications during hospitalization had
fully recovered from the above complications when they
were discharged.

Variable No rebleeding Rebleeding P-value
(N =139) (N = 55)
Follow-up time (weeks) 85.4 (51.9-168) 14.9 (6.43-35.8) <0.001
Age 52.5(12.1) 53.7 (9.69) 0.461
BMI 22.1(3.33) 22.1(2.79) 0.878
ALT (U/L) 25.0 (17.0-38.0) 27.0 (18.5-41.5) 0.243
AST (U/L) 34.0 (27.0-48.0) 35.0 (26.5-55.0) 0.474
Hemoglobin (g/L) 102 (29.5) 88.6 (26.4) 0.003
Platelet count (10°/L) 82.0 (564.5-134) 54.0 (38.5-77.0) <0.001
White blood count 4.56 (2.22) 3.64 (2.24) 0.011
(10%L)
Albumin (g/L) 35.0 (5.68) 33.9 (4.71) 0.155
Golbulins (g/L) 27.1(7.993) 26.5 (7.83) 0.602
Total bilirubin (wmol/L) 19.6 (12.6-30.2) 24.6 (18.2-37.0) 0.007
INR 1.22 (1.12-1.35) 1.28 (1.20-1.42) 0.012
PT (s) 13.7 (12.6-14.9) 14.2 (13.0-15.2) 0.205
y-GT 32.0 (19.5-67.5) 25.0 (18.0-47.5) 0.086
Cholesterol (mmol/L) 3.19 (2.63-3.91) 3.12 (2.45-3.56) 0.171
Serum sodium 139 (136-141) 140 (134-141) 0.587
(mmol/L)
Creatinine (wmol/L) 66.3 (59.5-78.2) 67.8 (66.1-82.8) 0.883
HBV-DNA <0.001
Negative 77 (55.4%) 6 (10.9%)
Positive 62 (44.6%) 49 (89.1%)
NSBB drugs <0.001
no used 36 (25.9%) 31 (566.4%)
Used 103 (74.1%) 24 (43.6%)
APRI 1.28 (0.70-2.00) 2.32 (1.15-3.27) <0.001
FIB-4 4.13 (2.563-7.87) 6.77 (4.41-11.8) <0.001
King’s score 47.0 (79.0) 95.7 (191) 0.072
GUCI 1.64 (0.86-2.59) 3.01 (1.562-4.26) <0.001
Fibrolndex 2.53 (2.17-2.80) 2.71(2.563-2.97) 0.001
Forns score 8.78 (7.30-10.4) 10.2 (9.08-11.0) <0.001
Child-Pugh 6.00 (5.00-7.00) 6.00 (6.00-7.00) 0.118
MELD 9.43 (8.13-11.4) 10.1 (8.67-12.2) 0.039
MELD-Na 3.38 (—1.59 to 8.26) 4.89 (0.41-11.2) 0.067
ALBI —2.20 (—2.45t0 —1.87 (-2.20 to 0.012
—1.74) —1.63)
LSM (kPa) 12.9 (10.5-15.7) 20.0 (17.9-23.0) <0.001

BMI, body mass index; ALT, alanine aminotransferase; AST, aspartate
aminotransferase;, LSM, liver stiffness measurement; PT, prothrombin time; y-GT,
gamma-glutamyl! transpeptidase.

Data are given as mean =+ standard deviation, median (interquartile range), or as
percentage of cases (%).

The bold values indicates that these variables are significantly different and specific details
has been explained in the Methods - Statistical analysis Section.

Patients were followed up until the occurrence of a rebleeding
episode. At a median follow-up of 68.28 weeks (range, 1.0-208.5
weeks), rebleeding occurred in 55 out of 194 patients (28.35%).
Among them, the rates of rebleeding within 6 weeks, 3 months,
and 1 year were 6.7, 13.4, and 24.23%, respectively. At the
same time, three people developed hepatocellular carcinoma
during the follow-up period and three people died: two of
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TABLE 3 | Baseline comparison of patients with and without NSBB drugs.

No used NSBB drugs Used NSBB
No rebleeding Rebleeding P-value No rebleeding Rebleeding P-value
N =36 N=31 N =103 N=24

Following-up time (weeks) 64.9 (27.0-167) 11.3 (6.43-30.0) <0.001 87.0 (56.4-160) 19.3 (8.43-46.4) <0.001
Age (years) 55.9 (11.9) 54.2 (10.8) 0.539 51.3(12.2) 53.1 (8.24) 0.392
BMI 21.9 (3.47) 22.2 (3.31) 0.739 22.2 (3.29) 21.9(1.77) 0.525
ALT (U/L) 31.0 (24.8-47.0) 28.0 (22.0-47.0) 0.910 23.0 (15.5-34.0) 21.5(16.0-35.0) 0.753
AST (U/L) 37.5(32.8-56.8) 42.0 (28.5-53.5) 0.651 32.0 (25.0-41.5) 30.5 (24.0-55.5) 0.121
Hemoglobin (g/L) 113(33.7) 92.7 (27.9) 0.009 98.3 (27.1) 83.3 (23.8) 0.011
Platelet count (10°/L) 96.5 (51.0-122) 52.0 (34.5-74.0) <0.001 77.0 (65.5-135) 56.5 (41.5-83.8) 0.009
White blood count (109/L) 4.85(1.92) 3.62 (2.57) 0.034 4.46 (2.32) 3.65 (1.79) 0.069
Albumin (g/L) 34.3 (6.53) 34.1(5.29) 0.931 35.2 (5.36) 33.5(3.93) 0.072
Golbulins (g/L) 28.1(7.98) 25.6 (8.40) 0.234 26.8 (7.93) 27.6 (7.04) 0.645
Total bilirubin (nmol/L) 25.8 (15.0-39.3) 23.0 (18.4-34.5) 0.602 18.5 (12.3-25.8) 26.4 (17.2-40.1) 0.015
INR 1.21 (1.15-1.38) 1.28 (1.23-1.42) 0.178 1.22 (1.12-1.34) 1.28 (1.16-1.39) 0.086
PT (s) 13.8 (12.4-15.4) 14.2 (13.1-14.9) 0.615 13.7 (12.7-14.8) 14.2 (12.9-15.6) 0.294
y-GT (UL) 46.0 (24.5-102) 24.0 (16.5-45.5) 0.012 30.0 (19.0-56.0) 27.0 (18.0-52.0) 0.714
Cholesterol (mmol/L) 3.37 (2.88-4.11) 3.18 (2.58-3.50) 0.170 3.18 (2.58-3.89) 2.80 (2.35-3.60) 0.253
Serum sodium (mmol/L) 139 (137-141) 140 (134-142) 0.826 139 (136-141) 138 (135-141) 0.407
Creatinine (umol/L) 64.8 (57.2-78.2) 66.3 (55.1-78.1) 0.651 66.4 (60.5-78.2) 68.7 (60.1-84.2) 0.390
HBV-DNA <0.001 <0.001
Negative 20 (55.6%) 3 (9.68%) 57 (65.3%) 3(12.5%)

Positive 16 (44.4%) 28 (90.3%) 46 (44.7%) 21 (87.5%)

APRI 1.59 (0.92-2.24) 2.68 (1.55-3.61) 0.011 1.20 (0.65-1.98) 1.88 (1.05-2.56) 0.037
FIB-4 4.30 (3.29-8.92) 7.02 (5.42-13.0) 0.061 4.10 (2.44-7.46) 6.25 (3.70-9.34) 0.034
King’s score 60.3 (86.9) 88.4 (93.0) 0.208 42.3 (76.0) 105 (272) 0.275
GUCI 2.03 (0.96-3.30) 3.21 (1.90-4.72) 0.010 1.52 (0.79-2.42) 2.16 (1.39-3.77) 0.025
Fibrolndex 2.61(2.23-2.94) 2.71(2.50-3.02) 0.200 2.50 (2.15-2.75) 2.72 (2.563-2.92) 0.004
Forns score 8.73(7.88-10.4) 10.2 (9.18-11.6) 0.012 8.78 (7.02-10.3) 10.1 (8.44-10.7) 0.025
Child-Pugh 6.00 (5.75-7.25) 6.00 (6.00-7.00) 0.698 6.00 (5.00-7.00) 6.00 (6.00-8.00) 0.080
MELD 9.16 (8.13-11.4) 10.1 (8.56-11.8) 0.187 9.45 (8.13-11.4) 10.1 (8.77-13.0) 0.151
MELD-Na 2.94 (—1.84 t0 7.56) 4.50 (—0.79t0 11.7) 0.155 3.41 (—1.57 to 8.26) 6.04 (1.44-10.9) 0.158
ALBI —2.14 (-2.43t0 —1.64) —1.83(-2.20to —1.63) 0.386 —2.23(-2.49t0 —1.77) —1.93 (-2.17 to —1.67) 0.025
LSM (kPa) 13.6 (11.0-16.4) 20.1 (17.9-22.4) <0.001 12.5 (10.5-15.3) 19.2 (16.6-23.4) <0.001

BMI, body mass index; ALT, alanine aminotransferase; AST, aspartate aminotransferase; LSM, liver stiffness measurement, PT, prothrombin time; y-GT, gamma-glutamy! transpeptidase.

Data are given as mean =+ standard deviation, median (interquartile range), or as percentage of cases (%).

The bold values indicates that these variables are significantly different and specific details has been explained in the Methods - Statistical analysis Section.

them from respiratory failure and one from hypovolemic shock
during rebleeding.

Comparison of Baseline Characteristics of
Patients With or Without Rebleeding

The comparison of clinical baseline characteristics between the
non-rebleeding group and the rebleeding group is shown in
Table 2. Some variables in the rebleeding group, such as follow-
up time, hemoglobin, platelet count, and white blood count,
were smaller than those in the no rebleeding group (p < 0.05).
However, total bilirubin, INR, APRI, FIB-4, GUCI, FibroIndex,
and Forns score were higher in the rebleeding group than in the
no rebleeding group (p < 0.05).

Considering the differences between the NSBB drugs used
and HBV-DNA positivity in the two groups of patients, further
subgroup analysis was performed. In the two groups of people
who used and did not use NSBB, their rebleeding rates were
46.27% (31/67) and 18.89% (24/127), respectively. There was
a significant difference in the occurrence of rebleeding events
and LSM between the two groups. The remaining clinical
features are summarized in Table 3. In this context, the same
method was used to compare whether HBV-DNA was positive
for patients with liver cirrhosis. Among HBV DNA-negative
patients, those who experienced rebleeding and those who
did not experience rebleeding, only LSM was significantly
different, and the complete comparison is summarized in
Table 4.
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TABLE 4 | Baseline comparison of patients with and without HBV-DNA positivity.

HBV-DNA (-) HBV-DNA (+)
No rebleeding Rebleeding P-value No rebleeding Rebleeding P-value
N=77 N=6 N =62 N =49
Follow-up time (weeks) 76.3 (40.3-145) 40.1 (21.5-68.1) 0.077 88.7 (57.4-172) 12.1 (6.43-30.0) <0.001
Age (years) 53.1 (12.6) 59.0 (11.1) 0.261 51.7 (11.5) 53.1(9.42) 0.492
BMI 22.0 (3.24) 21.5(1.47) 0.449 22.3 (3.45) 22.1(2.85) 0.830
ALT (U/L) 23.0 (15.0-31.0) 25.5(16.8-32.8) 0.666 27.0 (19.5-47.0) 27.0(19.0-44.0) 0.891
AST (U/L) 32.0 (24.0-40.0) 28.0 (27.0-35.0) 0.647 36.0 (30.0-53.0) 39.0 (26.0-55.0) 0.677
Hemoglobin (g/L) 99.6 (28.9) 74.0 (27.7) 0.074 105 (30.3) 90.4 (25.9) 0.007
Platelet count (10°/L) 82.0 (52.0-138) 64.5 (36.2-78.5) 0.152 80.5 (55.5-122) 54.0 (39.0-71.0) <0.001
White blood cell count (109/L) 4.59 (2.50) 3.92 (2.33) 0.526 4.53 (1.84) 3.60 (2.26) 0.022
Albumin (g/L) 35.0 (4.78) 32.1 (5.66) 0.266 34.9 (6.67) 34.1 (4.61) 0.417
Globulins (g/L) 27.2 (7.31) 24.8 (9.84) 0.579 27.0(8.70) 26.7 (7.65) 0.824
Total bilirubin (wmol/L) 20.3 (13.8-31.0) 18.6 (18.3-26.1) 0.799 18.2 (12.3-28.8) 24.8 (18.2-38.8) 0.007
INR 1.20 (1.12-1.33) 1.31 (1.23-1.65) 0.124 1.25 (1.14-1.36) 1.28 (1.19-1.41) 0.248
PT (s) 13.4 (12.6-15.0) 14.8 (13.8-18.3) 0.142 13.9 (12.7-14.8) 14.2 (12.9-14.9) 0.605
y-GT (U/L) 31.0 (18.0-73.0) 35.0 (19.5-50.5) 0.979 34.0 (22.2-60.5) 25.0 (18.0-46.0) 0.040
Cholesterol (mmol/L) 3.18 (2.61-3.91) 2.83(2.23-3.29) 0.308 3.20 (2.70-3.88) 3.12 (2.47-3.57) 0.362
Serum sodium (mmol/L) 139 (136-141) 138 (134-141) 0.752 140 (136-142) 140 (135-141) 0.318
Creatinine (umol/L) 66.5 (58.4-78.0) 67.2 (50.7-70.5) 0.712 65.8 (59.8-78.6) 67.8 (56.4-83.0) 0.873
NSBB drugs 0.340 0.002
No used NSBB 20 (26.0%) 3 (50.0%) 16 (25.8%) 28 (57.1%)
Used NSBB 57 (74.0%) 3(50.0%) 46 (74.2%) 21 (42.9%)
ALBI —2.16 (—2.44t0 —1.84)  —1.77 (—2.23t0 —1.41) 0.225 —2.22(-2.541t0-1.68) —1.88(—2.17 to —1.64) 0.077
APRI 1.19 (0.68-1.84) 1.99 (0.91-3.01) 0.268 1.60 (0.84-2.35) 2.32 (1.16-3.33) 0.011
FIB-4 4.10 (2.38-7.60) 7.16 (3.71-13.3) 0.149 4.19 (3.00-8.58) 6.77 (4.51-11.8) 0.010
King’s score 35.4(33.7) 57.2 (38.6) 0.231 61.4 (111) 100 (202) 0.228
GUCI 1.40 (0.83-2.26) 3.07 (1.18-4.22) 0.176 1.95 (0.94-3.15) 3.01 (1.64-4.29) 0.015
Fibrolndex 2.53(2.156-2.73) 2.63 (2.50-2.89) 0.493 2.53(2.18-2.87) 2.72 (2.563-2.97) 0.010
Forns score 8.68 (7.14-10.5) 10.1 (9.75-11.7) 0.088 8.99 (7.65-10.3) 10.2 (9.01-10.9) 0.003
Child-Pugh 6.00 (5.00-7.00) 7.00 (5.50-7.75) 0.287 6.00 (5.00-7.00) 6.00 (6.00-7.00) 0.431
MELD 8.72 (6.96-10.7) 12.5 (8.36-16.6) 0.128 10.4 (8.32-12.4) 10.1 (8.72-12.1) 0.896
MELD-Na 3.41(—1.48107.28) 8.09 (5.58 to 16.4) 0.073 3.13(—1.61 10 9.31) 4.50 (0.33t0 10.7) 0.297
LSM (kPa) 12.5 (9.96-15.3) 27.5 (22.9-30.7) 0.001 13.6 (10.9-16.1) 19.4 (17.8-21.9) <0.001

BMI, body mass index; ALT, alanine aminotransferase; AST, aspartate aminotransferase; LSM, liver stiffness measurement, PT, prothrombin time; y-GT, gamma-glutamy! transpeptidase.
Data are given as mean =+ standard deviation, median (interquartile range), or as percentage of cases (%).
The bold values indicates that these variables are significantly different and specific details has been explained in the Methods - Statistical analysis Section.

According to the two parameters of NSBB drugs and HBV-
DNA positivity, two subgroups were divided, and then survival
analysis of the two subgroups was performed while drawing
Kaplan-Meier curves (Figure 2). In the above two subgroups,
there was a significant difference in the survival probability of the
two groups of patients in each subgroup (p < 0.0001).

Comparison of Parameters for Prediction

of Rebleeding

As shown in Table 5, the area under the ROC curve (AUC) of
each parameter at 6 weeks, 3 months, and 1 year was compared.
At 6 weeks, 3 months, and 1 year, the maximum and minimum
AUC parameters used to predict rebleeding events were LSM
(AUC: 0.698) and FibroIndex (AUC: 0.549); LSM (AUC: 0.732)

and MELD (AUC: 0.522); and LSM (AUC: 0.735) and MELD-
Na (AUC:0.574), respectively. At the above three time points, the
AUC of LSM was always the largest (p < 0.01). In contrast, the
AUC of MELD-Na was <0.6 (p > 0.05).

To further illustrate the changes in the AUCs of various
parameters over time, we drew a time-dependent ROC curve.
This curve was simple and represented a method to visually
understand the AUC values corresponding to different time
points. As shown in Figure 3, various parameters were divided
into three categories: the non-invasive fibrosis score-related
group (such as APRI, FIB-4, Kings Score, GUCI, FibroIndex,
FornsIndex), liver function-related score group (such as Child-
Pugh, MELD, MELD-Na, ALBI), and LSM. During the follow-
up period, it was found that the AUC of LSM remained
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FIGURE 2 | Kaplan-Meier curves demonstrating rebleeding in patients with HBV-related cirrhosis according to different clinical characteristics. (A) According to
whether NSBB drugs were used to compare the no rebleeding probability between the two groups. (B) According to whether HBV-DNA positivity was used to
compare the no rebleeding probability between the two groups. p-values are from the log-rank test.

relatively stable, and the value was high. At this time, the
AUC of LSM was 0.837, and the cut-oft value was 17.79 kPa.
However, the APRI, King and GUCI time-dependent ROC
curves almost fit, which means that they had similar predictive
capabilities. ALBI performed best in the liver function-related
score group, but over time, the AUC predicting rebleeding
gradually decreased.

Prediction of Rebleeding When Combining

the Non-invasive Fibrosis Score and LSM
We combined APRI, FIB-4, King’s Score, GUCI, FibroIndex,
FornsIndex, and LSM and then drew ROC curves separately
(Figure 4). Compared with the ROC curve of the non-
invasive fibrosis score before the combined diagnosis, the
ROC curve obtained after the combined diagnosis was
statistically significant (p < 0.05), but compared with the
ROC curve of LSM, it was not statistically significant (p
> 0.05). In the entire cohort, the AUCs of LSM and the
parameters after combined diagnosis were both over 0.8,
suggesting that they have excellent performance in predicting
rebleeding events.

DISCUSSION

In the present study, we first compared the different approaches
that use non-invasive tools to predict esophageal venous
rebleeding in HBV-related liver cirrhosis, and we found that
baseline LSM accurately predicts rebleeding events in our
cohort, while different clinical characteristics of patients, such
as the use of NSBB drugs and HBV DNA positivity can affect
the prognosis of patients. Furthermore, when predicting the

occurrence of rebleeding events in the entire cohort, the AUC
of LSM reached 0.837 (0.777-0.886), and the cut-off point
was 17.79 kPa. At this time, the sensitivity and specificity
were 76.36 and 87.77%, respectively, which means that LSM
showed excellent performance compared with the non-invasive
fibrosis score.

The formation and appearance of varices are driven by
various factors, increased portal pressure, collateral blood
flow, and vascular endothelial growth factor, all of which
contribute to variceal bleeding (1). Spontaneous portosystemic
shunting due to portal hypertension is seen in patients with
cirrhosis, and it may predict a poor clinical outcome (19,
20). The hepatic venous pressure gradient (HVPG) directly
reflects portal hypertension and is a reliable predictor of
bleeding due to esophageal varices (21). However, measuring
HVPG is an invasive operation that is expensive and requires
highly skilled operators. In this case, transient elastography, a
non-invasive tool that can indirectly reflect the pathological
staging of liver fibrosis and the degree of HVPG, has
been widely verified (22, 23). Throughout our follow-up
process, LSM predicted the AUC of total rebleeding events
was 0.837, which is an exciting result, indicating that this
parameter has excellent predictive performance. Indeed, LSM
also demonstrated excellent performance in another study on
non-alcoholic fatty liver disease (NAFLD) and primary biliary
cirrhosis (PBC) (24-26). However, the clinical outcome of these
studies focused on death or liver-related events, rather than a
certain type of complication, such as recurrent bleeding from
cirrhosis. Our research verifies that LSM can reliably predict
rebleeding events in hepatitis B-related cirrhosis and further
expands the spectrum of diseases in which LSM can be used to
predict rebleeding.
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TABLE 5 | The predictive value of various parameters at different time points.

TABLE 5 | Continued

Variable AUROC P-value Cut-off Sensitivity Specificity
point (%) (%)
6 Child-Pugh 0.629 0.0834 6 66.67 67.6
weeks (0.557-0.697)
MELD 0.582 0.2968 12.91 40 87.15
(0.510-0.653)
MELD-Na 0.569 0.4259 6.853 53.33 69.83
(0.496-0.640)
ALBI 0.656 0.0696  —1.889 73.33 64.25
(0.585-0.723)
APRI 0.624 0.1417 2.295 60 73.18
(0.552-0.692)
FIB-4 0.622 0.0964 5.623 66.67 55.87
(0.549-0.690)
King's 0.632 0.085 51.694 53.33 71.51
score (0.560-0.700)
GUCI 0.632 0.1049 2915 60 72.07
(0.560-0.700)
Fibrolndex 0.549 0.5362 2.957 33.33 81.01
(0.476-0.621)
Forns score 0.657 0.0225 8.999 86.67 48.04
(0.586-0.724)
LSM 0.698 0.0072 17.77 66.67 72.63
(0.628-0.762)
3 Child-Pugh 0.583 0.1034 6 50 68.12
months (0.510-0.653)
MELD 0.522 0.6838 8.78 52.94 37.5
(0.449-0.594)
MELD-Na 0.523 0.6732 5.282 67.65 43.13
(0.451-0.595)
ALBI 0.561 0.2752  —1.734 41.18 76.25
(0.488-0.632)
APRI 0.652 0.0024 2 58.82 71.25
(0.581-0.719)
FIB-4 0.628 0.0085 5.623 64.71 58.13
(0.555-0.696)
King's 0.630 0.0071 14.796 100 23.75
score (0.558-0.698)
GUCI 0.646 0.0029 2915 52.94 74.37
(0.574-0.713)
Fibrolndex 0.607 0.033 2.628 64.71 57.5
(0.534-0.676)
Forns score 0.613 0.0236 8.515 82.35 40.63
(0.541-0.682)
LSM 0.732 <0.0001 17.77 67.65 77.50
(0.664-0.793)
1year Child-Pugh 0.618 0.0026 6 4512 72.32
(0.546-0.687)
MELD 0.604 0.0108 10.36 50 69.64
(0.532-0.674)
MELD-Na 0.574 0.0822 3.849 58.54 58.04
(0.501-0.644)
ALBI 0.649 0.0002  —2.045 64.63 64.29
(0.578-0.716)
APRI 0.686 <0.0001 2 53.66 80.36
(0.616-0.751)
FIB-4 0.666 <0.0001  5.554 63.41 65.18
(0.595-0.732)
King’s 0.695 <0.0001  28.432 75.61 55.36
score (0.625-0.759)
GUCI 0.693 <0.0001 2.62 53.66 82.14
(0.623-0.757)
(Continued)

Variable AUROC P-value Cut-off Sensitivity Specificity
point (%) (%)
Fibrolndex 0.725 <0.0001 2.62376 70.73 69.64
(0.656-0.786)
Forns score 0.675 <0.0001 9.133 70.73 59.82
(0.604-0.740)
LSM 0.735 <0.0001 14.61 7317 68.75
(0.667-0.796)

AUROC, Area under receiver operating characteristic.

Numerous attempts have been made to develop non-invasive
fibrosis scores to evaluate the degree of hepatitis B-related liver
fibrosis, and these non-invasive fibrosis scores are highly accurate
in diagnosing liver fibrosis grading (27), which indirectly reflects
the degree of portal hypertension. In our study, six non-invasive
fibrosis models were included. Among them, GUCI had the
largest AUC (0.686) for predicting rebleed events during the
entire follow-up episode, which was similar to the AUC of APRI
(0.681). The end point of our study was different, constituting
the event of clinical rebleeding, not the pathological stage of
liver fibrosis, so the area under the ROC curve we calculated
was small. Indeed, a study evaluating the prognostic effect of
non-invasive fibrosis scores in patients with non-alcoholic fatty
liver disease has pointed out that these scores can help identify
patients with NAFLD who are at increased risk for liver-related
complications or death (6). The main connection between the
above research and this research is to propose that the non-
invasive fibrosis score can be related to the prognosis of patients
with liver disease rather than just reflecting the degree of liver
fibrosis. However, the accuracy of the non-invasive fibrosis score
in predicting rebleeding events is not as high as that of LSM.
The reason can be found in another article describing LSM as
superior to non-invasive fibrosis in the staging of liver fibrosis
(28). We tried to combine LSM and non-invasive fibrosis scores
to predict rebleeding events, but the combined model did not
significantly improve the diagnostic performance. Some studies
have confirmed that the abovementioned combined model can
improve the accuracy of diagnosing liver fibrosis and avoid liver
biopsy (29, 30). In addition to TE, two-dimensional shear wave
elastography is a promising marker in predicting esophageal
varices and portal hypertension with high accuracy (31-33).

Interestingly, when we drew the time-dependent ROC curve,
the scores curves, such as those for the APRI, King’s score, and
GUCI, almost fit, and their AUCs were also similar. These three
scores were included in the two variables of AST and PLT. In our
entire cohort, the variation range of AST was not as large as that
of PLT, so when calculating the score, the weight of PLT change
was high. On the other hand, these three scores showed similar
performance in diagnosing liver fibrosis (10, 27), which can also
give such results.

In our cohort, we included the scores that reflect the
functional status of the liver in the analysis and found that ALBI
had the highest accuracy among these scores. Furthermore, our
results are consistent with previous studies (34), and ALBI is
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FIGURE 3 | Time-dependent ROC curves of different parameters. (A) Time-dependent ROC curve of LSM. (B) Time-dependent ROC curves of non-invasive fibrosis

not just a prognostic score for primary hepatocellular carcinoma.
However, the predictive performance of ALBI was lower than
that of LSM in our study, and its performance in predicting
rebleeding events was lower than that in predicting survival
(35). In fact, a study suggested that the ALBI score can reflect
liver fibrosis and portal pressure in cirrhosis (36). Considering
that the patients we included were Child grade A or B, the
subjectivity and ceiling effect of the Child score were amplified
at this time, and the change spectrum of MELD and MELD-Na
was not large, making these predictions less accurate than the
ALBI score.

Antiviral drugs and the NSBB drugs are the first-line
treatments recommended by the guidelines (12). Among the
people who meet the criteria for the guidelines, the incidence of
rebleeding events is significantly lower than that of those who
do not meet the recommended guidelines (37). Treatment with
oral antiviral drugs in patients with HBV cirrhosis is effective

in improving liver function and survival in decompensated
cirrhosis, and several studies have demonstrated that they are
able to reverse liver fibrosis (38). We also found that patients
who used NSBB had a lower rebleeding rate than those who did
not. This effect can be interpreted as reducing portal blood flow
and lowering portal pressure. Moreover, NSBB could also reduce
overall mortality or rebleeding (39, 40).

The major limitation of this study lies in the potentially
limited external validity of the results for different populations
and settings. Since our study is based on a single-center cohort
in China, the results may need to be verified by international
multi-center trials. Another limitation is that our study failed to
record the change in LSM during the follow-up process and thus
lacked verification of the change in LSM. However, our rigorous
study design concluded that the baseline LSM has excellent
predictive performance. Finally, most patients were in Child-
Pugh class A, suggesting that the number of patients with late
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FIGURE 4 | ROC curve analysis for predicting rebleeding by various parameters. (A) Comparison of LSM, APRI, and their combined ROC curves. (B) Comparison of
LSM, FIB-4, and their combined ROC curves. (C) Comparison of LSM, Forns score, and their combined ROC curves. (D) Comparison of LSM, GUCI, and their
combined ROC curves. (E) Comparison of LSM, King's score, and their combined ROC curves. (F) Comparison of LSM, Fibrosis index, and their combined ROC
curves. p-values are from the Delong test (41).

decompensated cirrhosis is relatively low. Thus, our findings may
not be readily applicable in a population predominantly with
advanced decompensated cirrhosis.

In conclusion, our study demonstrates that LSM seems
to be a promising parameter for predicting rebleeding in
patients with hepatitis B-related cirrhosis. At the same time,
compared with six included non-invasive fibrosis scores and
four liver function scores, the prediction performance of LSM
was significantly reliable. It is worth emphasizing that different
clinical characteristics will also affect the prognosis of patients.
However, after the combination of LSM and the non-invasive
fibrosis score, the performance of predicting rebleeding cannot
be improved further. Hence, we do not recommend such time-
consuming work in clinical practice.
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The bile acid pool with its individual bile acids (BA) is modulated in the enterohepatic
circulation by the liver as the primary site of synthesis, the matility of the gallbladder and
of the intestinal tract, as well as by bacterial enzymes in the intestine. The nuclear receptor
farnesoid X receptor (FXR) and Gpbar1 (TGR5) are important set screws in this process.
Bile acids have a vasodilatory effect, at least according to in vitro studies. The present
review examines the question of the extent to which the increase in bile acids in plasma
could be responsible for the hyperdynamic circulatory disturbance of liver cirrhosis and
whether modulation of the bile acid pool, for example, via administration of ursodeoxycholic
acid (UDCA) or via modulation of the dysbiosis present in liver cirrhosis could influence
the hemodynamic disorder of liver cirrhosis. According to our analysis, the evidence for
this is limited. Long-term studies on this question are lacking.

Keywords: bile acids, liver cirrhosis, portal hypertension, microbiome, vasodilation

INTRODUCTION

In liver cirrhosis, there is a marked change in liver perfusion and extrahepatic hemodynamics.
The consequences are severe: formation of collaterals bypassing the liver, as well as splanchnic
and peripheral systemic vasodilatation with a hyperdynamic circulation and central hypovolemia
(Schrier et al., 1988; Maroto et al., 1994; Blendis and Wong, 2001; Moller et al., 2011). These
alterations on the one hand increase portal pressure and on the other hand fuel dysfunction
of other organs such as of kidneys (Wong et al., 2020) and lungs (Goldberg and Fallon, 2015).
The heart may be involved too, in the complex of hyperdynamic circulatory dysfunction or
due to cirrhotic cardiomyopathy. To this, the body counter-reacts with activation of the renin-
angiotensin system (Bosch et al., 1980) and release of other vasoconstrictors such as catecholamines
or vasopressin (Henriksen et al.,, 1984; Figure 1). This may lead to a vicious circle supporting
generation of ascites, development of a hepatorenal syndrome, and life-threating variceal bleeding
(Sola and Gines, 2015). The hemodynamic changes increase with the degree of liver dysfunction,
but are not specific to the particular cause of cirrhosis. They can equally be detected in
different animal models (Heller et al., 2005; Hennenberg et al.,, 2009a).

In addition to initial chronic liver inflammation causing alterations in the intrahepatic blood
flow, the intestine has become a focus of pathophysiologic consideration in recent years.
Dysbiosis and a disturbed intestinal barrier allow the translocation of molecules, microorganisms,
or their products into the interior of the body, where they act as inflammatory stimuli, especially
within the liver (Fairfield and Schnabl, 2021).
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FIGURE 1 | Changes in hemodynamics in liver cirrhosis: As decompensation
progresses and portal vein pressure increases, there is initially splanchnic
vasodilation with pooling of abdominal blood volume and concomitant
reduction in intrathoracic blood volume. Later, peripheral vasodilation is also
observed. This results in hyperdynamic circulatory dysfunction with an
increase in cardiac output. The compensatory release of vasoconstrictors
(partly via activation of baroreceptors) cannot completely resolve the
hemodynamic dysfunction partly because the vessels have an impaired
response to vasoconstrictor stimuli, partly due to formation of vasodilators
such as nitric oxide (NO).

Here, we would like to deal mainly with one group of molecules
within these complex systems, namely bile acids (BA) and their
possible role in the development of changes in hemodynamics
in the context of liver cirrhosis with a focus on the extrahepatic
vessels. Primary bile acids are formed in the hepatocytes and
then underlie an enterohepatic circulation. Thereby, they are
subjected to strong intestinal modification. Thus, chronic liver
diseases intervene alongside with the intestinal environment in
bile acid composition and their pool (Ridlon et al., 2015; Fickert
and Wagner, 2017). Unfortunately, we have only incomplete
knowledge about the exact distribution of the various bile acids
in different organs and compartments. During the course of
liver disease, considerable changes occur. Model calculations
attempt to approximate this changing process (Voronova et al.,
2020). Bile acids have distinct functions. They are breakdown
products of cholesterol and they are detergents that play an
important role in fat digestion and vitamin intake. Furthermore,
it has been shown in recent decades that bile acids are hormones,
ligands for receptors, and transcription factors (Hofmann and
Hagey, 2014). Bile acids also affect vascular function. This
we would like to discuss in the context of liver cirrhosis.

HEMODYNAMIC ALTERATIONS IN LIVER
CIRRHOSIS

Roberto Groszman and his group were one of the first to
show that there is a paradox in liver cirrhosis: an increased

vasoconstriction of the intrahepatic microcirculation with a
concomitant vasodilation outside the liver (Iwakiri and
Groszmann, 2007) concerning first splanchnic and then peripheral
systemic vessels. They and others attributed this quite substantially
to decreased formation of the vasodilator nitric oxide (NO)
within the liver (Iwakiri et al., 2014) and increased NO generation
outside the liver.

Indeed, one finds an increasing excretion of nitrite/nitrate
as a surrogate marker for NO formation in humans parallel
to worsening of liver function (Heller et al., 1999a). By contrast,
stimulation of endothelial NO synthesis using an enhancer of
endothelial NO synthase (eNOS) transcription lowers intrahepatic
resistance and in situ perfusion pressure in cirrhotic rat livers
(Biecker et al., 2008). Similarly, the beneficial effect of atorvastatin
in liver cirrhosis is associated with increased activity of eNOS
(Trebicka et al., 2007). These findings underscore the hypothesis
of impaired intrahepatic NO formation as a cause of intrahepatic
resistance augmentation in addition to structural remodeling
of the liver. Cells involved in the regulation of the intrahepatic
vascular bed include endothelial cells, smooth muscle cells,
and hepatic stellate cells (HSCs, a form of intrahepatic pericytes).
It is assumed that sinusoidal endothelial cells change their
phenotype on the way to cirrhosis and produce less NO causing
a shortage of vasodilating stimuli on smooth muscle cells and
HSC (Iwakiri et al., 2014).

Regarding extrahepatic vasodilation (Figure 1), a number
of mechanisms are discussed, originating from different structures
of the vessels - such as adventitia, smooth muscle, and
endothelium - and its neuronal supply. These may influence
each other paracrinally or respond to systemic and nerval stimuli.

The essential role of NO-mediated splanchnic and systemic
vasodilation and hyporeactivity to vasoconstrictors in liver
cirrhosis was highlighted in the 1990s using animal models
(Wiest and Groszmann, 2002). NO is produced via different
synthases (endothelial, eNOS; neuronal NO synthase, nNOS;
and inducible NO synthase, iNOS). According to the classical
hypothesis of Vallance and Moncada (Bhagat and Vallance,
1996; Vallance et al., 1997), inflammatory stimuli (e.g.,
endotoxin) were thought to upregulate iNOS in vascular
smooth muscle cells in liver cirrhosis - at least for initiation
of vasodilatation. Animal experiments, however, pointed to
a much more important role of eNOS (Wiest et al., 1999b;
Wiest and Groszmann, 2002). According to these findings,
NO is formed in the vascular endothelium and causes
cGMP-mediated relaxation of the adjacent smooth muscle
cell leading to vascular dilatation. The upregulation of eNOS
seems to depend more on the degree of portal hypertension
and less on the extent of chronic inflammation. Shear stress
is hypothesized as a major pathomechanism, but other not
fully elucidated molecular mechanisms are also suggested.
eNOS may also be upregulated by bacterial translocation
and proinflammatory cytokines (Wiest et al., 1999a). Despite
these findings, there is indirect evidence, that iNOS also
contributes to peripheral vasodilation in humans with
decompensated liver cirrhosis (Ferguson et al., 2006). Finally,
increased expression of neuronal NOS was also found,
suggesting additional nerve-mediated NO formation.
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However, findings in this direction are sparse (Moll-Kaufmann
et al, 1998). This pathophysiological role of NO in
vasodilation unraveled in experimental animals with liver
cirrhosis has also been confirmed in humans to a certain
degree (Albillos et al., 1995; Battista et al., 1997; Heller
et al., 1999a; Helmy et al., 2003).

In liver cirrhosis, a well-characterized activation of the
renin-angiotensin-aldosterone system (RAAS) occurs, as
mentioned above, in part as response to systemic vasodilation,
especially in patients with ascites (Bosch et al., 1980; Helmy
et al., 2000; Schepke et al., 2001b). Notably, both in animal
models and in humans, an upregulation of ACE2 and of the
Mas receptor in the splanchnic vessels result in locally increased
angiotensin (1-7) levels — derived from the increased circulating
angiotensin II — generating NO mediated via the MAS receptor.
Thus, the alternate arm of RAAS in patients with liver cirrhosis
can cause vasodilatation (Grace et al., 2013).

Nitric oxide is certainly not the only factor driving vasodilation
in liver cirrhosis. Many other vasodilating molecules, such as
adrenomedullin (mediated by inflammatory stimuli) carbon
monoxide (CO), formed by heme oxygenase-1 (endothelial),
prostacyclins (PGI,), endothelial derived epoxyeicosatrienoic
(EET) acids , cannabinoids (such as anandamide), or glucagon
show elevated plasma levels in liver cirrhosis (Hennenberg
et al.,, 2008; Di Pascoli et al., 2017).

However, increased formation of vasodilators is not the
whole explanation for altered hemodynamics in liver cirrhosis.
Human hepatic arteries without endothelium from patients
with liver cirrhosis obtained during liver transplantation
respond significantly worse to vasoconstrictors (- and o,-
adrenergic agonists) compared with corresponding vessels
from donors, even after pharmacological blockade of NOS
(Figure 2). Receptor-independent membrane depolarization
with potassium chloride, direct stimulation of the phospholipase
C/inositol-1,4,5-trisphosphate (PLC/IP;) axis, or the G protein

pathways led to a similar contraction, so that the contractile
proteins were apparently not affected to a major extent by
the cirrhotic status (Heller et al., 1999b; Schepke et al., 2001a).
Arterial hypocontractility to o,-adrenergic agonists can also
be consistently demonstrated in animal experiments of liver
cirrhosis (Hennenberg et al., 2009b), even after removal of
the endothelium and blockade of NO synthase. Here, a
defective activation of Rho-kinase (ROCK) has been found
(Hennenberg et al.,, 2006), possibly caused by an increased
binding of GRK-2/p-arrestin-2 to the AT, receptor (Hennenberg
et al, 2007). Dysregulation of the neurotransmitter NPY,
which enhances a,-adrenergic vasoconstriction, is also noted
in the cirrhotic rat (Moleda et al., 2011). Decreased transcription
of vasoconstrictor receptors does not seem to play a role
(Neef et al., 2003).

The progressive hepatic impairment with alteration of
hemodynamics is additionally accompanied by increasing
systemic inflammation (Praktiknjo et al., 2020a), which may
be complicated by an acute event leading to rapid failure
of one or more organs, a situation now coined acute on
chronic liver failure (ACLF; Moreau et al., 2013; Arroyo
et al., 2021). During deterioration of disease phenotypic
changes of the immune cells occur (Weiss et al., 2020)
together with an activation of the inflammasomes (Praktiknjo
et al., 2020b; Monteiro et al., 2021) and increases of different
cytokines, e.g., 11-6, 11-17, IL-1: a condition we know from
subclinical inflammation and sepsis due to other causes
(Arina and Singer, 2021). Recent research has increasingly
focused on the gut as a major source and trigger of this
stimulation of the immune system. Intestinal dysbiosis (a
change of the composition of the microorganisms and their
diversity) and disturbance of the gut barrier to microorganisms
and their metabolites are discussed as major causes (Trebicka
et al., 2021). The vasodilatory co-reaction of the vessels in
such an inflammatory state has been known for a long
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FIGURE 2 | The arterial hepatic vessels of patients who underwent liver transplantation show an impaired vasoconstrictor response compared with the vessels
from donors: (A) to angiotensin Il and (B) to methoxamine. Modified according to Heller et al. (1999b) and Schepke et al. (2001a).
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time, and the question arises to what extent patient’s
hemodynamics is altered by inflammatory changes coming
from the gut.

Since bile acids (i) are in constant exchange between the
hepatic, biliary, intestinal and - to a much lesser degree- plasma
compartments via the enterohepatic circulation and spill-over
into the systematic circulation; (ii) are modified via intestinal
microorganisms; (iii) interact with immune cells; and (iv) also
influence vascular contraction, it is interesting to consider a
role of these molecules in the dynamics of the systemic circulation.

PHYSIOLOGY OF VASOCONSTRICTION
AND VASODILATATION

Vasocontraction and relaxation essentially contribute to
dynamic changes in vessel diameter. It is largely based on
dynamic phosphorylation and dephosphorylation of
contractile proteins in smooth muscle cells. This in turn
depends on calcium homeostasis in the cell, controlled on
the one hand by release from intracellular calcium stores,
and on the other hand by calcium channels of the plasma
membrane, both taking part in a cascade of intracellular
signaling toward phosphorylation of myosin light chains
(MLC; Hennenberg et al., 2008). This cascade is activated
by binding of vasoconstrictors, including catecholamines or
vasoactive peptides such as angiotensin II or endothelin-1,
to their cognate, G protein coupled receptors. Calcium-
independent mechanisms are activated in parallel, which
essentially act via modulation of MLC phosphorylation as
well. Essentials are the RhoA/ROCK pathway and the
PLC-DAG/PKC pathway (Hennenberg et al, 2008; Touyz
et al., 2018). Thus, ROCK activation blocks MLC phosphatase
and therewith facilitates contraction which needs
phosphorylation of the MLC. Meanwhile, other non-RhoA
GTPases are also discussed in smooth muscle cell regulation,
such as Racl (Li et al., 2020). Important vasodilatory pathways
work via formation of the two cyclic nucleotides cGMP
and cAMP in smooth muscle cells. Both pathways involve
activation of MLC phosphatase and decreases in cytosolic
calcium concentrations, with the latter being based on
regulation of voltage-gated calcium channels, calcium-
dependent (BKc,), ATP-sensitive (Kurp), and other potassium
channels, sarco—/endoplasmic reticulum Ca®** ATPase, as
well as other targets. cGMP formation results from paracrine
guanylyl cyclase activation by NO, following either
acetylcholine- or shear stress-induced eNOS activation in
endothelial cells or its release from  nitrergic
neurotransmisssion and its immediate dissociation into
smooth muscle cells. Formation of cAMP and cAMP-mediated
vasodilation are induced by prostaglandins and
B-adrenoceptors, which activate corresponding receptors
located on vascular smooth muscle cells, thereby activating
adenylyl cyclase.

Chronic conditions such as subclinical inflammation or stress
can probably alter the phenotype and plasticity of smooth
muscle cells via differential expression of contractile proteins

as well as proteins involved in various above mentioned signaling
cascades and calcium regulation. However, there are no good
studies on the phenotypic change of the vascular smooth muscle
cell for the situation of liver cirrhosis.

BILE ACID POOL, BILE ACID
COMPOSITION AND THEIR
REGULATION

The two primary BA, cholic acid (CA), and chenodeoxycholic
acid (CDCA), are formed predominantly in the pericentral
hepatocytes over several steps from cholesterol. In this process,
cholesterol ~ 7-alpha-hydroxylase (CYP7Al) is the rate-
determining enzyme (classical pathway). After conjugation
with glycine or taurine in the peroxisomes, the bile acids
are actively transported into the bile canaliculus (Fickert and
Wagner,  2017). Here, they form micelles with
phosphatidylcholine and also cholesterol and enter via the
bile ducts the duodenum. In the intestine, BA are important
for fat digestion. Furthermore, as a degradation product of
cholesterol, they have a pivotal function in the cholesterol
homeostasis of the body (Hofmann, 2009). Re-uptake of BA
occurs via apical and basolateral transporters of the ileal
enterocytes (Figure 3). Around one fifth of BA is not absorbed
in the ileum and passes into the colon. Here, deconjugation
and dehydroxylation to secondary bile acids occur via bacterial
intestinal enzymes. Most of these BA are passively reabsorbed
by the colon and enter the circulating bile acid pool. Only
a small percentage (around 5%) of the whole BA pool leaves
the body every day via the stool, helping thereby to determine
the cholesterol balance (Chiang and Ferrell, 2020). Thus, the
intestine with its microbiota plays an important role in the
modification and subsequent composition of the bile acid
pool. After return to the liver via the portal venous blood
BA are actively reabsorbed from the sinusoidal blood via
basolateral transporters on the hepatocytes and, after passage
through the liver cell, are reintroduced into the biliary ductal
system. In this circuit, tuning of synthesis and transport occurs
through nuclear receptors — primarily the nuclear farnesoid
X receptor (FXR) - and hormones, mainly through fibroblast
growth factor (FGF) 15 (rodent)/19 (human). FXR primarily
reduces intestinal bile acid uptake and bile acid synthesis in
the liver. Furthermore, it enhances bile acid biotransformation
and export into bile (and back into blood when biliary secretion
is impaired). Ligands for FXR are, in descending order
CDCA > LCA = DCA > CA. FGF 19 is FXR-dependently
formed in the ileocyte under physiological conditions and
secreted into venous mesenteric blood. Reaching the liver
via the portal vein, FGF19 binds to the hepatocellular FGF
receptor 4 (FGFR4)/f3-klotho complex and suppresses bile acid
formation at the level of CYP7Al, the key enzyme for bile
acid synthesis. At the same time, FGF19 leads to a dilatation
of the gall bladder (Kliewer and Mangelsdorf, 2015). In healthy
individuals, the bile acid pool modulated in this way contains
predominantly CA (around 40%), CDCA (around 40%), and
DCA (around 20%). The size of the pool is about 2 to 5 g.
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FIGURE 3 | Regulation of the bile acid pool: The primary bile acids (BA)
cholic acid (CA) and chenodesoxycholic acid (CDCA), newly formed by the
liver and conjugated there are secreted into the intestine and mostly
reabsorbed by active transport in the ileum. Around 20% of the primary BA
are metabolized in the intestine by bacterial enzyme to secondary bile acids
[deoxycholic acid (DCA) and small amounts of lithocholic acid (LCA)],
predominantly by loss into the colon. Here, the secondary bile acids are
passively absorbed and returned to the liver. Only 5% of the bile acid pool is
lost daily via the feces. This process of enterohepatic circulation is regulated
by gallbladder and intestinal motility and nuclear farnesoid X receptor (FXR).
FXR is expressed in the enterocyte of the ileum as well as in the liver. Its
action is mediated on the one hand via small heterodimer partner (SHP) and
on the other hand hormonally via Fibroblast growth factor (FGF) 19, which
suppresses bile acid formation. Thus, the process of enterohepatic circulation
is regulated to a large extent by gallbladder and intestinal motility and FXR. In
liver cirrhosis, there is an overall reduction in the bile acid pool with a relative
increase in CDCA. At the same time, the concentration of conjugated bile
acids in the systemic circulation increases sharply, especially that of CDCA.
CDCA is an activating ligand for FXR and also for TGR5 and in this way
releases NO, i.e., may cause vasodilation. At the same time, however,
activation of FXR has beneficial effects (e.g., downregulation of inflammation).
Increased concentrations of bile acids in the plasma compartment found in
liver cirrhosis might cause vasodilation either directly or via FXR and the G
protein-coupled bile acid receptor 1 or TGR5 (see Figure 6). Ursodeoxycholic
acid (UDCA) is almost inert for FXR and TGR5 and is hepatoprotective.
Whether it is useful to modulate the bile acid pool in liver cirrhosis by
administration of UDCA for this reason is discussed in the text.

The concentration of total bile acids in the biliary system is
20-40 mmol/L, in the gall bladder 50-200 mmol/L, in the
small intestine 20-50 mmol/L, in the portal blood
20-50 pmol/L, and in the liver <50 pmol/L (Kliewer and
Mangelsdorf, 2015; Fickert and Wagner, 2017). A spill over
into the systemic circulation leads to a plasma concentration
of total bile acids of about 2-8 pmol/L in the fasted state
(Schalm et al, 1978; Hofmann, 1994). This situation is
considerably changed in hepatic disease, especially in
liver cirrhosis.

CHANGES OF BILE ACIDS IN LIVER
CIRRHOSIS

The bile acid pool of a healthy 70 kg person, which circulates
about 5-10 times per day enterohepatically, ranges between 2

and 5 g, as mentioned. Distributed in this pool are the primary
bile acids cholic acid (CA, around 40%), CDCA (around 40%),
and the secondary bile acid DCA (around 20%), see above.
The secondary bile acid lithocholic acid (LCA) and the tertiary
bile acid ursodeoxycholic acid (UDCA) account for only a
few percent. About one-third of these bile acids are taurine
conjugates and two-thirds are glycine conjugates (Carey and
Duane, 1994; Hofmann, 1994; Chiang and Ferrell, 2020). In
cirrhosis, the bile acid pool decreases as a function of the
extent of decompensation, according to one report (Ponz de
Leon et al, 1981) from just under 5 g (controls) to 4.6 g
[mild cirrhosis (MC)] and just under 2 g in severe decompensated
cirrhosis. This decrease affects quite substantially CA and DCA,
but hardly CDCA, ie., there is a relative accumulation of
CDCA in liver cirrhosis (Vlahcevic et al., 1981; Figure 4).
Conjugated CDCA is the major endogenous ligand for FXR.
Reduction of CA and DCA may be in part caused via increased
FXR-mediated formation of FGF 19 in the ileum (Brandl et al,,
2018). FGF 19 inhibits bile acid synthesis in the liver via
binding to the FGFR4 and inhibition of CYP7A1 or directly
via induction of small heterodimer partner (SHP) expression
in the hepatocyte.

The ratio of bile acid concentration of portal venous to
peripheral venous blood is about 7-10: 1 in healthy individuals
(Angelin et al., 1982), with concentrations increasing by a
factor of 2-3 in postprandial portal venous blood (Angelin
et al., 1982). The fluctuating concentrations in venous peripheral
blood are much less pronounced (LaRusso et al., 1974; Schalm
et al., 1978; Angelin et al., 1982). In contrast, in liver cirrhosis,
the total bile acid concentration in the peripheral venous blood
corresponds to the concentration in the portal vein or may
even be higher, partly due to shunting (Ohkubo et al., 1984).
In blood, bile acids are tightly bound to serum albumin and
lipoproteins (Rudman and Kendall, 1957; Kramer et al., 1979;
Roda et al,, 1982; Ceryak et al., 1993), hydrophobic bile acids
predominantly to albumin and hydrophilic bile acids also to
lipoprotein particles, especially HDL and LDL.

The serum concentration of total bile acids increases (especially
in alcoholic cirrhosis; Ciocan et al., 2018) with the degree of
decompensation of liver cirrhosis and is prognostic for survival
(Mannes et al., 1986; Wang et al., 2016). The same holds true
for hemodynamic parameters. In parallel, the amount of serum
bile acids correlates with the degree of portal hypertension
(Horvatits et al, 2017a) and hepatopulmonary syndrome
(Horvatits et al., 2017b). These observations raise the question
of a causal role of bile acids in the pathogenesis of impaired
hemodynamics in liver cirrhosis.

The vast majority of bile acids in peripheral plasma of
patients with alcoholic cirrhosis are conjugated with a shift
toward taurin-conjugates (nearly 1:1 ratio of glycine- to taurine-
conjugates; Brandl et al., 2018; Ciocan et al., 2018; Trefflich
et al., 2019). Similar to the bile acid pool, as disease progresses
toward liver cirrhosis, the relative proportion of CDCA increases
in serum. This is especially true for severe alcoholic cirrhosis
with alcoholic hepatitis (Brandl et al., 2018; Ciocan et al., 2018)
and less pronounced in hepatitis B-virus induced cirrhosis,
primary biliary cholangitis (PBC) or primary sclerosing
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FIGURE 4 | Change in bile acid pool in patients with mild cirrhosis (MC) and
severe cirrhosis (SC) compared with normal subjects (N). DCA, deoxycholic
acid; CDCA, chenodeoxycholic acid; CA, cholic acid. Modified by data from
Ponz de Leon et al. (1981).

cholangitis (PSC; Azer et al., 1996; Dilger et al., 2012; Wang
et al., 2016; Ciocan et al., 2018; Liu et al., 2018; Chen et al., 2020).

Driven by the increase of intrahepatic resistance to portal
venous outflow with the development of portal hypertension
and due to the remodeling of the intrahepatic vascular
architecture, intra-, and extrahepatic shunts develop. Recent
computed tomography-based studies show that more than half
of the patients with liver cirrhosis have spontaneous portosystemic
shunts, partially large. In Child-C cirrhosis, the percentage
rises to above 70 (Simon-Talero et al., 2018). In patients with
liver cirrhosis who underwent shunt surgery, it has been shown
that this leads to a permanent increase in serum bile acids
(Poupon et al., 1976; Capocaccia et al., 1981). These findings
suggest that altered splanchnic hemodynamics is a major cause
of the elevated serum bile acid levels. In an older, very elegant
paper, Ohkubo et al. (1984) showed in patients with compensated
cirrhosis that there is a highly significant correlation between
portal venous shunt index as a measure of spontaneous shunting
and peripheral venous bile acid concentration. In dogs, the
creation of a portocaval end-to-side shunt leads to a marked
increase in bile acid, which can be prevented by arterialization
of the truncated portal vein stump (Horak et al., 1975). These
findings suggest that the increase in serum bile acids of cirrhotics
is much more determined by disturbances of the hepatic blood
flow, i.e., perfusion of the sinusoids, than by reduced extraction
of the hepatocytes. The authors assume that the induction of
the partial and permanent bypass of hepatic extraction is not
caused by a vasoactive effect of bile acids. However, whether
bile acids later contribute to a vicious circle in bypassing the
liver is unclear.

To summarize, the circulating bile acid pool decreases in
liver cirrhosis, showing a relative increase in CDCA (especially
in alcoholic cirrhosis) and a significant spillover into the systemic
circulation, depending on the extent of decompensation of
cirrhosis, so that serum concentrations of total bile acids
approach those in portal blood. Here, the proportion of
unconjugated bile acids decreases and the relative proportion
of taurine conjugates increases.

DIRECT EFFECTS OF BILE ACIDS ON
THE VASCULATURE

There is the clinical - but systematically poorly studied - observation
that patients with protracted cholestasis and jaundice have low
systemic blood pressure. In rats or mice bile duct ligation leads
to systemic vasodilation and hypotension (Bomzon and Ljubuncic,
1995; Heller et al., 2005; Hennenberg et al., 2006, 2007, 2009a).
Therefore, some authors speculated that a direct vasodilatory effect
of bile acids might be responsible. Indeed, Pak and coworkers
(Pak and Lee, 1993) showed that infusion of TCDCA and TDCA
in particular increased mesenteric blood flow, decreased systemic
blood pressure, and dilated precontracted mesenteric vascular
rings in cirrhotic rats and — more so - in controls. In the following,
we would like to further discuss the vasodilatory effect of bile acids.

A very careful systematic work (Ljubuncic et al., 2000) investigated
the effect of different primary and secondary, taurine- and glycine-
conjugated bile acids on phenylephrine- and methoxamine-induced
contraction on vascular rings of the abdominal aorta in the rat
as well as their possible vasodilatory effect on precontracted aortic
rings. Unconjugated CDCA and even more pronounced CDCA
but not CA at micromolar to millimolar concentrations were shown
to significantly reduce maximal vascular contraction. With the
exception of CA, all conjugates (DCA, CDCA, and UDCA) also
increased the EC50 value for aj-adrenergic ligands but not the
maximal response (Figure 5). There was a linear relationship between
the reduction in contractile response and the relative fat solubility
of bile acids. Unconjugated DCA and CDCA had the strongest
effect, followed by GDCA and TCDCA. The vasorelaxant effect
of DCA was not affected by removal of endothelium or blockade
of NO formation using L-NAME. The authors speculated that
lipophilic bile acids affect the affinity of adrenoceptors by increasing
lipid peroxidation (and thus altering the membrane micromilieu
at the receptor), possibly also affecting the fluidity of the membrane.

In contrast, another group (Khurana et al, 2005) found in
in vitro studies using pre-contracted rat and mouse thoracic
aortas that the vasodilating effect of taurine conjugated DCA
(up to 1 mmol/L) was nearly abolished by blocking NO synthesis
(by removing endothelium) or by knockout of the muscarinic
M3 receptor. They concluded that the relaxing effect of this bile
acid is mediated via the endothelial M3 receptor and release of
NO. This finding fits with previous in vitro studies in endothelial
cells, in which DCA and CDCA and their taurine conjugates
increased intracellular calcium concentration in a dose-dependent
manner and therewith NO formation (Nakajima et al., 2000).
However, this group later found in rat mesenteric vessels, that
glycine conjugates of DCA inhibited the RhoA/Rho-kinase pathway
via decreased membranous translocation of RhoA in the smooth
muscle cell (Jadeja et al, 2018). That is, the effects were due
to a reduction in calcium sensitization and not to NO. Previously,
this group had shown in rat mesenteric arteries that the glycine-
conjugate of DCA inhibits at physiological concentrations,
independent of NO, muscarinic receptors, or potassium channels,
which confirmed earlier studies in perfused mesentery of the
rat and in arterial rings. In this study TDCA > TCDCA > TUDCA
induced NO-independent relaxation mainly due to inhibition of
calcium entry into the smooth muscle cell (Pak et al., 1994).
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Last but not least, Dopico et al. (2002) showed in a very elegant
patch-clamp study on isolated rabbit mesenteric artery and
pulmonary artery smooth muscle cells that unconjugated
hydrophobic bile acids increase BKc, (calcium-activated potassium
channel) activity and thus counteract cell contraction.

In summary, there are a number of in vitro studies
showing that predominantly hydrophobic bile acids have
vasodilatory effects, mostly NO-independent (Figure 6) and
at concentrations that can also be found in serum of patients
with liver cirrhosis.
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FIGURE 5 | (A) Attenuation of the in vitro contractile response to phenylephrine of aortic rings from rats by different concentrations of DCA. (B) Relation of the
lipophilicity of different conjugated and unconjugated and their attenuation of the vasoconstrictive response of aortic rings to phenylephrine (modified according to
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FIGURE 6 | Suggested vasodilatory effects of various bile acids (BA) as to the results of experimental studies: (1) Reduction of calcium influx into smooth muscle
cells (Pak et al., 1994). (2) Alteration of G protein-coupled receptors (GPCR), for example by changing membrane fluidity mainly through lipophilic bile acids
(Ljubuncic et al., 2000). (3) Inhibition of translocation of RhoA to the cell membrane through glycin conjugates from deoxycholic acid (DCA), thus preventing
activation of Rho kinase (ROCK) and ROCK-mediated myosin light chain (MLC) phosphatase inhibition (Jadeja et al., 2018). (4) Activation of calcium-activated

potassium channels (BKc,) by hydrophobic bile acids (Dopico et al., 2002). (5) Increased formation of NO by endothelial cells through taurine-deoxycholic acid (DCA)
mediated by M3 receptors (Nakajima et al., 2000; Khurana et al., 2005), mediated by TGR5, especially lithocholic acid (LCA), chenodesoxycholic acid (CDCA), and
DCA (Guo et al., 2016a), or by activation of farnesoid X receptor (FXR), especially by CDCA (Li et al., 2008). GPCR, G protein-coupled receptor; MLC, myosin light
chain; MLCK, MLC kinase; MLCP, MLC phosphatase; and NO, nitric oxide.
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TGR 5 MEDIATED EFFECTS OF BILE
ACIDS ON THE VASCULATURE

The G-protein-coupled bile acid receptor Gpbarl (TGR5) triggers
a number of intracellular signaling pathways via its natural
endogenous ligands, primary and secondary conjugated and
unconjugated  bile  acids  (in  descending  order:
LCA > DCA > CDCA > UDCA > CA), including smooth
muscle cell relaxation (Guo et al,, 2016a,b). For example, bile
acids (TLCA and TCDCA) release NO intrahepatically via
sinusoidal eNOS in the rat via TGR5 (Keitel et al., 2007).
Expression of TGR5 was also detected in endothelial cells from
various human vessels, as was activation/phosphorylation of
eNOS by TLCA (Kida et al, 2013). In dogs, TGR 5 agonists
cause peripheral vasodilation and reduction of mean arterial
blood pressure (NO-independent), most likely due to a cross-
talk to BKca, but the mechanism is still unclear (Fryer et al., 2014).

FXR-MEDIATED EFFECTS OF BILE
ACIDS ON THE VASCULATURE

The FXR belongs to the ligand-activated transcription factors.
Important activating ligands are conjugated bile acids, especially
CDCA > LCA = DCA > CA. In addition, synthetic ligands
such as obeticholic acid (OCA) are used for the treatment
of cholestatic and metabolic liver diseases. FXR is expressed
in the liver and also in the intestine and regulates bile acid
uptake and neosynthesis in the liver-gut axis, partly in interaction
with TGR5 and FGF19. FXR is also expressed in endothelial
cells. Here, activating ligands - such as CDCA - lead to
increased expression of eNOS and increased formation of NO
(Lietal., 2008) and also to a decrease in endothelin-1 expression
(He et al., 2006). Both phenomena suggest the possibility that
bile acids, especially CDCA, may also produce vasodilation
via FXR. Finally, activation of FXR on rat aortic smooth
muscle cell leads to increased expression of angiotensin II
type 2 receptor, which is also thought to have a vasodilatory
function (Zhang et al., 2016).

INTESTINE

In healthy individuals, the bile acid pool in the body is distributed
mainly through the liver (<1%), intestine (85-90%) and the
gallbladder (10-15%; Carey and Duane, 1994; Chiang and Ferrell,
2020). The proportion that reaches the systemic circulation in
healthy individuals through spill over is low. As mentioned
above, about 20% of bile acids are not actively absorbed from
the ileum into the portal blood and enter the colon (Chiang
and Ferrell, 2020) where they are deconjugated by bile salt
hydrolases (BSH) and then passively absorbed (Begley et al,
2005). Only 5% of total bile acids leave the body via feces. In
the resident microbiome of the colon, BSH are redundantly
available even with a change in the microflora (Ridlon et al,
2015). By contrast, the 7-alpha-dehydroxylation of primary bile
acids (CA to DCA and CDCA to LCA) is restricted to the

genera Eubacterium and Clostridium (Firmicutes), via the bile
acid inducible (bai) operon. This means that the conversion
to secondary bile acids is more subject to a change in the
microbiota (Begley et al., 2005) than deconjugation. In liver
cirrhosis, bacterial overgrowth of the upper intestine has been
demonstrated in many studies (Gurusamy et al., 2021), i.e,
bacterial biotransfomation of bile acids can already take place
in the small intestine. In cirrhosis of the liver, it is not only
the bacterial overgrowth of the upper intestinal tract that
accompanies disease, but also a dysbiosis (Qin et al, 2014;
Arab et al., 2018; Fairfield and Schnabl, 2021) that takes place
mainly in the large bowel. The major phyla in the colon in
healthy individuals are Firmicutes and Bacteroidetes as well as
Proteobacteria (Bajaj et al., 2018; Haran and McCormick, 2021).
In liver cirrhosis occurs a shift in favor of the Bacteroidetes.
The essential taxa containing enzyme for 7-alpha-dehydroxylation,
however, belong to the Firmicutes (Ridlon et al., 2015), a possible
explanation for the decrease of secondary bile acids in liver
cirrhosis. Furthermore, the diversity of the microbiota decreases
- also reflected by a reduction in the number and diversity
of fecal bacterial genes (Qin et al, 2014). This shift appears
to occur earlier and more severely in alcoholic liver damage,
particularly in alcoholic hepatitis with underlying cirrhosis. In
alcoholic cirrhosis, candida is also found more frequently in
the stool, microorganisms increasingly considered to have
pathogenic influence (Yang et al., 2017).

Taken together, dysbiosis in cirrhosis favors the accumulation
of primary bile acids in the stool. The development of the
dysbiosis is often initially caused by food and beverages and
is then reinforced or perpetuated by the liver disease.
Comprehensive studies to what extent change of intestinal
microbiota influences the plasma BA pattern and hemodynamics
are still missing. But a link must exist.

INDIRECT EFFECT VIA INFLAMMATION

With the deterioration of liver function, inflammatory markers
(Trebicka et al., 2019), bile acid concentration (Mannes et al.,
1986), and bilirubin (Kamath et al., 2001) increase in blood
with simultaneous alteration of hemodynamics (Maroto et al.,
1994; Trebicka et al., 2011). Unfortunately, the mere association
of the quantitative changes of these different parameters does
not help us to establish a possible pathogenetic role of bile
acids and their interaction with inflammatory markers. Release
of cytokines (e.g., TNFa, IL6, and IL8) can lead to vasodilation
via the endothelium by activation of iNOS and formation of
NO. It is also possible that chronic inflammation induces a
change in the phenotype of the smooth muscle cell with a
decreased response to vasoconstrictors. Finally, there is an
indirect link to bile acids, e.g., through their effect on the
immune system (Chen et al., 2019). According to in vitro
studies, bile acids may activate the NLRP3 inflammasome and
I1-188 secretion in macrophages by TGR5/EGFR signaling (Gong
et al,, 2016). By contrast, others showed that TGR5 activating
bile acids reduce the formation of proinflammatory cytokines
by monocytes and macrophages via the corresponding receptor
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on these immune cells (Leonhardt et al., 2021). Such effects
would on the one hand inhibit an adequate immune response,
but on the other hand could attenuate vasodilation via cytokines.
Furthermore, activation of FXR (which may directly cause
vasodilation) supports intestinal barrier function and thus may
prevent vasodilating inflammatory stimuli coming from the
gut (Inagaki et al., 2006; Verbeke et al., 2015; Fiorucci et al., 2021).
In summary, one could speculate that different bile acids
indirectly modulate vascular tone via their differential
immunomodulatory effects on TGR5 and FXR, respectively.
However, we do not know how such effects play out across
the body (lymphoid tissue, blood compartment, and liver).
Thus, it remains elusive whether and in which direction the
change in bile acid concentration and composition in liver
cirrhosis indirectly drives vasodilation via inflammation.

HEART

Although not the focus of this paper, the influence of different
bile acids on cardiac function and cardiomyocytes cannot
be ignored. We refer here to summaries (Bernardi, 2013; Voiosu
et al,, 2017; Vasavan et al., 2018). Cirrhotic cardiomyopathy is
characterized by systolic and diastolic dysfunction as well as by
electrophysiological changes (Bernardi, 2013; Voiosu et al., 2017).
Cardiac impairment increases with the degree of liver dysfunction.
Latent heart failure can rapidly progress to decompensation due
to infections, volume loading (e.g. via insertion of TIPS), or
surgery. The role played here by various bile acids is unclear.
As in the smooth muscle cell, an influence on transmembrane
ion channels and on adrenoceptors by altering the fluidity of
the cell membrane cannot be ruled out. Cardiomyocytes express
TGR5 and respond to FXR ligands. Mice models with elevated
bile acids show an alteration of cardiac metabolism and function
(Desai et al,, 2017). According to in vitro studies, analogous to
vascular smooth muscle cells, lipophilic bile acids mainly impair
cell function, among others by damaging mitochondria.
Impairment of cell contraction, $3-adrenoceptor activation, and
induction of arrythmias by hydrophobic bile acids were observed
in these mostly animal studies (Zavecz and Battarbee, 2010).

POSSIBLE INTERVENTIONS

Finally, the question that remains is whether it might be useful
to modulate the bile acid pool in liver cirrhosis in order to
counteract the hyperdynamic circulatory disturbance, a question
that has been raised before and by others. The rationale behind
is quite evident:

- Cirrhosis of the liver causes hyperdynamic circulatory
disturbance with significant extrahepatic consequences.

- In liver cirrhosis, there is a marked change in bile acid
metabolism associated with a significant increase in the
concentration of bile acids in the systemic circulation.

- 'The vasodilatory effect of especially hydrophobic bile acids
is well-established.

Therefore, it would be interesting to examine whether a
modulation of the bile acid pool might counteract the
pathophysiology described above. Such an approach could have
implications not only for hemodynamics but also for hepatic
inflammation and intestinal dysbiosis in patients with liver
cirrhosis, given the interaction between bile acids and intestinal
bacteria. However, such an attempt deals with extremely complex
systems. For example, we do not really know the distribution
of individual bile acids (free, taurine or glycine-conjugated)
and their concentration in the different organs, the systemic
arterial or splanchnic vascular compartments, the amount of
binding to albumin and lipoprotein or even their concentration
and distribution along the intestine. One could even go so
far as to assume, that bile acids act on the cardiovascular
system via the central nervous system (Kiriyama and Nochi,
2019). All this makes it very difficult to predict the effect of
such an intervention. This means that — as Gregorian creatures -
we would have to adopt a trial and error approach on the
basis of an educated guess (Dennett, 2017).

What could be considered?

- Early modulation of the pool towards individual bile acids
that do not lead to vasodilation.

- Influencing the bile acid metabolism via TGR 5 or FXR.

- Influencing the bile acids via the intestinal flora.

Altering the Pool by Application of Bile
Acids or Other TGR5/FXR Modulators

Two bile acids, even as conjugates, have little vasoactive effect:
cholic acid and UDCA (Figure 5). As explained, the cholic
acid pool decreases with increasing decompensation of liver
cirrhosis. Cholic acid is available as orphan drug for expansion
through exogenous supply. But there are no long-term
observations in cirrhosis, and one would have to expect that
the loss of CA into the intestine would lead to an increase
in the occurrence of DCA. DCA, a lipophylic bile acid, is
hepatotoxic and has a vasodilatory effect. In contrast, UDCA
has been used for many years in liver diseases without harm
and even has a proven life-prolonging effect in PBC.

UDCA Application

Ursodeoxycholic acid is a secondary/tertiary bile acid formed
in humans by intestinal microorganisms from CDCA in small
amounts. It is contribution to the human bile acid pool is
normally very low (1-3%). We have known for about 40 years
that UDCA has a “hepatoprotective” effect. There is good
evidence for the beneficial effect of UDCA in PBC (Poupon,
2014). Yet, the proof of a beneficial influence for other chronic
liver diseases such as PSC or metabolic liver diseases is
much lower or nonexisting (Reardon et al., 2016; de Vries
and Beuers, 2017). Nevertheless, no studies showed a
deterioration of serum liver tests under UDCA; on the
contrary, a decrease in serum aminotransferases, alkaline
phosphatase, and y-GT was observed in the majority of trials.
The accessible data on hemodynamic parameters in these
studies are sparse or nonexistent. Noteworthy, in icteric
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patients with decompensated alcoholic cirrhosis, UDCA
administration had an unfavorable effect (Pelletier et al.,
2003) as when administered at very high doses (28-30 mg/kg/d)
in patients with PSC (Lindor et al., 2009).

Ursodeoxycholic acid is hydrophilic and, as explained
above, has hardly any vasoactive properties. According to
recent studies its hepatoprotection is caused by influencing
intracellular calcium-dependent signals, improvement of the
transporter function of the apical membrane of hepatocytes,
anti-apototic effects and the establishment of a “bicarbonate
umbrella” at the apical cholangiocyte membrane (Beuers
et al., 2015). The displacement of hepatotoxic bile acids
during long-term, but not short-term treatment could also
play a role. However, treatment with UDCA (1 month) in
five patients with PBC or PSC did not lead to a reduction
in the pool of hydrophobic bile acids DCA or CDCA (Beuers
et al, 1992). When looking at the serum levels of patients
with PBC before and after 2 years of therapy with UDCA,
there is a slight increase in total bile acid concentration in
plasma (29 to 31 pM) with a significant decrease in CA
and CDCA, constant serum levels of DCA, a slight increase
in LCA, and a very significant increase in UDCA (Poupon
et al, 1993; Chen et al, 2020). Thus, UDCA treatment
increases the ration of hydrophilic/hydrophobic bile acids
in serum, which should be favorable concerning vasodilation.
Could this - by displacing hydrophobic bile acids in the
systemic circulation - have an effect on hemodynamics in
the chronic liver disease patient? We do not know for sure.
The available data are not rousing.

In healthy subjects, 4 weeks of UDCA vs. placebo does
not affect basal or postprandial portal flow or cardiac parameters,
such as cardiac output, ejection fraction and QT time. Only
diastolic blood pressure was slightly but significantly reduced
(Schiedermaier et al., 2000). As known from other studies,
UDCA leads to an immediate (Sailer et al., 1996; Schiedermaier
et al, 2000; Neubrand et al, 2004) increase in gallbladder
volume. The mechanism of this effect on a smooth muscle
organ is still unclear; one explanation could be the inhibition
of cholinergic pathways (Neubrand et al., 2004). To what extent
this effect on the gallbladder influences intestinal metabolism
of BA is unclear.

Two decades ago, clinical researchers already tested the
hypothesis of influencing the unfavorable hemodynamics in
liver cirrhosis by modulating the bile acid pool. In patients
who had received TIPS for refractory ascites, treatment with
UDCA (15 mg/kg) for 1 month did not affect hemodynamic
parameters (systemic, renal, and forearm blood flow), but
(even in cirrhotics with ascites without TIPS) resulted in
significant sodium retention, which was interpreted as an
effect on the proximal tubule (Wong et al., 1999). To our
knowledge, such an effect of UDCA on the sodium balance
in patients with liver cirrhosis has never been further
systematically investigated.

In a small cohort of patients with compensated cirrhosis
(PBC, posthepatitic, Child A), 1 month of treatment with
UDCA (13 mg/kg/d) did not significantly affect cardiovascular
parameters except for a slight reduction in diastolic volume

in the PBC patients and a slight reduction in cardiac output
in the patients with PBC cirrhosis (Baruch et al., 1999).

There is only rudimentary research on the effect of UDCA
on human portal pressure. In the rat model (bile duct
ligation), administration of UDCA for 1 month resulted in
a decrease in portal venous blood pressure via a decrease
in intrahepatic resistance, which was interpreted as an
intrahepatic antioxidant effect (Yang et al., 2009). In a small
series of patients with PBC and discretely elevated portal
pressure, portal pressure was unchanged after 2 years of
UDCA treatment, while it slightly increased in the placebo
patients. Information on other hemodynamic parameters is
not available (Huet et al., 2008).

There is evidence from animal experiments - and also in
humans (Rainer et al., 2013) - that hydrophobic bile acids
have an arrhythmogenic effect and influence cardiac function
(see above); on the other hand, UDCA may be cardioprotective
(Zavecz and Battarbee, 2010). Small pilot studies in humans
additionally indicate that administration of UDCA (and its
taurine conjugate) at a dose of 1,000 mg/d for 1 month favorably
affect endothelial dysfunction under glucose challenge (Walsh
et al., 2016) as well as in coronary artery disease (Sinisalo
et al,, 1999), and in heart failure (von Haehling et al., 2012).
It is unclear how this is mediated. According to animal studies,
this effect of UDCA could be induced in a completely different
way, namely via a reduction of cholesterol crystals in vascular
macrophages, where these - via stimulation of the
inflammasome - have an IL-1-mediated proatherogenic effect
and can also cause endothelial dysfunction (Bode et al., 2016).

INFLUENCING TGR 5 AND FXR

Little evidence emerges for TGR5 modulation to affect
vasodilation of liver cirrhosis. It may be that free or conjugated
CDCA also causes vasodilation in cirrhosis via TGR5 and
NO liberation (see above and Figure 3) and in the addition
via inhibition of RhoA/ROCK signaling (Zhu et al, 2020).
But the effect of antagonizing TGR5 might counteract favorable
antiinflammatory influences mediated via TGR5 stimulation
(Duboc et al., 2014; Guo et al., 2016b; Deutschmann et al., 2018).

As stated above, FXR stimulation exhibits vasodilator effects
via several mechanisms. Thus, taurine-conjugated BA mediate
NO-fomation via the endothelial FXR (Guizoni et al., 2020).
Since various steroidal and nonsteroidal (Schwabl et al., 2017)
agonists are available, it would be interesting to analyze their
effect on hemodynamics in chronic liver disease. In the cirrhotic
animal models (rats and mice), feeding with non-steroidal
FXR agonists lowered portal pressure by lowering intrahepatic
resistance and simultaneously reducing inflammatory stimuli
from the gut (Verbeke et al, 2014, 2016). Systemic
hemodynamics showed a slight reduction of systemic arterial
pressure in rats but not in the mouse model (Schwabl et al.,
2017). Similarly, in an animal model of colitis, FXR activation
led to downregulation of the expression of pro-inflammatory
cytokines and to an improvement of the intestinal barrier
(Gadaleta et al., 2011).

The large placebo-controlled study (Nevens et al., 2016) on
the effect of the FXR agonist OCA in addition to UDCA in
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non-cirrhotic patients with PBC incompletely responding to
UDCA showed a positive effect on the prognostic surrogate
parameters alkaline phosphatase and bilirubin, as well as a
reduction in inflammatory serum markers. Detailed analysis
of hemodynamic parameters had not been performed in this
trial. An increase in cardiovascular adverse events or ECG
changes did not occur. This is reassuring considering that
cardiotoxicity in animal models is partially FXR mediated (Pu
et al, 2013) and that FXR agonists lead to an increase in
LDL-cholesterol in serum (Nevens et al., 2016).

In liver cirrhosis - alcoholic and non-alcoholic - and
also in alcohol exposure of the pre-cirrhotic patient, there
is dysbiosis and concomitant increase of CDCA in serum
with reduction of DCA (Brandl et al., 2018; Ciocan et al.,
2018). Conjugated and unconjugated CDCA are among the
strongest endogenous activators of FXR. Therefore, one could
consider blocking - not antagonizing - FXR in patients with
liver cirrhosis to counteract putative FXR mediated vasodilation
in advanced liver damage. However, this is a double-edged
sword, as one would then simultaneously weaken the described
anti-inflammatory and hepatoprotective effect of FXR
activation. We do not know whether FXR agonists exacerbate
hemodynamic circulatory dysfunction in patients with
liver cirrhosis.

INFLUENCING THE INTESTINE

Bile acids influence the microflora in the intestine and, vice
versa, bacterial enzymes metabolize bile acids and thus alter
the bile acid pool. Interestingly, almost complete reduction
of the serum bile acid concentration in animal models (portal
vein ligation) with cholestyramine gavage leads neither to
change in splanchnic and systemic hemodynamics (Genecin
et al., 1990), nor to a reduction of portal pressure. Also,
from a theoretical point of view, binding of intestinal bile
acids by sequestrants (cholestyramine or colestipol) makes
no sense. Total bile acids are already reduced in liver cirrhosis
and it would be more important to modulate the composition
of individual bile acids with their different direct and indirect
effects on intestinal microflora, receptors, vascular smooth
muscle cells, or on the heart. Can this be achieved by
antibiotics? A small randomized, placebo-controlled trial found
improvement in hyperdynamic circulatory dysfunction
(Rasaratnam et al., 2003) with 4 weeks of norfloxacin. Rifaximin
is a non-absorbable antibiotic with proven effect on hepatic
encephalopathy (Bass et al., 2010). While its effect in the
intestine has not been fully elucidated, it has been found to
reduce the production and absorption of gut-derived toxins
and inflammatory stimuli, such as ammonia and endotoxin
(Bajaj, 2016). Overall, its effects in the intestine may be more
eubiotic than antibiotic (Ponziani et al., 2017). According to
uncontrolled trials, rifaximin reduced plasma endotoxin levels
and HVPG in alcohol-related decompensated liver cirrhosis
(Vlachogiannakos et al., 2009). Furthermore, it lowered the
5-year cumulative probability of decompensation of cirrhosis,
including bleeding and encephalopathy, and resulted in better
survival (Vlachogiannakos et al., 2013). However, although
the data are promising, they are from only one center and

as yet remain uncontrolled. A randomized double-blind
placebo-controlled trial consisting of a 4-week treatment with
rifaximin found no effect on bacterial translocation, HVPG,
systemic hemodynamics, kidney function, or vasoactive
hormones, including plasma renin (Kimer et al., 2017), and
a further study found that there was no short-term effect of
rifaximin on systemic inflammatory markers or intestinal
bacterial composition (Kimer et al., 2018). This may be due
to the technique of sequencing used. A recent study
demonstrates significant and profound changes in the microbiota
in liver cirrhosis - using metagenomics and not only 16S
sequencing - with a favorable effect of rifaximin unlike
absorbable antibiotics (Shamsaddini et al., 2021). The extent
to which such antibiotic therapies shift individual bile acids
in a favorable direction in humans is unclear. Recent studies
have demonstrated a reduction of secondary fecal bile acids
by rifaximin in mice with humanized stools (Kang et al.,
2016). The result of further clinical trials on the role rifaximin
on the progress of liver cirrhosis have to be awaited (Caraceni
et al,, 2021), hopefully with a concomitant focus on bile
acid metabolism.

In the intestine - contrary to the vascular system - an
increased activation of FXR would be desirable (Flynn et al.,
2015) because of its anti-inflammatory effects. But CDCA, the
most potent FXR agonist, is already elevated in liver cirrhosis,
at least in serum, where it might have vasodilatory effects.
Portal pressure reduction might be taken as an indirect indication
of a favorable intervention on splanchnic hemodynamics.
A meta-analysis found no convincing effect of antibiotics acting
in the intestine on portal pressure (Mendoza et al, 2020).
Again, it is difficult to distinguish extrahepatic from intrahepatic
effects. Relatively specific dysbiosis in therapy-naive patients
with PBC was reversed by 6 months of treatment with UDCA
(Tang et al., 2018). For all these studies, there are no findings
on the change in the bile acid pool, its distribution and
associated hemodynamic changes.

Another approach is the modulation of the intestinal
microbiota with probiotics, prebiotics or synbiotics (Sarin
et al, 2019). Most studies are related to the influence on
hepatic encephalopathy in liver cirrhosis of different etiologies.
Another study with a mixture of eight probiotic strains found
a reduction in hospitalization in predominantly alcoholic
cirrhosis, but again, no analyses of the individual bile acids
or hemodynamics are available. Plasma renin, aldosterone,
and BNP levels decreased significantly in the probiotic group.
In the placebo group, there was no change in plasma renin
and BNP levels, but a significant increase in aldosterone levels
(Dhiman et al., 2014). Any connections to the bile acid pattern
and its change as well as relationship to hemodynamic findings
remain elusive.

Last but not least, we need more information about diet,
liver cirrhosis and its influence on the bile acid pool. Tea,
coffee fermented milk products, vegetable and chocolate were
associated with a higher diversity with the microbiota in
patients with liver cirrhosis, but again there is no data on
the relationship of food to bile acids and hemodynamics in
these patients (Bajaj et al.,, 2018).
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Albumin

Albumin with its oncotic properties is an effective plasma
expander. By this, it acts on the baroreceptors and reduces the
augmented neurohumoral response in liver cirrhosis. But albumin
has further pleiotropic non-oncotic features. Among others, it
can bind particles and molecules important for inflammation
and it has antioxidant function (Fernandez et al., 2019, 2020;
Bernardi et al., 2020; Tufoni et al., 2020). Metabolomic analyses
show an increase of a number of molecules — some of intestinal
origin — associated with decompensation in liver cirrhosis (Bajaj
et al, 2020). This leads to the question whether vasoactive
molecules such as bile acids could be bound by the administration
of fresh albumin in order to compensate for a reduced albumin
concentration and its impaired structural integrity in liver
cirrhosis. Unfortunately, there are no studies on the complex
question of the exchange of bile acid molecules between
exogenously applied and endogenous albumin (Figure 7). There
is also a lack of studies on how the various bile acids —
conjugated and unconjugated - dissociate from the albumin
molecule or the lipoproteins and then exert their effect on
the endothelium or the smooth muscle cell. The question could
be roughly approached in a first step by determining only the
plasma concentration of bile acids before and after
album administration.

SUMMARY AND CONCLUSION

The present work analyzed here on the role of bile acids
in the pathogenesis of extrahepatic vasodilation and
cardiovascular alteration is not conclusive. There is good
evidence that hydrophobic bile acids in particular can lead
directly and indirectly to vasodilation. But in liver cirrhosis,
the pool of DA, the bile acid with the highest lipophilicity
(Roda et al., 1990) actually decreases. On the other hand,
the plasma concentration of serum bile acids increases
markedly in the systemic vascular compartment, mainly in
favor of CDCA and its conjugates. Here, concentrations are
theoretically reached for which in vitro studies have shown
that CDCA can induce vasodilation. But we have no data
at all on the exchange of bile acids between albumin or
lipoproteins and the vascular endothelium or vascular smooth
muscle cell where they could have a direct or indirect
vasodilatory effect. Even assuming that CDCA would induce

Lipoproteins

$ Liver cirrhosis:
* Increase in concentration,

[Albumin] < Plasma bile acids — = Hioiche coniuanted B4
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FIGURE 7 | In liver cirrhosis, there are markedly elevated plasma levels of
conjugated bile acids in the peripheral circulation, and in alcoholics, especially
of CDCA. We know too little about the exchange of these molecules between
circulating lipoproteins, plasma albumin and the vascular wall.

vasodilation in liver cirrhosis on the one hand there remains
its beneficial anti-inflammatory effect as an FXR agonist on
the other hand. UDCA is hydrophilic, hardly vasoactive and
furthermore hardly stimulates TGR5 or FXR. Thus, this bile
acid would be the most convenient candidate, an idea
suggested early on by other clinical investigators. But the
evidence that administration of UDCA could be effective
is most limited. Nevertheless, with the exception of PBC,
the studies are too short and there is too little experience
in the stage of cirrhosis. We lack long-term randomized
placebo-controlled long-term trials (including hemodynamic
endpoints) in early stage cirrhosis, regardless of etiology.

SUGGESTIONS FOR FUTURE
RESEARCH

- Studies on the modulation of the microbiome and its effect
on the bile acid pool, serum bile acid pattern and
hemodynamic parameters.

- Studies on the distribution of different individual bile acids
between albumin and lipoproteins in serum and their
dissociation into vascular cells or to their receptors
and membranes.

- Controlled studies of early and long-term administration of
UDCA - independent of etiology - on liver function and
hemodynamic parameters such as cardiac output, heart
rhythm, blood pressure and portal pressure in patients with
advanced fibrosis or early compensated cirrhosis.

- Studies on the alteration of the serum bile acid pattern after
TIPS insertion and including this into parameters for
multivariate analysis in relation to hemodynamic changes.
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GLOSSARY

Terms Definitions

ACE2 Angiotensin-converting enzyme 2
ACLF Acute on chronic liver failure

BA Bile acids

BNP Brain natriuretic peptide

BSH Bile salt hydrolases

CA Cholic acid

cAMP cyclic adenosine monophosphate
CDCA Chenodeoxycholic acid

cGMP cyclic guanosine monophosphate

CO Carbon monoxide

CYP7A1 Cholesterol 7-alpha-hydroxylase

DAG Diacyl! glycerol

DCA Deoxycholic acid

eNOS Endothelial nitric oxide synthase

FGF Fibroblast growth factor

FXR Nuclear farnesoid X receptor

GDCA Glycine conjugated DCA

GPBAR1 G protein-coupled bile acid receptor 1 or TGR5
GRK G protein-coupled receptor kinase
GTP Guanosine triphosphate

GTPases Enzymes that hydrolise GTP to GDP (guanosine diphosphate)
HSC Hepatic stellate cell

HVPG Hepatic venous pressure gradient (surrogate for portal pressure)
iNOS Inducible nitric oxide synthase

IP3 Inositol 1,4,5-triphosphate

LCA Lithocholic acid

L-NAME N(w)-nitro-L-arginine methyl ester
MLC Myosin light chains

NO Nitiric oxide

NPY Neuropeptide Y

NOS Nitric oxide synthase

nNOS Neuronal nitric oxide synthase

PBC Primary biliary cholangitis

PSC Primary sclerosing cholangitis

PLC Phospholipase C

PKC Protein kinase C

RAAS Renin-angiotensin-aldosterone system
RhoA Ras homolog family member A

ROCK Rho-kinase

SHP Small heterodimer partner

TCDCA Taurine conjugated CDCA

TDCA Taurine conjugated DCA

TGR5 See GPBART1

TIPS Transjugular intrahepatic portosystemic shunt
TUDCA Taurine conjugate of UDCA

UDCA Ursodeoxycholic acid

VSCM Vascular smooth muscle cell
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Background: Liver cirrhosis is a relevant comorbidity with increasing prevalence.
Postoperative decompensation and development of complications in patients with
cirrhosis remains a frequent clinical problem. Surgery has been discussed as a
precipitating event for decompensation and complications of cirrhosis, but the underlying
pathomechanisms are still obscure. The aim of this study was to analyze the role
of abdominal extrahepatic surgery in cirrhosis on portal pressure and fibrosis in a
preclinical model.

Methods: Compensated liver cirrhosis was induced using tetrachlormethane (CCL4)
inhalation and bile duct ligation (BDL) models in rats, non-cirrhotic portal hypertension by
partial portal vein ligation (PPVL). Intestinal manipulation (IM) as a model of extrahepatic
abdominal surgery was performed. 2 and 7 days after IM, portal pressure was measured
in-vivo. Hydroxyproline measurements, Sirius Red staining and gPCR measurements of
the liver were performed for evaluation of fibrosis development and hepatic inflammation.
Laboratory parameters of liver function in serum were analyzed.

Results: Portal pressure was significantly elevated 2 and 7 days after IM in both models
of cirrhosis. In the non-cirrhotic model the trend was the same, while not statistically
significant. In both cirrhotic models, IM shows strong effects of decompensation, with
significant weight loss, elevation of liver enzymes and hypoalbuminemia. 7 days after
IM in the BDL group, Sirius red staining and hydroxyproline levels showed significant
progression of fibrosis and significantly elevated mRNA levels of hepatic inflammation
compared to the respective control group. A progression of fibrosis was not observed in
the CCL4 model.

Conclusion: In animal models of cirrhosis with continuous liver injury (BDL), IM
increases portal pressure, and development of fibrosis. Perioperative portal pressure
and hence inflammation processes may be therapeutic targets to prevent post-operative
decompensation in cirrhosis.

Keywords: surgery, acute decompensation, cirrhosis, ACLF, portal pressure, HVPG, intestinal manipulation
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INTRODUCTION

Liver cirrhosis is the common end-stage of chronic liver diseases.
Acute decompensation (AD) such as variceal bleeding, refractory
ascites, hepatorenal syndrome, or hepatic encephalopathy can
develop and define advanced stages (Angeli et al., 2018). AD
may also precipitate acute-on-chronic liver failure (ACLF), a
distinct syndrome recently characterized in the CANONIC-
and PREDICT-study (Moreau et al, 2013; Gustot et al,
2015; Trebicka et al., 2019, 2020a,b). ACLF is defined by the
development of multiorgan failure resulting in high short-
term mortality.

Postoperative decompensation of cirrhosis is a well-known
but still unsolved problem in surgery. Even though there has
been substantial progress in the fields of hepatology and surgery
in managing patients with cirrhosis, surgery-associated AD and
mortality remains high and correlates with severity of liver
disease (Friedman, 2010; de Goede et al., 2012). Recently, the
role of surgery as a precipitating event for ACLF development has
been characterized, resulting in high rates of ACLF development
even after electively performed surgical procedures (Klein et al.,
2020; Chang et al., 2021). Therefore, in many hospitals, with the
presence of cirrhosis especially in advanced stages is considered a
contraindication for all kinds of surgery.

Clinically significant portal hypertension has been associated
with increased numbers of episodes of acute decompensation
after hepatic surgery (Bruix et al., 1996). In a recent prospective
study, hepatic venous pressure gradient (HVPG) has also been
described as a predictor for mortality after extrahepatic surgery,
indicating that optimization of portal hypertension might be the
key to improve postoperative outcome (Reverter et al., 2019).
However, data about underlying mechanisms of post-operative
decompensation and characterization of portal pressure in the
pre- and post-operative period are at best scarce and thus need
to be studied more to shed light on the pathophysiology involved
in the post-operative development of AD and ACLF.

In this context, preclinical models to characterize
proinflammatory ~ downstream  signaling and  portal
hemodynamics that help to understand the pathophysiology of
post-operative decompensation of cirrhosis are needed. This
study aimed to establish a preclinical model of extrahepatic
abdominal surgery in animal models of portal hypertension and
to study consecutive changes of portal pressure and liver fibrosis.

Abbreviations: 18s rRNA, Eukaryotic 18S ribosomal ribonucleic acid; ACLE
acute-on-chronic liver failure; AD, acute decompensation; ALB, albumin;
ALP, alkaline phosphatase; ALT, alanine aminotransferase; AST, aspartate
aminotransferase; BDL, bile-duct ligation; CCL2, chemokine (C-C motif) ligand
2; CCLA4, tetrachlormethane; cDNA, complementary desoxyribonucleic acid; CTP,
Child-Turcotte-Pugh; EMR-1, EGF-like module containing mucin-like hormone
receptor-like 1; HE, hematoxylin and eosin; HVPG, hepatic venous pressure
gradient; i.p., intraperitoneal; ICU, intensive care unit; IL-6, interleukin 6;
IL1b, interleukin 1 beta; IM, intestinal manipulation; LAP, median laparotomy;
mRNA, messenger ribonucleic acid; PE, Polyethylen; gPCR, real-time polymerase
chain reaction; TGF-beta, transforming growth factor beta 1; TIPS, transjugular
portosystemic shunt; TLR-4, toll-like receptor 4; TNF-alpha, tumor necrosis factor
alpha; TP, total protein.

MATERIALS AND METHODS

Animal Experiments

Specific pathogen-free male Sprague Dawley rats were used for
this study. Animals were acquired from Charles-River (Sulzfeld,
Germany) and maintained in the animal facility at the University
Clinic of Bonn, Department for Experimental Therapy in
individually ventilated cages with a 12:12-h day-night cycle at
22 °C. Water and chow were provided ad libitum. Animal studies
were performed in accordance with the German Animal Welfare
Act and standard operation procedures of the Laboratory of Liver
Fibrosis and Portal Hypertension and the animal care facility.
Studies were approved by the Landesamt fiir Natur, Umwelt und
Verbraucherschutz Nordrhein-Westfalen (LANUYV, Reference:
81-02-04.2018.A348). Animals were sufficiently handled before
all operations and received sufficient pain medication after all
operations. When reaching human endpoint the experiment was
stopped and animals were euthanized.

Establishing a Preclinical Model of
Extrahepatic Abdominal Surgery in
Cirrhosis and Non-cirrhotic Portal

Hypertension

A two-step animal model of extrahepatic abdominal surgery
was established. Cirrhosis was induced via bile duct ligation
(BDL) and CCL4-intoxication via inhalation, non-cirrhotic
portal hypertension via partial portal vein ligation (PPVL) as
previously described (Uschner et al., 2015; Klein et al., 2017). 3
weeks after BDL or PPVL and 14 weeks after CCL4-intoxication
(stage of compensated cirrhosis) intestinal manipulation (IM)
was performed as previously described (Bortscher et al., 2012;
Chang et al., 2012). 2 and 7 days after IM in-vivo portal pressure
measurement was performed according to established protocol.
Animals were then sacrificed and harvested. The experimental
design is shown in Figure 1.

Bile Duct Ligation (BDL)

BDL was performed as previously described in a sterile
environment (Uschner et al., 2015; Klein et al., 2017). In short,
the common bile duct was ligated twice and dissected between
the two ligatures to induce cholestatic cirrhosis. Sham animals
received a median laparotomy (group name: Sham). All BDL
procedures were performed by the same individual.

CCL4-Inhalation

Inhalation with CCL4 (abcr, Karlsruhe, Germany) was started
at the age of 4 weeks (80-100g body weight) and performed
as previously described (Klein et al., 2017; Brol et al., 2019).
Inhalation was done twice a week in growing intervals of 30s.
Reaching 5min, animals inhaled CCL4 until week 14 (stage
of compensated cirrhosis). All animals received phenobarbital
(0.33 g/1) via drinking water for induction of cytochrome P-450
metabolic activity starting from 1 week before CCL4 inhalation
until animal sacrifice. Inhalation was stopped 3 days before IM as
a model of toxic cirrhosis with removal of the injuring agent. Age-
matched animals without CCL4 inhalation served as controls
(group name: AIR).
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FIGURE 1 | Diagram showing how a two-step pre-clinical model of extrahepatic abdominal surgery (intestinal manipulation) in Sprague-Dawley rats with cirrhosis
induced through bile duct ligation (BDL) or inhalation of tetrachlormethan (CCL4) and non-cirrhotic portal hypertension via partial portal vein ligation (PPVL) was

Partial Portal Vein Ligation (PPVL)

To induce non-cirrhotic portal hypertension via PPVL, the
portal vein was ligated around a 22 G needle. After ligation,
the 22G needle was removed immediately, resulting in
a smaller diameter of the portal vein with consecutive
development of non-cirrhotic portal hypertension. The same
sham group used for the BDL group served as controls (group
name: Sham). All PPVL procedures were performed by the
same individual.

Intestinal Manipulation (Model of
Extrahepatic Abdominal Surgery)

Intestinal manipulation (IM) was performed as previously
described (Chang et al, 2012). IM was chosen as an
established standardized model associated with postsurgical
local inflammation and breakup of extracellular matrix in the gut
wall (Chang et al,, 2012). After median laparotomy, cecum and
small bowel were placed on moist gauze outside the abdominal
cavity. Then the entire small bowel and colon were manipulated
between two sterile cotton swabs twice in a standardized fashion.
The intestine was kept moist with saline at all times. After IM the
intestine was placed back into the abdominal cavity, the abdomen
was then closed with two layers of sutures. Age-matched animals
only receiving a median laparotomy without IM served as sham
controls (group name: LAP). All IM procedures were performed
by the same individual.

Portal Pressure Measurement and Animal
Sacrifice

Before sacrifice animals were put into anaethesia with an
intraperitoneal injection of ketamine/xylazin (dose: ketamin 100
mg/kg/body weight (bw)/xylazin: 20 mg/kg/bw). After median
laparotomy, for in-vivo portal pressure measurements the portal
vein was dissected and punctured with a polyethylen catheter (B.
Braun, Melsungen, Germany). The catheter was fixated with a
vascular clamp. Portal pressure was then recorded over a time
of 5min under echocardiogram monitoring using PowerLab
8/35 and LabChart Software (ADInstruments, Dunedin, New
Zealand). The used value of portal pressure and heart frequency
of one biological replicate for further analysis, was determined
as mean of three randomly chosen values in the recorded phase
after calibrated recording. After portal pressure measurement
and aquiring blood samples from the caval vein, the animal was
sacrificed by dissecting the inferior caval vein. Liver samples
were snap frozen in liquid nitrogen at —80 °C, fixated in 4%
paraformaldehyde and embedded in paraffin or in Tissue Tek
OCT (Sakura Finetek, Staufen, Germany).

Measurement of Hydroxproline Content in

Liver Samples

Hydroxyproline content measurement was performed as
described previously (Brol et al, 2019). Snap-frozen liver
samples were weighed and dissolved in 12N hydrochloric acid
at 110 °C, then homogenized and incubated for another 16h
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at 110 °C. After filtering, samples were dissolved in methanol
and oxidized in a chloramine T buffer. Finally, Ehrlich’s reagent
was added, the photometric product was measured at 558 nm
wave length.

Parameters of Hepatic Inflammation and

Circulating Endotoxin Levels
Hepatic inflammation was assessed by mRNA gene expression.
RNA isolation was done using the ReliaPrep RNA Miniprep
Systems (Promega, Madison, WI). For cDNA synthesis ImProm-
II Reverse Transcription System (Promega, Madison, WI) was
used. For every sample, two DNase digestion steps were done
for genomic DNA to be disposed. Quantitative PCR (qPCR)
was carried out using TagMan gene expression assays (Thermo
Fisher Scientific, Waltham, MA) according to the manufacturer’s
protocol. qPCR amplification was performed on the 7300 Real-
Time PCR Cycler (Applied Biosystems, Foster City, CA). qPCR
analyses were done using duplicates. Gene expression was
calculated with the Delta-Delta CT method. 18s rRNA was used
as housekeeping gene. Levels of gene expression are shown as
x-fold compared to the respective control group. A list of gene
expression assays is shown in Supplementary Table 1.
Circulating endotoxin levels were measured using the Pierce
Limulus Amebocyte Lysate (LAL) Chromogenic Endotoxin
Quantitation Kit (Thermo Fisher Scientific, Oberhausen,
Germany) according to the manufacturer’s protocol. In short,
all samples were diluted and adjusted to a pH between 6 and 8.
After pipetting standards and samples on a 96-well plate and
incubating at 37 °C for 4 h, activation in the modified LAL was
stopped. Endotoxin concentration was then photometrically
measured at 405nm wavelength. Levels of endotoxin are
expressed as EU/ml. Only endotoxin-free plastic ware or sterile
glass ware was used for the experiment.

Histological Staining and Quantification
Sirius red and Hematoxylin and eosin (HE) stainings were
performed on paraffin slides (2-3 pm) of the liver as previously
described (Trebicka et al., 2011; Schierwagen et al., 2015; Brol
et al., 2019). Stainings were captured with a Nikon Digital
Sight DS-Vil microscope (Chiyoda, Tokyo, Japan) and quantified
via Image] software (V.1.51q; National Institutes of Health,
Bethesda, USA) using macros for automatized quantification
and color detection. Individual samples were controlled for
correct analysis, if color analysis was not executed properly,
threshold was adjusted manually. Images were taken in 10-fold
magnification and a minimum of 10 representative fields per
biological replicate were taken into analysis.

Analysis of Laboratory Parameters of Liver

Function

Electrolytes (sodium, potassium) and parameters of liver
function (alkaline phosphatase (ALP), alanine aminotransferase
(ALT), aspartate aminotransferase (AST), albumin (ALB), total
protein, and ammonia were analyzed in serum using the Cobas
8000 (Roche Diagnostics, Rotkreuz, Switzerland), modules 8000
ISE, ¢502, and 702 according to the manufacturer’s protocol.

Statistical Analyses

Statistical analyses were performed using Prism V.5.0 (GraphPad,
San Diego, CA). Data are expressed as means £ SEM. For
comparisons between two groups, student’s t-test was used.
P-values < 0.05 were considered significant.

RESULTS

Establishing a Preclinical Model of
Extrahepatic Intestinal Surgery in Different
Animal Models of Cirrhotic or

Non-cirrhotic Portal Hypertension

Only animals that recovered completely from the first operation
(BDL, PPVL, Sham) were included in the final analysis. Animals
were then randomized into a group that underwent intestinal
manipulation (IM) or median laparotomy (LAP). Animals
presenting with ascites as a clinical sign of AD prior to IM or
LAP were excluded from the experiment.

Due to the more aggressive nature of cirrhosis and expected
higher postoperative mortality rate in BDL, a preliminary study
had to be performed to determine the optimal time for IM
after induction of cirrhosis. This preliminary study was approved
within the applied project. When IM was performed 28 days
after BDL, postoperative mortality was high, as expected (30%,
data not shown). Therefore, the time point of 21 days (3 weeks)
after BDL with a mortality of 10% after IM was established for
the experiment.

Postoperative Mortality and Development

of Ascites After Intestinal Manipulation
Combined postoperative mortality for BDL, PPVL, and CCL4
groups after IM for both timepoints (2 and 7 days after IM)
was 10, 0, and 6%, respectively. Due to a low number of animal
deaths without significant distribution concerning time after IM
or operation type (IM/LAP), survival analysis was not performed.
No deaths were recorded in all control groups (Sham (controls
for BDL and PPVL), AIR (controls for CCL4) (Figure 1) after IM
or LAP. In the BDL group that underwent IM and were sacrificed
7 days after IM, 3 (43%) developed ascites, vs. 1 (13%) animal in
the control group (p = 0.3). The rate of development of ascites
in the CCL4 group was similar 7 days after IM (IM 3 (38%)
vs. LAP 1 (14%), p = 0.5). No animals in in BDL and CCL4
groups developed ascites 2 days after IM, also none of the animals
belonging to the PPVL groups developed ascites.

Weight Development
Significant weight differences were observed in all models of
cirrhosis or non-cirrhotic portal hypertension at time of IM,
compared to the respective control groups (Sham, Air), with a
significantly lower body weight in the PPVL, BDL, and CCL4
groups at the time of IM vs. LAP (Supplementary Figure 1).
Moreover, significant weight loss was observed in some groups
after IM vs. LAP. In the BDL model, 7 days after IM animals lost
significantly more weight compared to LAP, but not at 2 days
(Table 1B). The same effect was observed in the CCL4 groups
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FIGURE 2 | (A) Hepatic hydroxyproline content measurements 2 or 7 days after IM vs. LAP, showing progression of fibrosis through a highly significant elevation of
hydroxyproline concentration (expressed in ng/g liver) of the liver in the BDL group 7 days after IM vs. LAP. No differences are seen within the Sham, PPVL, and CCL4
groups. (B) Representative images of liver samples with Sirius-red staining for assessment of fibrosis with observed significant differences of fibrosis (expressed as
percentage of positive stained area) 7 days after intestinal manipulation vs. the respective control group (LAP). Images of Hematoxylin Eosin staining are shown for
morphologic comparison. The scale bar is 200 pm. (C) mMRNA gene expression for alpha-SMA and collagen 1, showing a significant increase of both parameters of
fibrosis progression in the BDL group 7 days after IM and for alpha-SMA in the CCL4 group 7 days after IM. Levels of gene expression are shown as x-fold compared
to the respective control group. *p < 0.05; *p < 0.01; ns. (p > 0.05).

(Table 1D). In the control and PPVL groups, weight loss before
and after IM, was not statistically significant (Tables 1B,D,F).

Laboratory Parameters of Liver Function at
the Time of Sacrifice
Among laboratory parameters representing liver function in the
Sham and AIR groups, no significant changes could be observed
between IM and LAP groups (Table 1A).

In the BDL groups, Alkaline phosphatase (ALP) and Aspartate
aminotransferase (AST) were significantly elevated 7 days after

IM vs. LAP (Table 1A). Albumin levels were significantly lower,
2 and 7 days after IM vs. LAP (Table 1A). Interestingly, ammonia
serum levels were elevated 2 days after IM vs. LAP (Table 1B).

In the CCL4 group, AST and ALT were significantly elevated
7 days after IM vs. LAP (Table 1D), while albumin levels were
significantly lower (Table 1D). No significant differences in
laboratory parameters were observed 2 days after IM vs. LAP.

In the PPVL group 2 days after IM, AST was significantly
elevated vs. LAP (Table 1E). No other significant differences were
observed 2 and 7 days after IM vs. LAP.
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FIGURE 3 | In-vivo portal pressure development 2 or 7 days after IM vs. LAP in the different animal models (BDL and PPVL vs. Sham and CCL4 vs. AIR), showing
significantly elevated portal pressure after IM in all BDL and CCL4 groups. *p < 0.05; ns. (p > 0.05).

Development of Hepatic Fibrosis After

Intestinal Manipulation

Hydroxyproline measurement showed significant increase of
hydroxyproline levels and significantly larger Sirius-Red stained
areas in the BDL group 7 days after IM vs. LAP (Figures 2A,B). In
the BDL group 7 days after IM, mRNA expression of alpha-SMA
(a marker of profibrogenic hepatic stellate cells) and collagen 1
were significantly upregulated compared to LAP (13- and 19-
fold, p = 0.02 and p = 0.04, respectively) (Figure 2C). In the other
cirrhotic and non-cirrhotic groups (PPVL, Sham, Air, CCL4), no
significant differences in fibrosis development between animals
receiving IM vs. LAP could be observed, except a slight, but
significant upregulation of alpha-SMA gene expression in the
CCL4 group 7 days after IM compared to LAP (Figures 2A,C;
Supplementary Figure 2).

Portal Pressure After Intestinal

Manipulation

In the cirrhotic groups (BDL and CCL4) portal pressure was
significantly elevated 2 and 7 days after IM compared to LAP
(BDL 2 d: IM 13.9 & 0.8 mmHg vs. LAP 10.8 = 0.5 mmHg, p =
0.01*; BDL 7 d: IM 12.4 & 0.6 mmHg vs. LAP 10.0 &= 0.7 mmHg,
p = 0.02; CCL4 2 d: IM 13.3 &+ 0.8 mmHg vs. LAP 10.7 £ 0.3
mmHg, p = 0.03; CCL4 7 d: IM 13.7 & 1.1 mmHg vs. LAP 10.2
£ 0.6 mmHg, p = 0.02) (Figure 3; Tables 1A-D). The control
groups (Sham, AIR) did not show any significant increase of
portal pressure after IM or LAP (Figure 3; Tables 1A-D). While
there was a trend of higher portal pressure after IM in the PPVL
group, results were not significantly different compared to LAP
(Figure 3; Tables 1E,F).

Parameters of Hepatic Inflammation and

Circulatory Level of Endotoxins
Transforming growth factor beta 1 (TGF-beta), interleukin 6
(IL-6), interleukin 1 beta (IL-1b), tumor necrosis factor alpha

(TNF-alpha), chemokine (C-C motif) ligand 2 (CCL2), EGF-
like module containing mucin-like hormone receptor-like 1
(EMR-1), toll-like receptor 4 (TLR-4) were measured in liver
samples via mRNA gene expression as parameters of hepatic
inflammation. These inflammatory parameters were elevated in
the BDL group 7 days after IM but not 2 days after IM vs. LAP,
especially IL-6 (25-fold), TNF-alpha (14-fold) and CCL2 (8-fold)
(p = 0.05, p = 0.006, p = 0.02, respectively) (Figure 4). In the
CCL4 model IL-6 gene expression was significantly upregulated
after IM vs. LAP among the measured inflammatory parameters
(Supplementary Figure 3).

Endotoxin levels were measured in the different models
2 and 7 days after IM/LAP as a marker of bacterial
translocation as possible trigger for upregulation of hepatic
inflammation. No significant differences could be detected 2
and 7 days after IM/LAP between operation type (IM vs.
LAP) or blood compartment (portal vein vs. caval vein).
However, in both cirrhosis models circulatory level of endotoxins
was significantly higher than in the non-cirrhotic groups
(Supplementary Figure 4).

DISCUSSION

This study is the first to characterize portal pressure after
abdominal extrahepatic surgery in preclinical models of cirrhosis
with ongoing hepatic injury (BDL) and discontinued hepatic
injury (CCL4) prior to surgery. It shows that an abdominal
extrahepatic ~ surgical procedure significantly increases
portal pressure, rendering our model suitable for studying
pathomechanisms of post-operative acute decompensation (AD).

Postoperative AD in patients with cirrhosis is a long existing
clinical problem which to date limits surgical procedures in
cirrhosis. Moreover, AD can precipitate ACLE resulting in
multiorgan-failure and high short-term mortality (Moreau et al.,
2013; Trebicka et al,, 2020a). In previous studies, our group
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FIGURE 4 | Analysis of parameters of hepatic inflammation (TGFb, IL-6, IL-1b, TNF-alpha, Emr1, TLR-4) in the BDL group 7 days after IM vs. LAP, all significantly
elevated. Levels of gene expression are shown as x-fold compared to the respective control group. *p < 0.05; **p < 0.01; ns. (p > 0.05).

TABLE 1A | General characteristics and clinical data of rats undergoing Sham/BDL at sacrifice 2 days after IM/LAP.

Parameter Sham + LAP Sham + IM P BDL + LAP BDL + IM P
n=28 n=28 n=7 n=7

Weight data Liver weight [g] 15+ 0.6 14.4 £ 0.8 0.41 13.7 £0.8 13.3+0.8 0.7
Body weight at sacrifice [g] 394.6 £8.5 398.2 £ 17.9 0.94 330.9 + 18.2# 329 + 15.3"* 0.94
Weight development surgery - —-025+1.3 —2.7+32 0.52 —5.3422% —5.4+0.9% 0.94
sacrifice [%]

Baseline laboratory Sodium [mmol/I] 134.8 +£ 2.6 137.0+1.2 0.41 1374 +1.2 139 +£ 1.1 0.39
ALP [U/L] 148.2 £ 21.3 141.3+10.4 0.76 131.3 + 8.3% 151.8 + 29.3% 0.48
AST [U/L] 88.8 + 16.7 81.3+6.3 0.63 96 + 4.7% 110.8 + 17.3% 0.39
ALT [U/L] 473+ 4 38.7 £ 3.4 0.15 47.3 + 3.5% 47.3 + 3.5% 0.47
ALB [g/L] 304 +£0.5 31.7+13 0.41 30.6 +0.5% 27.3 +£0.9% 0.009**
TP [g/L] 50.3+ 0.6 51.94+ 1.8 0.49 50 + 0.6% 473+ 1.3% 0.07
Urea [mg/dl] 38.0+2.4 44.346.0 0.41 37.8 4+ 2.5% 42.0 + 4.98 0.44
Ammonia [pmol/L] 1213+ 6.4 106.7 + 8.1 0.2 101.6 + 18.5% 1915 + 17.6* 0.007*

Hemodynamics Portal Pressure [mmHg] 48405 51405 0.64 10.8 & 0.5%* 13.9 + 0.8%## 0.011*
Heart frequency [bpm] 195+ 12.8 200 £ 12.8 0.77 202.2+22.0 208.9 £ 13.9 0.82

Sham vs. BDL: *p < 0.05; *p < 0.01; "*p < 0.001; *ns. (o > 0.05). BDL + LAP vs. BDL + IM: *p < 0.05.

showed that about 25% of patients with cirrhosis develop post- Portal pressure seems to play an important role in post-
operative ACLEF, including emergency surgery (Klein et al., 2020).  operative outcome of patients with cirrhosis. In a recent
Similar rates of post-operative ACLF are demonstrated even in  prospective study, it was shown that preoperative HVPG
elective surgical procedures, thus establishing surgical procedures ~ below 16 mmHg before a surgical procedure is associated
as a precipitant of ACLF (Chang et al.,, 2021). In clinical practice, ~ with a better postoperative outcome (Reverter et al., 2019).
Child-Turcotte-Pugh-Score is commonly used for pre-operative ~ In a series of smaller studies it was shown that preoperative
risk stratification. Higher Child-Turcotte-Pugh-Score at the time ~ decompression of portal pressure via transjugular portosystemic
of surgery is associated with higher mortality (Friedman, 2010).  shunt (TIPS) improves post-operative outcome, thus the concept
However, more biomarkers and clinical parameters are needed  of preoperative TIPS has been discussed as well (Garcia-Pagan
for better risk stratification for patients with liver cirrhosis in et al, 2020). However, no studies investigated the evolution
need of a surgical procedure. of portal pressure after surgery, limiting the investigation
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TABLE 1B | General characteristics and clinical data of rats undergoing Sham/BDL at sacrifice 7 days after IM/LAP.

Parameter Sham + LAP Sham + IM p BDL + LAP BDL + IM p
n=8 n=8 n=8 n=7

Weight data Liver weight [g] 172 +0.4 15.9+0.8 0.17 12.8+1.3 153+ 1.4 0.24
Body weight at sacrifice [g] 408.5 +7.3 396.3 + 12.6 0.42 345.0 4 34.4% 312.6 + 16.6" 0.42
Weight development surgery - —1.1+1 —1.4+1.8 0.9 4.5+ 48 -84+ 3% 0.03*
sacrifice [%]

Baseline laboratory Sodium [mmol/I] 1359+ 141 137.4 £ 0.6 0.31 1414+14 141.8+ 0.5 0.83
ALP [U/L] 160.0 & 7.1 147.8 £ 11.6 0.36 154 + 19.7% 340.8 + 57.4* 0.01*
AST [U/L] 76.3+6.4 815+ 4 0.48 116.2 £ 22.7% 288.3 + 80.4" 0.05*
ALT [U/L] 494 +35 452+ 1.6 0.36 50.2 + 11.7% 69.8 + 13.7% 0.31
ALB [g/L] 326+ 0.6 32.7+0.9 0.92 32.7 +1.6% 22.3 +£2.1% 0.002**
TP [g/L] 52.1+ 0.6 50.3+ 1.4 0.22 50.5+ 1.7% 42.5 £ 2. 7% 0.01*
Urea [mg/dl] 36.7 £3.6 31.3+18 0.25 20,5 + 2.4% 441 +5.7% 0.07
Ammonia [mol/L] 92.2 + 14.4 80.3 & 19.11 0.63 100 4 12.98 223.6 + 65% 0.07

Hemodynamics Portal Pressure [mmHg] 45406 44402 0.82 10.0 & 0.7### 12.4 + 0.6 0.02*
Heart frequency [bpm] 205.8 £ 16.7 196.6 + 14.2 0.73 199.1 + 20.34 197.2 £15.37 0.94

Sham vs. BDL: *p < 0.05; *p < 0.01; "*p < 0.001; *ns. (o > 0.05). BDL + LAP vs. BDL + IM: *p < 0.05.

TABLE 1C | General characteristics and clinical data of rats receiving AIR/CCL4 at sacrifice 2 days after IM/LAP.

Parameter Air + LAP Air + IM P CCL4 + LAP CCL4 + IM P

n=8 n=28 n=7 n=8

Weight data Liver weight [g] 19.6 £ 0.6 189 +£0.7 0.45 19.2+£0.7 176 £0.6 0.1
Body weight at sacrifice [g] 546.5 + 11.7 546.8 + 11.4 0.99 438.4 & 15121 4208 4 22 58 0.57
Weight development surgery - -3.8+0.6 —6.1+£1.0 0.1 —16+20°% —7.1+£13% 0.07
sacrifice [%)]

Baseline laboratory Sodium [mmol/I] 139.4 £0.2 1382+ 1.9 0.6 142.2 £0.3 1425+ 1.0 0.8
ALP [U/L] 95.7 £10.7 79.6 £7.2 0.3 177.4 + 20* 150 + 27.4% 0.4
AST [UL] 94.8 +10.9 102.4+7.0 0.6 338.3 + 29.2### 405 + 77.7* 0.5
ALT [U/L] 428 +1.2 36.6 + 3.5 0.13 132.4 + 16.7%##% 131.2 + 22.7% 0.96
ALB [g/L] 33.5+0.9 350+ 1.2 0.4 33.3+0.9% 325+0.8% 0.6
TP [g/L] 51.4+18 53.4+2.0 0.5 495 +1.3% 50.2 + 1.4% 0.7
Urea [mg/dl] 36.4+1.2 39.9+2.0 0.2 25.2 + 2.6 29.6 + 3.3% 0.3
Ammonia [wmol/L] 73.8+5.3 106.8 £+ 26 0.24 107.6 + 17.9% 85.8 £ 6.0 0.3

Hemodynamics Portal Pressure [mmHg] 48406 50407 0.81 10.7 £ 0.3%## 13.3 £ 0.8"## 0.03*
Heart frequency [bpm] 205.9 + 11.03 201.0 + 14.6 0.8 203.7 £ 15.0 197.5+34.8 0.86

AR vs. CCL4: *p < 0.05; #p < 0.01; #p < 0.001; $ns. (o > 0.05). BDL + LAP vs. BDL + IM: *p < 0.05.

of pathophysiological pathways driving post-operative hepatic
decompensation. Prospective clinical studies to characterize
post-operative measurements of portal pressure in patients with
cirrhosis are ethically difficult to perform, given that patients
are mostly under postoperative care in the intensive care unit
and in danger of AD or ACLF development. Therefore, animal
models are needed to explore the mechanisms of postoperative
AD or ACLE and to study the evolution of portal pressure
after surgery and its association with potential underlying
inflammatory processes.

In our study, we show in two different animal models of
cirrhosis (BDL and CCL4), that portal pressure is significantly
elevated 2 and 7 days after IM vs. LAP (median laparotomy).
Accordingly, in both models, 7 days after IM, there were more

clinical events of decompensation such as the development of
ascites or significant weight loss. The BDL model seems to mimic
the clinical situation after surgery in patients more accurately,
showing progression of fibrosis and significant elevation of
parameters of hepatic inflammation 7 days after IM and elevation
of liver enzymes and ammonia acutely within 2 days after IM.
In the BDL model, IM was performed in an earlier stage of
fibrosis (3 weeks after BDL), leading to progression of fibrosis
and earlier decompensation events after IM vs. LAP. In the CCL4
group however, no significant changes of the fibrosis parameters
could be observed after IM compared to LAP. A possible reason
might be that IM was performed at more advanced stages of
cirrhosis. However, a regression of fibrosis after withdrawal of the
injuring agent has been described in the CCL4 model (Nevzorova
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TABLE 1D | General characteristics and clinical data of rats receiving AIR/CCL4 at sacrifice 7 days after IM/LAP.

Parameter Air + LAP Air + IM P CCL4 + LAP CCL4 + IM p
n=8 n=8 n=8 n=7

Weight data Liver weight [g] 18.1 £0.9 18.8 £ 0.6 0.7 17.7 £141 16.2 £ 0.9 0.3
Body weight at sacrifice [g] 540.7 + 14.8 553.0 + 14.1 0.6 465.6 + 4.1%# 404.6 + 9.7 <0.001***
Weight development surgery - —4.0+ 0.5 —-39+0.7 0.9 —-12+03% —10.7 £ 2.2% 0.005**
sacrifice [%]

Baseline laboratory Sodium [mmol/I] 138.8 £ 0.3 139.8 £ 0.6 0.2 141.6 £ 0.8 1415+ 1.3 1
ALP [U/L] 79.2+ 11.6 774428 0.9 146 + 23" 194.1 + 226 0.17
AST [U/L] 758 £5.7 103, £ 121 0.08 171.0 £ 29.0* 306.7 & 30.7### 0.02*
ALT [U/L] 38.0 + 2.1 43.8 +3.7 0.21 77.4 £ 5.4%H 118.7 £ 6.0 <0.001***
ALB [g/L] 342+1.0 33.2+0.6 0.4 346+ 1.2% 28.0 + 1.0 0.0017*
TP [g/L] 477 +£14 480+ 1.5 0.9 49.1 £ 1.1% 45.4 +1.3% 0.1
Urea [mg/dl] 31.9+09 40.3 +3.3 0.02* 25.8 + 2.1# 30.7 + 1.9* 0.1
Ammonia [wmol/L] 100.2 £18.7 109.4 + 38.4 0.8 86.8 + 18.3" 111.75 + 278 0.5

Hemodynamics Portal Pressure [mmHg] 47407 44403 0.71 10.2 &+ 0.6%## 13.7 + 1.1### 0.02*
Heart frequency [bpm] 210.2 £ 27.94 194.0+ 0.5 0.59 190.8 +£ 8.3 191.2 £ 8.6 0.43

AIRvs. CCL4: *p < 0.05; #p < 0.01; #¥p < 0.001; $ns. (o > 0.05). CCL4 + LAP vs. CCL4 + IM: *p < 0.05; **p < 0.01; ***p < 0.001.

TABLE 1E | General characteristics and clinical data of rats undergoing Sham/PPVL at sacrifice 2 days after IM/LAP.

Parameter Sham + LAP Sham + IM P PPVL + LAP PPVL + IM P

n=8 n=28 n=28 n=8

Weight data Liver weight [g] 156+ 0.6 14.4+£0.8 0.41 141 +£0.7 154 +£1.0 0.34
Body weight at sacrifice [g] 394.6 + 8.5 3932+ 17.9 0.94 388.1 4+ 11.1% 385.7 £ 9.1% 0.87
Weight development surgery - -025+1.3 —27+32 0.52 0.8+ 1.0% —-1.8+05% 0.16
sacrifice [%)]

Baseline laboratory Sodium [mmol/I] 134.8 £ 2.6 137.0+1.2 0.41 1401 +£1.0 139.9 £ 0.6 0.85
ALP [U/L] 148.2 +£21.3 141.3 +£10.4 0.76 132.1 +8.3% 135.5 + 5.6% 0.73
AST [U/L] 88.8+15.7 81.3+6.3 0.63 82.0 + 6.0% 123 + 16.6% 0.04*
ALT [UL] 473+ 4 38.7+34 0.15 57.4 +3.1% 60.2 + 4.0% 0.6
ALB [g/L] 304405 31.7+13 0.41 31.7+0.8% 31.6 +0.6% 0.96
TP [g/L] 50.3 + 0.6 51.9+1.8 0.49 48,6 +0.9% 48.8 + 1.0% 0.85
Urea [mg/dl] 380+24 44.3 +6.0 0.41 41 +£2.48 36.3 + 1.4% 0.1
Ammonia [wmol/L] 121.3 £ 6.4 106.7 £ 8.1 0.2 138.8 + 15.1% 136.2 + 13.8% 0.91

Hemodynamics Portal Pressure [mmHg] 48405 51405 0.64 13.3 £ 0.9%## 15.8 & 1.0"## 0.11
Heart frequency [bpm] 195 + 12.8 200 £12.8 0.77 2111 £12.2 207.3 £ 146 0.84

Sham vs. PPVL: *p < 0.05; "p < 0.01; ™¥p < 0.001; ®ns. (p > 0.05). CCL4 + LAP vs. CCL4 + IM: *p < 0.05.

et al,, 2020). In our model CCL4 inhalation was stopped 3 days
before IM, which might be masking progression of fibrosis in
this model by IM. However, the perioperative discontinuation
of the hepatotoxic agents such as alcohol reflects clinical reality.
Still, in our CCL4 model IM leads to significantly elevated portal
pressure, elevated levels of liver enzymes and alpha-SMA and IL-
6 gene expression after IM compared to LAP as relevant surrogate
parameters for hepatic inflammation and decompensation.

An elevated portal pressure after surgery may be the
expression of increased systemic inflammation. Our data shows
significantly upregulated parameters of inflammation after
IM, suggesting an association between inflammation and the
development of elevated portal pressure after surgery. A close
association of HVPG and systemic inflammation has been shown

recently (Praktiknjo et al., 2020). A hyperinflammatory state is
also a key element of ACLF (Trebicka et al., 2019).

Inflammatory pathways driven by bacterial translocation and
mechanisms of sterile inflammation may play a role in post-
operative portal pressure elevation. In a recent retrospective
study, bowel-related surgery was associated with a poor outcome
in patients with cirrhosis, especially in those presenting with
ascites and thrombocytopenia (Wetterkamp et al., 2020). Our
study supports the role of bacterial translocation, indicated by
the significant increase of hepatic TLR-4 expression in the BDL
model 7 d after IM and significantly higher levels of endotoxin in
the cirrhosis models. However, our data do not show differences
of endotoxin levels between IM and LAP groups at 2 and 7 days.
It has been shown that major abdominal surgery is associated
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TABLE 1F | General characteristics and clinical data of rats undergoing Sham/PPVL at sacrifice 7 days after IM/LAP.

Parameter Sham + LAP Sham + IM p PPVL + LAP PPVL + IM P
n=8 n=8 n=8 n=8

Weight data Liver weight [g] 172+ 04 1569+0.8 0.17 142+0.3 189+ 04 0.58
Body weight at sacrifice [g] 4085 +7.3 396.3 + 12.6 0.42 378.6 + 8.5% 369.3 + 7.7% 0.42
Weight development surgery - —1.1+1 —1.4+1.8 0.9 —-0.3+1.71% —22+15% 0.41
sacrifice [%]

Baseline laboratory Sodium [mmol/I] 1359+ 141 137.4 £ 0.6 0.31 139.0 + 1.1% 140.7 £ 0.5% 0.2
ALP [U/L] 160.0 £ 7.1 1478+ 11.6 0.36 127.3 + 7.8* 139.7 + 11.4% 0.42
AST [U/L] 76.3+6.4 81.5+4 0.48 719+ 4.8% 79.5+7.3% 0.42
ALT [U/L] 49.4 £35 452 +1.6 0.36 48.7 +1.4% 40.7 £ 2.7% 0.11
ALB [g/L] 32.6 £0.6 32.7+£0.9 0.92 31.7 £0.6% 30.0+ 1.0% 0.17
TP [g/L] 521 +0.6 50.3+ 1.4 0.22 50.2 £ 0.7% 46.6 + 2.2% 0.15
Urea [mg/dl] 36.7 £3.6 31.3+18 0.25 37.8+2.1% 34.2+2.1% 0.23
Ammonia [mol/L] 92.2 + 14.4 80.3 + 19.11 0.63 89.5 + 16% 151.7 + 46.3" 0.18

Hemodynamics Portal Pressure [mmHg] 45406 4.4 +£0.2 0.82 12.4 +1.0% 14.8 + 1.2%## 0.16
Heart frequency [bpm] 205.8 £ 16.7 196.6 £ 14.2 0.73 2222 £16.9 2009 £ 2.9 0.1

Sham vs. PPVL: *p < 0.05; #*p < 0.001; ®ns. (o > 0.05).

ALB, albumin; ALF, alkaline phosphatase; ALT, alanine aminotransferase; AST, aspartate aminotransferase; BDL, bile-duct ligation; bpm, beats per minutes;, CCL4, tetrachlormethane;
IM, intestinal manipulation; LAR, median laparotomy; ns, no significance; PPVL, partial portal vein ligation,; TF, total protein.

with transient endotoxemia that peak between 1 and 24 h after
surgery (Buttenschoen et al., 2001, 2009). Endotoxin levels might
be significantly higher immediately after IM and then quickly
decrease after increase of systemic and inflammation markers
and upregulation of hepatic inflammation. This hypothesis needs
to be further investigated in the future.

It has also been shown that IM leads to a disruption of
the gut wall with the release of sterile proinflammatory agents,
e.g., extracellular matrix components that lead to local and
systemic inflammation (Bortscher et al., 2012; Chang et al,
2012; Nielsen et al., 2015; Lehmann et al., 2019). Our data
show significant upregulation of collagen type 1 and elevated
hepatic hydroxyproline levels in the BDL model 7 days after
IM as expression of fibrosis progression and clinical events
of decompensation. A boost of collagens and fragments or
neoepitopes of extracellular matrix systemically and in the portal
vein have been shown to be significantly associated with outcome
in patients with advanced stages of cirrhosis (Leeming et al.,
2013, 2015; Nielsen et al., 2015; Praktiknjo et al., 2018a; Lehmann
et al., 2019). Our data indicate that extrahepatic bowel surgery,
especially in the model of continuous liver injury, may have
the same effect, but needs to be confirmed in further studies
using this model. We believe that our model is well-suited to
study different pathways of inflammation and thus to investigate
pathomechanisms of postoperative hepatic decompensation.

Interestingly in the PPVL groups, portal pressure was not
significantly elevated after IM but showed the same trend as
the cirrhotic groups. No deaths or signs of decompensation
after IM in this model were recorded, at best, only transient
changes were seen in the expression of liver enzymes. IM
in this important non-cirrhotic control group was performed
relatively early after PPVL. Patients with portal hypertension
without cirrhosis, e.g., with vascular disorders of the liver have

better postsurgical prognosis, if they are treated early before the
presence of liver decompensation (Elkrief et al., 2019). Our data
show distinct post-surgical differences of inflammatory pathways
between cirrhosis and non-cirrhotic portal hypertension, which
can be further evaluated using this model.

Sarcopenia seems to play a role in these animal models of
cirrhotic and non-cirrhotic portal hypertension. Our data show
significant weight differences during the time of development of
cirrhosis or non-cirrhotic portal hypertension. Weight loss seems
to be more significant after IM in models of cirrhosis than in
sham and PPVL animals. While weight loss in cirrhosis is a well-
known fact, molecular mechanisms are still not fully understood,
since obtaining muscle biopsies in patients might be ethically
difficult. In recent studies it has been shown that muscle mass
in patients with cirrhosis is associated with outcome and ACLF
(Praktiknjo et al., 2018b, 2019). Pathophysiological investigation
of the role of sarcopenia in the development of AD and ACLF
especially after surgery in this model should be performed in the
future, but is beyond the scope of this study.

There are several limitations to the study. Different surgical
models, especially IM, might be dependent on the animal
surgeon. However, to remove bias, all surgical procedures were
performed by the same and trained individual for each surgery
type (BDL, Sham, IM, LAP). Surgical procedures were performed
in a block design, and animals were randomized into the different
groups. Clear-cut criteria of AD in animals are missing, but
our data includes relevant surrogate parameters of systemic
inflammation and important laboratory parameters as well as
clinical features of decompensation. Whether progression of
fibrosis and inflammation can be seen more clearly in the CCL4
model without the removal of the hepatotoxic agent CCL4
remains to be investigated. Finally, the role and relevance of
bacterial translocation and integrity of intestinal barrier need
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to be assessed in more detail in further experiments including
groups treated with antibiotics.

In conclusion, this study showed significantly elevated portal
pressure and systemic inflammation in preclinical models of
cirrhosis after IM. It also shows progression of fibrosis especially
in models of continuous liver injury. These models may be
useful to investigate pathophysiological mechanisms of post-
operative decompensation. Lowering the risk of postoperative
portal pressure elevation may be a therapeutic target.
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Aim: The purpose of our study was to conduct a retrospective analysis to compare the
effectiveness of transjugular intrahepatic portosystemic shunts (TIPS) in the treatment of
patients with cirrhosis with or without portal vein thrombosis (PVT).

Methods: We included a total of 203 cirrhosis patients successfully treated with TIPS
between January 2015 and January 2018, including 72 cirrhosis patients with PVT
(85.5%) and 131 without PVT (64.5%). Our subjects were followed for at least 1 year after
treatment with TIPS. Data were collected to estimate the mortality, shunt dysfunction, and
complication rates after TIPS creation.

Results: During the mean follow-up time of 19.5 + 12.8 months, 21 (10.3%)
patients died, 15 (7.4%) developed shunt dysfunction, and 44 (21.6%) experienced
overt hepatic encephalopathy (OHE). No significant differences in mortality (P = 0.134),
shunt dysfunction (P = 0.214), or OHE (P = 0.632) were noted between the groups.
Age, model for end-stage liver disease (MELD) score, and refractory ascites requiring
TIPS were risk factors for mortality. A history of diabetes, percutaneous transhepatic
variceal embolization (PTVE), 8-mm diameter stent, and platelet (PLT) increased the risk
of shunt dysfunction. The prevalence of variceal bleeding and recurrent ascites was
comparable between the two groups (16.7 vs. 16.7% P = 0.998 and 2.7 vs. 3.8% P
= 0.678, respectively).

Conclusions: Transjugular intrahepatic portosystemic shunts are feasible in the
management of cirrhosis with PVT. No significant differences in survival or shunt
dysfunction were noted between the PVT and no-PVT groups. The risk of recurrent
variceal bleeding, recurrent ascites, and OHE in the PVT group was generally similar
to that in the no-PVT group. TIPS represents a potentially feasible treatment option in
cirrhosis patients with PVT.

Keywords: transjugular intrahepatic portosystemic shunt, cirrhosis, portal vein thrombosis, survival, shunt
dysfunction
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INTRODUCTION

Portal vein thrombosis (PVT) is an important complication of
cirrhosis but is not common in the general population. However,
in cirrhosis patients, the occurrence rate is ~10-25%, and this
figure increases with the severity of cirrhosis (1-4). PVT can
further aggravate portal vein hypertension and lead to repeated
variceal bleeding or refractory ascites (5). PVT in cirrhosis may
be associated with a reduction in the portal vein blood flow
velocity, a high coagulation state, and vascular endothelial injury
(6-8). Currently, anticoagulant therapy is recommended as the
preferred treatment option for PVT, but anticoagulation is a
challenging therapy in patients with liver cirrhosis given the
well-recognized coagulation abnormalities (9). In addition, the
occurrence of PVT is typically not evident, and most patients
are complicated with portal hypertension (10, 11). At present,
thrombosis exhibits different degrees of transformation into
chronic thrombosis, and clinical treatment is very difficult.
Transjugular intrahepatic portosystemic shunts (TIPS) can be
used to establish a shunt between the hepatic vein and the portal
vein to reduce portal vein pressure. TIPS improve portal vein
blood flow and promote blood clot absorption and recanalization
(12-15). Thus, the purpose of our study was to conduct a
retrospective analysis to compare the effectiveness of TIPS in
the treatment of patients with cirrhosis with or without PVT in
our center.

MATERIALS AND METHODS

Patients

This retrospective study was reviewed and approved by the ethics
committee of The First Affiliated Hospital, Zhejiang University
School of Medicine. Given its retrospective nature and the lack
of a need to collect samples from patients, a waiver of written
informed consent was applied. This study included all patients
with cirrhosis (any etiology) with or without PVT characterized
as non-neoplastic (no tumor vein invasion) according to criteria
validated in previous studies (16) between January 2015 and
January 2018 in our center. The exclusion criteria for our
study included previous TIPS placement, missing clinical and
demographic information, hepatocellular carcinoma, previous
liver transplantation (LT), technical failure of TIPS, <12 months
of follow-up, any active tumor at the time of PVT diagnosis, and
incomplete baseline data. However, our study did not exclude
patients with cavernomatous transformation of the portal vein.
Patients were categorized according to whether they had PVT
or not before TIPS. Patients were followed until the occurrence
of end points, including death, LT, or the end of the study, in
January 2018.

TIPS Procedure

As previously described (17), TIPS procedures were performed
by the same team of interventional radiologists who had >10
years of experience in TIPS procedures. With the exception
of emergencies, all patients underwent routine computed
tomography angiography (CTA) examination prior to the
TIPS procedure to clearly visualize the anatomical relationship

between the start (hepatic vein) and the end point (portal vein).
After a successful puncture, bare stents (Boston Scientific, USA)
plus a self-expandable polytetrafluoroethylene (ePTFE)-covered
stent (GORE VIABAHN, USA), either 8 or 10 mm in diameter,
were inserted primarily based on the data from the procedure
that was performed. The portosystemic pressure gradient (PSG)
was measured using the difference between the portal vein
pressure and the right atrial pressure. If the PSG was not reduced
below the target threshold (12 mmHg), balloon dilation was
performed. TIPS revision using balloon dilatation or parallel
TIPS was performed. Variceal embolization was based on post-
TIPS portography using a metal coil (Cook, Bloomington, USA),
glue (Guangzhou Baiyun, Guangdong, China), or a metal coil
plus glue.

Data Collection and Follow-Up

Clinical, epidemiologic, laboratory, and radiologic data were
extracted from the medical records of the patients, including
demographics, etiology of cirrhosis, previous splenectomy,
history of diabetes, history of overt HE, and laboratory testing
results (aspartate aminotransferase, alanine aminotransferase,
albumin, international normalized ratio, platelet, hemoglobin,
white blood cell, creatinine, and total bilirubin). Child-Pugh
score, Child-Pugh class, model for end-stage liver disease
(MELD) score, and Eastern Cooperative Oncology Group
(ECOG) score were also calculated for each patient. The
following TIPS outcomes were assessed in the entire cohort:
duration of follow-up, indications for TIPS, refractory ascites,
variceal bleeding (gastric plus esophageal), 90-day mortality,
mortality (liver failure, multiorgan failure, gastrointestinal
bleeding, hepatorenal syndrome, sepsis, cerebral hemorrhage, or
unknown), stent (8 or 10 mm), overt hepatic encephalopathy
(OHE), recurrent variceal bleeding, recurrent ascites, antiplatelet
treatments (aspirin or aspirin plus dipyridamole), percutaneous
transhepatic variceal embolization (PTVE) (coil, glue, or glue
plus coil), portosystemic gradient before TIPS, portosystemic
gradient after TIPS, LT, and shunt dysfunction. The presence
of PVT was determined according to computed tomography
(CT) or magnetic resonance imaging and confirmed by portal
angiography at the time of TIPS creation. Follow-up visits
were performed when patients presented to the follow-up clinic
and were scheduled 1, 2, 3, and 6 months after TIPS and
every 6 months thereafter. Clinical, laboratory, and liver CTA
evaluations were performed at each visit, and the occurrence
of any liver-related complications since the last visit was
collected by the clinical research coordinator. Patients underwent
follow-up until death, LT, or the end date of the study on
January 31, 2018.

Statistical Analysis

All continuous variables are presented as the mean £ SD, and
categorical variables are expressed as counts and frequencies.
Student’s t-test or a chi-square test was used to compare
the significant differences between groups where appropriate.
Survival was calculated as the time from TIPS creation to the time
of death, transplantation, or the last follow-up. Survival curves
and the cumulative incidence of shunt dysfunction curves were
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TABLE 1 | Baseline demographic and clinical characteristics of patients.

Demographics Overall (N = 203) PVT (N =72) No-PVT (N = 131) P-value
Male 141 (69.5.0%) 47 (65.3%) 94 (71.7%) 0.424
Age (mean £SD) (years) 55.4 +£10.8 55.2 +10.5 55.6+11.4 0.736
Etiology of cirrhosis
Hepatitis B virus 111 (54.7%) 42 (58.3%) 69 (52.7%) 0.594
Hepatitis C virus 4 (1.9%) 1(1.4%) 3(2.1%) 0.421
Alcohol 34 (16.7%) 12 (16.7%) 22 (16.8%) 0.675
NASH/cryptogenic 6 (12.8%) 11 (156.3%) 15 (11.5%) 0.321
PBC/PSC 7 (3.4%) 1(1.4%) 6 (4.6%) 0.257
Autoimmune 5 (2.5%) 3 (4.2%) 2 (1.5%) 0.132
Schistosome 10 (4.9%) 2 (2.8%) 8 (6.1%) 0.171
Previous splenectomy 27 (13.3%) 18 (25.0%) 9 (6.8%) <0.001
History of diabetes 39 (19.3%) 11 (15.2%) 28 (21.4%) 0.262
History of overt HE 8 (3.9%) 2 (2.3%) 6 (4.6%) 0.324
Laboratory parameters (mean =+ SD)
AST (IU/) 84 + 212 86 + 148 72 + 256 0.232
ALT (U/) 65+ 172 69 + 124 62 + 225 0.532
Albumin (g/dl) 34.3+5.2 33.4+44 34.6 £5.8 0.612
INR 1.3+1.32 1.3+1.22 1.3+2.23 0.604
WBC 51 +51 58+7.2 4.7 +£32 0.231
PLT 76.1 £64.5 107.2 £ 82.4 65.4 +37.7 <0.001
HB 81.1+24.7 76.4 £ 21.7 84.2 + 256.2 0.021
Creatinine (mg/dl) 71.2+31.2 67.4 +16.7 722+ 355 0.325
Total bilirubin (mg/dl) 26.0 +£19.45 246 +16.5 33.2+224 0.432
Child-Pugh score 6.8+14 6.8+1.3 6.8+14 0.632
Child-Pugh class 0.201
A 89 (43.6%) 29 (40.3%) 60 (45.8%)
B 101 (49.5%) 40 (55.6%) 61 (46.6%)
C 13 (6.4%) 3 (4.2%) 0 (7.6%)
MELD 11.1+£3.20 109+ 3.0 11.1+£33 0.324
ECOG 1.06+0.27 1.04 £ 0.22 1.056+0.23 0.703
Stage of PVT (chronic) / 54 (75.0%) /
Degree of PVT / /
Mural / 12 (16.7%) /
Partial / 54 (75.0%) /
Complete / 4 (5.5%) /
Extent of PVT / /
MPV alone / 12 (16.7%) /
MPV + SMV / 19 (26.4%) /
MPV + SV/splenectomy / 32 (44.4%) /
MPV + SMV + SV/splenectomy / 7 (9.7%) /

NASH, non-alcoholic steatohepatitis; PBC, primary biliary cirrhosis; PSC, primary sclerosing cholangitis; HE, hepatic encephalopathy; ALT, alanine aminotransferase; AST, aspartate
aminotransferase; INR, international normalized ratio; WBC, White Blood Cell; PLT, Platelet; HB, Hemoglobin; MELD, Model for End-stage Liver Disease; PVT, portal vein thrombosis.
ECOG, Eastern Cooperative Oncology Group; MPV, main portal vein; SMV, superior mesenteric vein; SV, splenic vein.

estimated using the Kaplan-Meier method, and the differences
were compared using the log-rank test. Risk factors associated
with survival were explored using the Cox hazard multivariate
regression model. To rule out the effect that splenectomy might
have in our findings, we also performed the analysis excluding
patients who had undergone splenectomy. We regard a two-
tailed p < 0.05 as statistically significant. All the statistical
analyses were conducted with R 3.5.0 (18).

RESULTS

Baseline Characteristics

A total of 208 patients underwent TIP creation, but five patients
experienced technical failure of TIPS, including two in the non-
PVT group and three in the PVT group. Finally, a total of 203
patients who underwent TIP creation, including 72 patients with
PVT, were included in our analysis. Table 1 presents the baseline
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TABLE 2 | Outcomes of Transjugular intrahepatic portosystemic shunt in the Entire Cohort.

Characteristics Overall (N = 203) PVT (N =72) No-PVT (N = 131) P-value
Duration of follow-up (month) 19.56£12.8 20.5+10.2 18.8 £ 13.2 0.234
Indications for TIPS
Refractory ascites 23 (11.3%) 3 (4.2%) 20 (15.4%) 0.021
Variceal bleeding (Gastric + Esophageal) 184 (91.5%) 70 (97.2%) 114 (87.0%) 0.018
90-day mortality 8 (5.8%) 2 (2.6%) 6 (7.5%) 0.206
Mortality 21 (14.3%) 5(10.3%) 16 (16.4%) 0.134
Liver failure 8 (3.9%) 2 (2.8%) 6 (4.5%)
Multiorgan failure 6 (2.9%) 1(1.4%) 5 (3.8%)
Gastrointestinal bleeding 2 (0.9%) 1(1.4%) 1(0.7%)
Hepatorenal syndrome 1(0.5%) 0 (0.0%) 1(0.7%)
Sepsis 1(0.5%) 0 (0.0%) 1(0.7%)
Cerebral hemorrhage 1(0.5%) 0 (0.0%) 1(0.7%)
Unknown 2 (0.9%) 1(1.4%) 1(0.7%)
Diameter of stent 0.622
8mm 189 (92.6%) 68 (94.4%) 121 (92.3%)
10mm 14 (7.4%) 4 (5.6%) 10 (7.7%)
Overt hepatic encephalopathy 44 (21.6%) 14 (19.4%) 30 (22.9%) 0.632
Recurrent variceal bleeding 34 (16.7%) 12 (16.7%) 22 (16.7%) 0.998
Recurrent ascites 7 (3.4%) 2(2.7%) 5 (3.8%) 0.678
Antiplatelet treatments 114 (55.9%) 50 (69.4%) 64 (45%) 0.032
Aspirin 80 (39.2%) 36 (50.0%) 44 (30.1%) 0.021
Aspirin + Dipyridamole 34 (16.7%) 13 (18.1%) 21 (16.0%) 0.632
PTVE 152 (74.5%) 47 (65.3%) 105 (80.1%) 0.256
Caoil 72 (35.3%) 25 (17.3%) 47 (36.3%) 0.782
Glue 22 (10.8%) 7 (9.7%) 15 (10.3%) 0.421
Glue + Coil 48 (23.5) 15 (20.8%) 33 (25.3%) 0.421
Portosystemic gradient before TIPS (mmHg) 252 +5.6 27.4 +£6.2 241+ 45 0.234
Portosystemic gradient after TIPS 105+ 5.8 121 +6.2 95+32 0.432
Shunt dysfunction 15 (7.4%) 7 (9.7%) 8 (6.1%) 0.214

Indications for TIPS, 90-Day Mortality, Mortality, Diameter of stent, Overt hepatic encephalopathy, Recurrent variceal bleeding, Recurrent ascites, Antiplatelet treatments, PTVE, PSG
before TIPS (mmHg), PSG after TIPS (mmHg), Liver transplantation, Shunt dysfunction compared between patients with and without PVT. OHE, Overt hepatic encephalopathy; PSG,

Portosystemic gradient; PTVE, percutaneous transhepatic variceal embolization.

characteristics of the patients and comparisons between the two
groups. Age (P = 0.736) and sex (P = 0.424) were similar between
the two groups. Hepatitis B, non-alcoholic steatohepatitis
(NASH)/cryptogenesis, and liver disease caused by alcohol
were identified as the most common causes of cirrhosis.
The prevalence of hepatitis B infection, NASH/cryptogenesis,
and liver disease due to alcohol consumption were generally
comparable between the PVT and no-PVT groups [(58.3 vs.
52.7%, P = 0.594), (15.1 vs. 11.5%, P = 0.321), and (16.7 vs.
16.8%, P = 0.672), respectively].

Comparing the two groups of patients, the PVT group had
a greater proportion of patients with a history of splenectomy
(25.0 vs. 6.8%, P < 0.001). History of diabetes and OHE did not
significantly differ between PVT and no-PVT groups [(15.2 vs.
21.4%, P = 0.262) and (2.3 vs. 4.6%, P = 0.324)]. The following
laboratory parameters were collected before TIPS: AST, ALT,
albumin, INR, WBC, PLT, HB, creatinine, and total bilirubin.
The PVT group had higher platelet counts (107.2 & 82.4 vs.
65.4 4+ 37.7, P < 0.001), but no obvious differences in other

parameters were noted between the two groups. Child-Pugh,
MELD, and ECOG scores were similar between the PVT and no-
PVT groups [(6.8 & 1.3 vs. 6.8 & 1.4 P = 0.632), (10.9 & 3.0 vs.
11.1 £ 3.3, P = 0.324), and (1.05 & 0.27 vs. 1.05 + 0.23, P =
0.703), respectively].

Morbidity Following TIPS

During the mean follow-up time of 19.5 £ 12.8 months,
21 (10.3%) patients died. The cause of death included liver
failure in eight patients (3.9%), multiorgan failure in six
(2.9%), gastrointestinal bleeding in two (0.9%), hepatorenal
syndrome in one (0.5%), sepsis in one (0.5%), cerebral
hemorrhage in one (0.5%), and other conditions in two
(0.9%). The cumulative incidence of death at 90 days and in
the overall follow-up period was not significantly different
between the PVT and no-PVT groups [(2.6 vs. 7.5%, P
= 0.206) and (10.3 vs. 16.4%, P = 0.134), respectively]
(Table 2, Figurel). No significant difference was observed
in the proportion of patients experiencing transplantation
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FIGURE 1 | Comparison of survival of patients with PVT and without PVT who were all treated with TIPS. PVT, portal vein thrombosis; TIPS, transjugular intrahepatic
portosystemic shunt.

between the PVT and no-PVT groups
P =0.319).

Univariate analysis showed that age (per year increase),
refractory ascites requiring TIPS, variceal bleeding (gastric plus
esophageal) as an indication for TIPS, creatinine, MELD score,
and ECOG score was associated with mortality risk. The Cox
hazard multivariate regression model showed that only older age
(hazard ratio (HR), 1.05; 95% CI, 1.04-1.09), higher MELD score
(HR, 1.23; 95% CI, 1.08-1.41), and refractory ascites requiring
TIPS (HR, 0.46; 95% CI, 0.32-0.65) were statistically significant
predictors of mortality (Table 3). In addition, the usage of glue in
PTVE (HR, 0.31 95% CI, 0.08-1.18) may improve overall survival
compared with coil alone in PTVE (HR, 0.66 95% CI, 0.14-3.16).

(9.0 vs. 5.5%,

Post-operative Complications and Shunt

Dysfunction

Figure 2 presents an example of a patient with PVT in the
main portal vein, and the superior mesenteric vein was treated
with TIPS. All 203 patients successfully accepted TIPS between
January 2015 and January 2018. Variceal bleeding (gastric plus
esophageal) was the main indication for TIPS, accounting for
97.2 and 87.0% of patients with and without PVT, respectively
(P = 0.018). The PSG was 25.3 £+ 5.6 mmHg before TIPS
and 10.5 £ 5.8 mmHg after TIPS. The PSG values in patients
with and without PVT were similar before (P = 0.234) and
after TIPS establishment (P = 0.432). The diameter of the stent

required to achieve the desired reduction in the PSG was not
significantly different between the PVT and no-PVT groups (P
= 0.622). The main complications of TIPS, including recurrent
variceal bleeding, recurrent ascites, and overt HE, were similar
between the two groups (16.7 vs. 16.7%, P = 0.998; 2.7 vs.
3.8%, P = 0.678; and 19.4 vs. 22.9%, P = 0.632, respectively)
(Table 2).

During the follow-up period, 15 (7.4%) patients reported one
or more episodes of shunt dysfunction. No significant difference
in the cumulative incidence of shunt dysfunction was noted
between the two groups during the follow-up period (9.7 vs.
6.7%, P = 0.214) (Table 2, Figure 3). Univariate and multivariate
analyses showed that 8-mm stent diameter (HR, 1.24; 95% CI,
1.09-1.41) were associated with increased shunt dysfunction risk
during follow-up (Table 4).

DISCUSSION

In the past, PVT was considered a relative contraindication to
TIPS; however, many previous studies have shown that similar
outcomes were reported in patients with non-oncologic PVT
and those without PVT after the creation of TIPS (13, 19, 20).
A recent systematic review and meta-analysis suggested that
TIPSs in patients with PVT yielded satisfactory outcomes. For
example, the 1-year portal vein recanalization rate was 77.7%,
the TIPS patency rate was 84.2%, and the overall 1-year survival
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TABLE 3 | Factors associated with risk of mortality after Transjugular intrahepatic portosystemic shunt.

Variable Univariate analysis Multivariate analysis

Hazard ratio® (95% CI) P-value Hazard ratiot (95% Cl) P-value
Gender (male vs. female) 1.44 0.63 3.31 0.387 0.89 0.54 1.47 0.832
Age (per year increase) 1.05 1.01 1.09 0.010 1.04 1.00 1.09 0.082
Antiplatelet treatments (yes vs. no) 0.42 0.18 0.99 0.048 0.48 0.20 1.15 0.100
History of ascites (yes vs. no) 0.90 0.40 2.03 0.800
History of diabetes (yes vs. no) 0.49 0.12 2.1 0.340
Previous splenectomy (yes vs. no) 0.62 0.27 1.29 0.231
Refractory ascites (yes vs. no) 0.48 0.28 0.81 <0.05 0.46 0.32 0.65 <0.05
Varices bleeding (Gastric + Esophageal) (yes vs. no) 0.71 0.31 1.63 0.414
PTVE (vs. no PTVE)
Coil 0.83 0.32 2.17 0.708
Glue 0.25 0.03 2.00 0.192
Glue + Coil 0.86 0.31 2.43 0.784
Diameter of stent (8 vs. 10 mm) 0.62 0.23 1.70 0.356
Total bilirubin 1.00 0.97 1.02 0.817
INR 1.71 0.32 9.06 0.530
Creatinine 1.01 1.01 1.02 <0.001 1.01 1.00 1.02 0.067
PLT 1.00 0.99 1.01 0.647
WBC 0.99 0.92 1.07 0.851
HB 1.00 0.99 1.02 0.811
Child 1.21 0.94 1.55 0.136
MELD 1.15 1.05 1.27 0.003 1.23 1.08 1.41 <0.05
ECOG 3.03 1.23 7.44 0.016 2.1 0.75 5.93 0.158

ALT, alanine aminotransferase; AST, aspartate aminotransferase; INR, international normalized ratio; WBC, White Blood Cell; PLT, Platelet; HB, Hemoglobin; MELD, Model for End-stage
Liver Disease; PVT, portal vein thrombosis. ECOG, Eastern Cooperative Oncology Group. TCl, Confidence interval.

was 87.4% (21). The results from our retrospective study also
suggest that TIPS represents an alternative for the treatment of
refractory ascites and variceal bleeding (gastric plus esophageal)
in patients with cirrhosis with PVT. These findings based on the
results of our study revealed no statistically significant difference
in recurrent variceal bleeding, recurrent ascites, OHE, or shunt
dysfunction between the PVT and no-PVT groups.

The mortality, complication, and shunt dysfunction rates
reported in our study align with those reported in previous
studies (22, 23). Our results indicate that age, MELD score, and
refractory ascites requiring TIPS were risk factors for mortality
in multivariate analysis. PVT is not a risk factor for mortality
after TIPS. Comparisons of high-risk factors for mortality have
revealed differences in some epidemiological data (age, MELD
score, and refractor ascites). Mortality after TIPS increases,
and this finding is closely related to increasing MELD scores,
which is consistent with that reported in previous literature
(23, 24). PVT increased the risk of variceal rebleeding in patients
with cirrhosis (25), especially in cases of portal cavernoma
and acute PVT with an increase in portal hypertension, which
may cause life-threatening acute refractory variceal bleeding in
those with refractory ascites (26). Thus, these patients might
be at a high risk and receive benefits from TIPS insertion
via resolution of the thrombosed portal vein and simultaneous

reductions in the PSG. Furthermore, our results demonstrated
that refractory ascites before TIPS may be associated with poor
mortality. We believe there may be one possible explanation for
this finding. The refractory ascites requiring TIPS, criteria for
patient selection, can improve survival, as previously reported
in the literature (3). For example, most patients were <65
years old, classified with an early stage (Child B) of disease,
and did not experience prior encephalopathy, which might
partially explain these excellent results (27). However, most of
the patients with refractory ascites requiring TIPS in our entire
cohort were classified as Child C or were elderly patients. In
addition, the number of patients in this study was small, and
so these patients may have had worse mortality. Our results
showed that 15 (7.4%) of the entire cohort experienced shunt
dysfunction, and this prevalence is lower than results from
previous studies (23).

Multivariate analysis showed that smaller stent diameters were
associated with increased shunt dysfunction risk in the follow-up,
which is consistent with previous studies (25). The choice of stent
diameter (8 vs. 10 mm) remains controversial in the literature,
and there is no consensus. A previous clinical trial suggested
that the use of 8-mm diameter stents for TIPS construction leads
to unsatisfactory control of portal hypertension with recurrence
or persistence of complications in the majority of patients (28).
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superior mesenteric vein (F-H).

FIGURE 2 | A 55-year-old male patient was treated with TIPS due to esophagogastric varices bleeding with PVT in the main portal vein and superior mesenteric vein
(A-C). The portal venogram before (D) and after (E) stent placement. Four months after the operation, the thrombosis disappeared in the main portal vein and
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FIGURE 3 | Comparison of cumulative incidence of shunt dysfunction of patients with PVT and without PVT who were all treated with TIPS. PVT, portal vein
thrombosis; TIPS, transjugular intrahepatic portosystemic shunt.
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TABLE 4 | Factors associated with risk of shunt dysfunction after Transjugular intrahepatic portosystemic shunt.

Variable Univariate analysis Multivariate analysis
Hazard ratio’ (95% CI) P-value Hazard ratio® (95% Cl) P-value
Gender (male vs. female) 0.82 0.26 2.55 0.733 0.81 0.29 2.36 0.478
Age (per year increase) 1.02 0.98 1.07 0.321 1.08 0.88 1.33 0.234
Antiplatelet treatments (yes vs. no) 1.19 0.44 3.20 0.735
History of Ascites (yes vs. no) 0.71 0.26 1.91 0.495
History of diabetes (yes vs. no) 0.40 0.05 3.01 0.372
Previous splenectomy (yes vs. no) 1.19 0.44 3.20 0.735
Refractory Ascites (yes vs. no) 1.22 0.28 5.38 0.791
Varices bleeding (Gastric + Esophageal) (yes vs. no) 0.41 0.15 1.08 0.072 0.69 0.30 1.59 0.381
PTVE
Caoil 0.66 0.14 3.16 0.607
Glue 0.31 0.08 1.18 0.087
Glue+Coil 0.48 0.13 1.80 0.275
Diameter of stent (8 vs. 10 mm) 1.32 1.08 1.61 0.0012 1.24 1.09 1.41 0.023
Total bilirubin 0.96 0.91 1.02 0.151
INR 0.47 0.04 5.78 0.554
Creatinine 1.01 0.99 1.02 0.490
PLT 1.01 1.00 1.01 0.074 1.00 0.99 1.01 0.587
WBC 0.99 0.88 1.1 0.851
HB 1.01 0.99 1.03 0.491
Child 0.97 0.68 1.38 0.854
MELD 0.93 0.76 1.13 0.445
ECOG 0.79 0.58 1.08 0.352

ALT, alanine aminotransferase; AST, aspartate aminotransferase; INR, international normalized ratio; WBC, White Blood Cell; PLT, Platelet; HB, Hemoglobin; MELD, Model for End-stage
Liver Disease; PVT, portal vein thrombosis. ECOG, Eastern Cooperative Oncology Group. TCl, Confidence interval.

However, a recent clinical trial suggested that TIPS with 8-mm
diameter covered stents showed similar shunt function to TIPS
with 10-mm diameter stents (29). In addition, recent studies have
revealed that a smaller 8-mm diameter (V. S 10-mm diameter)
TIPS stent graft appears to improve patient outcomes, such as
survival (30, 31). The inconsistent findings may be due to the
heterogeneity of patients and the small sample size in different
studies. Therefore, further clinical trials on this topic based on
restricted inclusion criteria and larger sample sizes are warranted.

Our study reveals that the usage of glue in PTVE may
improve overall survival and prevent shunt dysfunction, which
may be preferable over coil embolization alone. This finding
was consistent with the results of a recent study (32). One
explanation for this finding may be that, due to the physical
properties of the glue embolization material, it may propagate
more readily and thoroughly into the network of PTVE, thus,
leading to a cast-like formation accumulating in the periphery
of PTVE. However, in practice it is more challenging to use
fluid embolism materials, particularly glue, and these are more
prone to off-target embolism. Coils are more precise and easier
to apply, especially if removable coils are used. In addition,
the cost for glue and coils (pushable and detachable) may
vary in different countries. Therefore, the decision for either
embolization method needs to take these regional conditions
into account.

Overt hepatic encephalopathy post-TIPS occurred in 21.6%
of patients in our study, and this finding is consistent with
the literature (20, 33). Our results also demonstrated that
PVT is not related to the incidence of OHE after TIPS.
Furthermore, no patient who required a small shunt diameter
developed refractory hepatic encephalopathy, and this finding
may be because we excluded patients with spontaneous or
recent HE. However, a randomized controlled trial (RCT) (34)
suggested that either lactitol or rifaximin was not able to
prevent post-TIPS encephalopathy. We still routinely prescribed
lactulose and/or lactic acid powder to all patients post-TIPS
to reduce the time of feces in the gut. To date, post-TIPS
OHE remains a problem associated with the use of ePTFE-
covered stents (19). In the future, multidisciplinary cooperative
analyses will be required to identify a better method to
prevent and treat post-TIPS OHE. Our study also revealed
that the rates of recurrent variceal bleeding and recurrent
ascites after TIPS creation were similar to those reported in
previous literature (35, 36). No difference was noted between
the PVT group and the no-PVT group. Patients with TIPS
and PVT in principle still received antiplatelet treatment in
our study useless they were evaluated as having a high risk
of rebleeding.

In total, 15 (7.4%) patients (seven (9.7%) in the PVT group
and eight (6.1%) in the no-PVT group) cohort exhibited shunt
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dysfunction, and the cumulative incidence of shunt dysfunction
among the entire cohort in the overall follow-up period was not
significantly different between the PVT and no-PVT groups. This
percentage is less than that reported for covered stents in patients
with cirrhosis with or without PVT in the literature (37). In total,
fifteen patients with shunt dysfunction were successfully treated,
including eight patients who underwent balloon angioplasty
treatment with stent placement, five patients who underwent
balloon angioplasty treatment without stent placement, and two
patients who were treated with parallel TIPS. As expected, an
increased rate of portal vein recanalization was observed in our
entire cohort, which may be largely due to the increased flow
velocity established by TIPS as it promotes mechanical lysis of
residual non-occlusive thrombi (the so-called “washout effect”)
(19, 20, 38, 39).

There are several limitations of our study. First, our study
was a retrospective analysis, which was conducted in a single
center with a limited sample size. The majority of included
patients had hepatitis B-related cirrhosis. Therefore, the
generalization of our findings to other settings, especially
Western countries, is difficult. International, multicenter,
and large-sample studies may be needed in the future to
better understand the effectiveness of TIPs. Second, the
epidemiological features noted in the large proportion of
patients in our study included HBV-related cirrhosis, which
may limit the generalizability of the findings to patients
with cirrhosis for other reasons. Third, an ePTFE-covered
stent combined with a bare stent was implanted during
the TIPS procedure rather than a Viatorr-covered stent
that was not available in China during the study period.
Fourth, patients with acute bleeding during TIPS creation
require urgent treatment. However, acute bleeding is an
indication for emergency TIPS, which may lead to differences in
procedural urgency.

In conclusion, our study shows that TIPS is feasible in the
management of cirrhosis with PVT. No significant differences
in survival and shunt dysfunction were noted between the
PVT and no-PVT groups. Age, MELD score, and refractory
ascites requiring TIPS were risk factors for mortality. A
history of diabetes, PTVE, 8-mm diameter stent, and PLT
increase the risk of shunt dysfunction. The occurrence of
recurrent variceal bleeding, recurrent ascites, and OHE was
similar between the two groups. Therefore, TIPS could be
considered an alternative treatment option in cirrhosis patients
with PVT.
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of Barcelona, Barcelona, Spain

Chronic liver disease is one of the biggest threats to public health worldwide. Worryingly,
the incidence of liver disease is dramatically rising due to the aging of the population and
the global epidemics of obesity. Both are major risk factors for chronic liver disease
and adverse prognostic factors, causing an increase in mortality rate. It is of great
concern that 80-95% of obese people have non-alcoholic fatty liver disease, the major
precursor for liver failure and a global health challenge. Currently, the only curative
treatment for advanced chronic liver disease is liver transplantation, which is, however,
hampered by high treatment costs and the scarcity of donor organs. New strategies
are therefore urgently needed to prevent and reverse chronic liver disease. And for
that it is essential to understand better the molecular mechanisms underlying human
disease. This review focuses on the abnormalities in the regulation of translation by
RNA-binding proteins during chronic liver disease and their pathological impact on portal
hypertension, fibrosis, steatosis, neovascularization, and cancer development.

Keywords: translation, RNA-binding proteins, CPEB proteins, liver disease, portal hypertension

Abbreviations: A-site, acceptor site; Akt, RAC-alpha serine/threonine protein kinase, also known as PKB (protein kinase B);
ARE, AU-rich element; Calpain2, CaMKII, Ca?>*/calmodulin-dependent protein kinase II; CCL2, monocyte chemoattractant
protein 1; CDC2, gene encoding for Cyclin Dependent Kinase 1 (Cdkl), also called p34; CPE, cytoplasmic polyadenylation
element; CPEB, cytoplasmic polyadenylation element binding protein; CPSE cleavage polyadenylation specific factor
(complex). It binds the AAUAAA/AUUAAA sequence and recruits PAP.; CTD, RNA-binding C-terminal domain; DAMPs,
damage-associated molecular patterns; Dcpl, decapping enzyme 1; Dcp2, decapping enzyme 2; E-site, exit site; eEF1A-B,
eukaryotic elongation factor 1A-B; eEF2a, eukaryotic elongation factor 2a; p-eEF2a, phosphorylated eukaryotic elongation
factor 2a; EC, endothelial cells; ECM, extracellular matrix; eIF, eukaryotic initiation factor; eIF4E, eukaryotic initiation
factor 4E; eIF4G, eukaryotic initiation factor 4G; eIF5-A, eukaryotic initiation factor 5-A; ER, endoplasmic reticulum;
eRF1, eukaryotic release factor 1; eRF3, eukaryotic release factor 3; GLD-2, germ line development protein 2; GTP,
guanosine triphosphate; HBV, hepatitis B virus; HCC, hepatocellular carcinoma; HCV, hepatitis C virus; HepG2, immortal
hepatocellular carcinoma cell line; HED, high fat diet; HIF1a, hypoxia-inducible factor a; HSC, hepatic stellate cells; Huh7,
human hepatoma derived cell line; IkBa, NF-kB Inhibitor «, also known as major histocompatibility complex enhancer
binding protein MAD3; IL-6, interleukin 6; IL-6R, interleukin 6 receptor; iKO, inducible knock-out; IRES, internal ribosome
entry site; JAK/STAT, janus kinases/signal transducer and activator of translation pathway; KC, Kupffer Cells (macrophages);
KO, knock-out; LSEC, liver sinusoidal endothelial cells; m’Gppp, 5'cap; MAFLD, metabolic-associated fatty liver disease;
MAPK/ERK, mitogen activated protein kinases/extracellular signal regulated kinases pathway; miRNA, micro RNA; MMP9,
matrix metalloproteinase 9; NAFLD, non-alcoholic fatty liver disease; NASH, non-alcoholic steatohepatitis; NF-kB, nuclear
factor kB p65 subunit; NTD, N-terminal regulatory domain; p21, protein 21; p34, protein 34; p-Akt, phosphorylated
Akt; P-site, Peptidyl site; PABP, Poly(A) binding protein (family of proteins).; PAP, Poly(A) polymerase; PARN, Poly(A)
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2,6-biphosphatase 3; PHT, portal hypertension; PI3K-Akt, phosphatidylinositol-3-kinase-Akt pathway; PIGE placental
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INTRODUCTION

Chronic liver diseases, along with hepatocellular carcinoma
(HCC), have increasingly become a global significant health
burden, affecting as much as 5.5 million people worldwide
(Younossi et al., 2016; Pimpin et al, 2018). This set of
diseases are characterized by decreased hepatic function as a
result of chronic inflammation and repeated insults to the
liver, often leading to an irreversible and fatal outcome. It
can no longer be ignored that the dramatically increasing
global epidemic of obesity greatly helps at fueling metabolic
conditions, which will often manifest through the liver in the
form of non-alcoholic or metabolic associated fatty liver disease
(NA/MAFLD), predisposing to a spectrum of diseases including
non-alcoholic steatohepatitis (NASH), fibrosis (Mejias et al,
2020a), cirrhosis and HCC (Younes and Bugianesi, 2018; Zhang,
2018). Under such circumstances, the liver and its cellular
population are forced to undergo metabolic reprogramming
to compensate the new condition. Underlying inflammation
and other metabolic changes, regulation of mRNA translation
through the control of poly(A) elongation has been observed as a
key factor (Curinha et al., 2014; Chen et al., 2016), where the main
actors have been found to be the cytoplasmic polyadenylation
element binding (CPEB) family of proteins, mostly implicated
in cell proliferation, tumorigenesis, invasiveness, angiogenesis
and fibrogenesis. This review aims to stand out the role of
key CPEB proteins in the regulation of mRNA translation
under metabolic stress in the liver, contributing to gather and
bring further the limited knowledge we have on the underlying
molecular mechanisms, in order to find alternative approaches to
treat these diseases.

POSTTRANSCRIPTIONAL CONTROL OF
GENE EXPRESSION

Gene expression regulation is an intricate, interconnected and
multi-layered process involving three main players (DNA,
RNA and proteins), in which every step is tightly monitored
and controlled to ensure optimal cellular adaptation to the
environmental and physiological demands, while remaining
robust to transient perturbations (Moore, 2005). Whereas the
nucleotide sequence of a gene determines the sequence of its
mRNA product, and whereas an mRNA’s sequence determines
the amino acid sequence of the resulting polypeptide, there is
no trivial relationship between the concentration of a transcript
and the concentration(s) of the protein(s) derived from it (Liu
etal., 2016). Although most of the research from the last decades
has focused on the first step of the pathway (the regulation of
transcription), novel systematic studies quantifying transcripts
and proteins at genomic scales exposed the importance of
multiple processes beyond transcript concentration, contributing
to establishing the expression level of a protein (McManus
et al., 2015). Translational efficiency thus becomes the single
best predictor of protein expression (Schwanhiusser et al.,
2011), underlining the importance of the last step in the gene
expression cascade.

mRNA translation is a cyclical process that has been described
and investigated for many years now, identifying three steps
from which initiation has been the most studied, followed by
elongation and termination. Translation initiation is the most
complex step and rate-limiting, involving a myriad of proteins
(with new ones being linked to it as research progresses), typically
divided in a standard cap-dependent initiation and an alternative
cap-independent initiation. Both mechanisms have the purpose
of recruiting the mRNA and assembling the ribosomal subunits
so that translation can begin.

Cap-dependent translation is the most general mechanism of
translation initiation (Ruggero and Shimamura, 2014). A set of
proteins called eukaryotic initiation factors (eIFs) are required
for the recruitment of the 40S subunit on the 5UTR, right
where the m’Gppp group is. Once assembled, the 40S subunit
scans the mRNA until reaching the start codon (AUG), which
is then pinpointed and paired with the anticodon tRNA at the
peptidyl site (or P-site), culminating with the recruitment of the
60S ribosomal subunit and thus forming the whole ribosomal
complex, ready to proceed to the elongation phase. However, the
alternative mechanism of translation initiation, called Internal
Ribosome Entry Site (IRES) mediated translation, will allow the
translation of mRNAs in a cap-independent manner, sparing
the need of 5’'UTR recognition as well as the mRNA scanning
process, by directly recruiting the 40S subunit nearby the codon
where the translation must be initiated.

Translational elongation is a mechanism conserved in all
kingdoms of life, assisted by a minimal set of factors (Dever
et al., 2018). During this step, the ribosome reads the mRNA
sequence and consequently adds the corresponding amino acids
matching each codon, mediated by elongation factors eEF1A-
B, eEF2, and eIF5A, which keep the cognate aminoacyl-tRNAs
flowing through the A- (acceptor), P- (peptidyl) and E- (exit)
sites, as the lecture proceeds.

The last step in translation is known as termination, and it
is triggered when the ribosome reaches the stop codon. Two
release factors (eRF1 and eRF3), with the help of GTP, constitute
a ternary complex that execute the release of the nascent peptide
(Hellen, 2018). The complex follows disassembly, allowing its
constituents to integrate further rounds of translation in a
posterior recycling phase.

Once the mRNA transcript has completed its function,
it is required to undergo physiological exonuclease-mediated
degradation by diverse decay pathways (Halbeisen et al., 2008),
each one being carefully controlled to recognize its target
mRNAs. Oddly, the major cytoplasmic mRNA degradation
pathway in eukaryotes begins with shortening of the poly(A)
tail by a variety of deadenylases, before the removal of the
5'cap structure by decapping enzymes Dcpl and Dcp2 (Parker
and Song, 2004). After that, the decapped intermediates are
consequently digested either by Xrnlp exonuclease (5" — 3) or
by the exosome complex (3" — 5').

The poly(A) tail is a dynamic structure constituted by a
sequence of 200-250 adenine residues (its length varying among
species), found at the 3’UTR end of all nuclear transcribed
eukaryotic mRNAs. One of its main essential functions is
blocking mRNA degradation by ubiquitous exonucleases, and
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thus providing an additional regulatory opportunity to extend
(or shorten) the transcript’s life while remaining in the cytoplasm
by just allowing the addition or deletion of adenine residues
from the 3’end, respectively. Moreover, a long poly(A) tail
will allow stabilization of the mRNA during translation by
circularization, assisted by initiation factors eIF4E and eIF4G,
and PABP, all of which are target of a number of factors
that will stimulate or inhibit the translation of specific mRNAs
(Ferndndez-Miranda and Méndez, 2012).

RNA-BINDING PROTEINS

The eIF4E, eIF4G, and PABP belong to the great family
of RNA-binding proteins (RBPs), together with a myriad
of other proteins. RBPs are central components in RNA
metabolism, since they regulate all aspects in the life of
mRNAs; from their synthesis, processing and maturation, to
their export, stability, transport and translation, in addition
to generating connections and regulatory networks between
these processes, so that perturbations in the pathway can
be quickly neutralized or, at least modulated. This crucial
role is also played by the CPEB (cytoplasmic-polyadenylation
element binding protein) family, which belongs to the RBP
category as well. The first clues on the existence of this
family came around the 1990s when Richter and colleagues
were observing the involvement of p34°4? kinase in cyclin-
mediated polyadenylation (Paris et al., 1991; Hake and Richter,
1994). They found that p34°? kinase was phosphorylating
another kinase, probably Aurora-A kinase, which in turn
phosphorylated a CPE-binding protein, happening to be CPEBI,
years of research after. Fast forward, up-to-date genome-
wide studies found that around 20% of vertebrate genome
transcripts contain CPE elements, thus turning into potential
CPEB targets (Pavlopoulos et al., 2011), although the specific
roles and regulation of each CPEB are still poorly understood
in adult tissues.

Cytoplasmic polyadenylation element binding are of special
interest for their active role in cytoplasmic polyadenylation
modulation, which they execute through binding specific
structural elements on targeted mRNAs and by interacting with
other proteins (Figures 1A,B). Intriguingly, CPEBs have the
ability to both activate and repress translation by turning on
polyadenylation and deadenylation, respectively; they do so by
sticking to specific sequences located on the 3'UTR end of the
transcripts, the most common one being the CPE (cytoplasmic
polyadenylation element), an AU-rich domain (Belloc and
Méndez, 2008). Whether they bind with higher or lower affinity
to these sequences, and whether they end up activating or
repressing translation, will greatly depend on the number and
type of sequences, distance between them and the proteins and
complexes surrounding that region. Furthermore, each of the
four mammalian paralogs comprised within the CPEB family
(herein CPEBI1-4) have also been attributed different degrees
of affinity with the above mentioned sequences (Ferndndez-
Miranda and Méndez, 2012). This is due to the fact that they all
share common domains, such as the NTD (N-terminal regulatory
domain) and CTD (RNA-binding C-terminal domain) ones.

While CTD remains largely conserved across the family, NTD is
highly variable regarding its RRM (RNA-recognition motifs), and
strongly susceptible to several post-transcriptional modifications
(Mendez et al., 2000; Theis et al., 2003; Drisaldi et al., 2015), which
leads to contemplate the fact that the different CPEBs will trigger
different signals over a same mRNA target, thus engaging distinct
expression patterns. To add up another level of complexity, it
has been described by Igea and Mendez (Igea and Méndez,
2010; Hu et al, 2014) that some CPEBs (particularly CPEBI
and CPEB4) are able to self-regulate their expression using the
CPE elements sheltered in their very own mRNA. This set of
facts, adding up to the empirical behavioral observation of the
different CPEBs in different tissues and disease stages, suggests
that this family of proteins is capable to accurately adjust spatial
and temporal signals in such a complex and precise manner;
there is no doubt that there’s a long way ahead until we can start
elucidating the specific mechanisms and circumstances under
which CPEBs operate.

Early studies on the CPEB family members” sequences show
close similarities between CPEB2-4 compared to CPEB1, which
have been clustered into a separated subfamily (Fernandez-
Miranda and Méndez, 2012; Ivshina et al., 2014). Intriguingly,
CPEB orthologs have been found to be better conserved across
different species than between paralogs (Wang and Cooper,
2010), for what we can assume their identities had a strong
role to be selectively maintained through evolution, although
the number of CPEBs within their family can vary between
species. The first investigations on CPEBs used Xenopus laevis
oocytes as a model to study cytoplasmic polyadenylation
dependent translation. Later on, CPEB investigations began
to use other models and move across other fields, unraveling
different identities and roles for each CPEB member, all of
them regarding the regulation of the poly(A) tail. CPEB1
has been the most studied member of this puzzling family,
partly because it was the first to be discovered. Studies from
Mendez lab have shown that CPEB1 can act both as an
activator and a repressor of mRNA translation, depending on its
phosphorylation status (Fernandez-Miranda and Méndez, 2012);
while the activator mechanism has been quite well characterized,
the repression mechanism (when CPEBI is unphosphorylated)
remains debatable. CPEB1 will change its affinity for F (cleavage
polyadenylation specific factor) upon phosphorylation, following
PARN (poly(A) ribonuclease) eviction from the complex, and
enabling GId2 (a poly(A) polymerase) to enter the scene and
begin polyadenylation during the meiotic (Kim and Richter,
2007) and mitotic stages (Novoa et al., 2010). CPEBI1 has
also been found to be implicated in cellular senescence (Burns
and Richter, 2008), tumor development (Nagaoka et al., 2016),
inflammation (Ivshina et al., 2015), synaptic plasticity (Udagawa
et al., 2012), and liver homeostasis (Alexandrov et al., 2012),
beyond meiosis. Conversely, CPEB2 was suggested some years
ago to act as a translational repressor upon the elongation
phase, via interaction with eEF2 (Chen and Huang, 2012), and
very little information has been obtained on possible activation
mechanisms on specific target mRNAs (Hiagele et al., 2009). We
know CPEB?2 is expressed in the liver, as well as in the brain and
in testis, that it interacts with b-catenin and CaMKII (which are
both targets of CPEB1) (Turimella et al., 2015), and that it could
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FIGURE 1 | CPEB-regulated mechanism of translational activation through polyadenylation. (A) Translationally repressed mRNA where CPEB1 is bound to the CPE
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a platform for the protein complex tethering the repressed mRNA. (B) Upon Aurora A phosphorylation, CPEB1 is thus phosphorylated and activated, which will
cause PARN ejection, liberating GLD2 to finally be able to resume polyadenylation. The resulting long poly(A) tail will facilitate the 40S ribosomal subunit to find it,
guided by elF4G-elF3 complex, finally allowing translation. (C) Roles and mechanism of CPEB1 and CPEB4 in 3 different mRNAs related with the pathophysiology of
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be involved in HIF1a activity regulation, at least in neuroblastoma
cells (Hagele et al., 2009). To date, the knowledge on CPEB2 and
its role in cancer and liver is still modest but not less deserving of
further research. CPEB3, in turn, has been mainly studied in the
frame of synapse activity, where studies indicate this member of
the family can both enhance activation and degradation of target
mRNAs upon either monoubiquitinylation (Pavlopoulos et al.,
2011), either cleavage by Calpain2 or either by forming prion-
like aggregates (Drisaldi et al., 2015; Fioriti et al., 2015; Stephan
et al, 2015). CPEB3 has been related to tumorigenesis and it
seems it would also play a role in HCC progression (Zhang et al.,
2020), but again, very little has been researched on that matter
regarding CPEB3.

Ultimately, CPEB4 was also attributed repression and
activation roles regarding cytoplasmic polyadenylation in specific
contexts, such as terminal erythroid differentiation (Hu et al.,
2014), circadian rhythms (also involving CPEB2) (Kojima et al.,
2012; Maillo et al., 2017), oocyte maturation, somatic cell cycle
and tumor progression and malignancy (Novoa et al., 2010;

Ortiz-Zapater et al., 2012), cell survival (Kan et al., 2010; Chang
and Huang, 2014), and pathological angiogenesis in the liver
context (Calderone et al., 2016), strongly indicating a pro-
tumoral role in cancer progression (Han et al., 2015; Hu et al,,
2015; Zhong et al., 2015; Boustani et al., 2016), despite some
reports pointing toward opposite directions (Peng et al., 2014).

CYTOPLASMIC POLYADENYLATION
ELEMENT BINDING PROTEINS IN LIVER
DISEASE

The liver is a complex organ, just as the family of proteins we’re
writing about. It is also the most affected organ by the aging
population and the modern lifestyle in industrialized societies,
often fueling chronic liver diseases, which are currently still an
underestimated and growing global public health problem. The
epidemiology of liver disease is diverse; alcohol abuse, HCV/HBC
viral infections and non-alcoholic fatty liver disease (NAFLD) are

Frontiers in Physiology | www.frontiersin.org 76

November 2021 | Volume 12 | Article 795298


https://www.frontiersin.org/journals/physiology
https://www.frontiersin.org/
https://www.frontiersin.org/journals/physiology#articles

Balvey and Fernandez

Posttranscriptional Reprogramming

the most common causes, and studies cannot find agreement in
which of them is the most prevalent one. One must note, before
keeping on with this review, that the trend in the clinical field
for the past years has strived to redefine NAFLD so that this
affection can be rather diagnosed by inclusion criteria instead
of exclusion criteria; this is how “metabolism-associated fatty
liver disease” (MAFLD) is born, a term recently coined by an
international panel, with growing popularity in literature (Eslam
et al.,, 2020; Yamamura et al., 2020). This set of chronic liver
diseases affects no less than 5.5 million people worldwide (Pimpin
et al., 2018), with NA/MAFLD leading the rank, estimated to
affect approximately 25% of the world population (Younossi
et al,, 2019). This affection, while remaining untreated, will
continue to progress to non-alcoholic steatohepatitis (NASH),
which very often will derive in serious liver injury stage by stage
until reaching cirrhosis or even HCC. Associated metabolic risk
factors will range from hypertension and dyslipidaemia, obesity
and diabetes (Neuschwander-Tetri, 2010); cardiovascular disease
is the most common cause of mortality in individuals affected
by NA/MAFLD, followed by HCC (Adams and Angulo, 2005).
However, when the patient reaches the stage of cirrhosis, liver
disease will prevail as the number-one risk for mortality.

In all of these phases of the chronic liver disease, we find a
cytoplasmic polyadenylation binding protein (CPEB) involved,
acting in one way or another (Figures 1C, 2). This review
aims to put together the investigations from the last decades
on this family of proteins to shed some light on the purpose of
their role in this particular organ, and to show how significant
research is on this field, given the current inevitable background
of these diseases, the magnitude of people affected by them, and
the socioeconomic and health burden they imply. But before
tackling the multiple roles the CPEB proteins play in chronic liver
diseases, it might be useful to first have a brief insight into the cell
composition, structure and basic physiological functions of this
organ, to have a better global understanding.

The liver is the most extensive organ in our body after the
skin, weighting around 2-3% of the whole bodyweight. Its
function is essential for the bodys homeostasis, participating
in the most important biological mechanisms amongst which
stand detoxification of waste compounds, erythrocyte recycling,
synthesis and secretion of bile, plasma protein synthesis and
energetic metabolism homeostasis, among others (Fernandez,
2015). Because of its detoxification function, the liver is
constantly being exposed to toxins and stress-inducing
molecules, which greatly favor the staging of chronic liver
disease, especially under an excess calorie intake and nutritionally
imbalanced diet (mostly in the form of carbohydrates and fat)
accompanied by a sedentary lifestyle. The most abundant cell
population in the liver are hepatocytes (around 80%), their
distribution shaping polygonal conformations organized in
radial layers; the space between these layers is known as the liver
sinusoid, where the nutrient exchange takes place. The rest of
cells (20%) are grouped into the so-called non-parenchymal type:
LSEC (liver sinusoidal endothelial cells), HSC (hepatic stellate
cells), KC (Kupfter cells). LSECs are highly specialized cells which
are found enclosing the liver sinusoid. They are characterized
by being highly permeable and forming fenestrations in order

to facilitate the process of nutrient delivery to hepatocytes. In
addition, they are in charge of maintaining a low portal pressure
regardless of global pressure fluctuations, and also maintain HSC
quiescent to repress fibrogenesis. HSCs are pericyte-like cells
found within the space of Disse (subendothelial area contained
between LSEC and hepatocytes, where the exchange of molecules
is given); their main function is stocking up on vitamin A, but
they also play a big role in immune response over stress, besides
mediating injury response and tissue regeneration. Finally, KCs
are resident macrophages whose function is to process aged
erythrocytes and other circulating waste, besides coping with
immunological imbalance in the liver, when in need. Structurally,
the liver tissue is mostly composed of multiple parcels named
portal triads, which comprise branches from the hepatic artery
and portal vein, and a bile duct; understanding this architecture
is essential to follow the stages of disease development.

Cytoplasmic Polyadenylation Element

Binding Proteins and Cellular Stress

After a life of poor diet habits and physical inactivity, the
liver starts to be forced to overcompensate for the cellular
damage and dysfunction derived from oxidative stress over
a net accumulation of energy in the form of triglycerides.
Hepatocyte injury and death are at the center of the progression
of NA/MAFLD to NASH, since they amplify inflammatory and
fibrotic signaling in the pericellular milieu (Ibrahim et al., 2018).
It is still unclear how the vicious cycle of progressive destruction
and regeneration starts and the role that CPEBs have in it,
but a study from Maillo et al. (2017) could be useful to bring
some light over how CPEBs are involved in the pathogenesis
of NA/MAFLD. Their work (Maillo et al., 2017) focuses on
CPEB4, whose mRNA levels are intriguingly regulated in a
circadian manner in the liver. This is also the case of CPEB2
(Kojima et al., 2012), although this study leaves it unrelated to
hepatosteatosis. The absence of CPEB4 in high fat diet (HFD)-
fed mice, though, resulted in exacerbated steatosis, sometimes
accompanied by fibrosis, originated by lipid accumulation in the
liver and impaired lipid metabolism.

The liver is complexly governed by a cell-autonomous
circadian clock, which regulates the unfolded protein response
(UPR) in hepatocytes. The maintenance of endoplasmic
reticulum (ER) integrity by the UPR is crucial for glucose and
lipid metabolism homeostasis; thus, alterations in UPR pathway
are known to lead to hepatosteatosis and possibly type-2 diabetes.
Although CPEB4 protein levels are not circadian themselves,
its mRNA levels oscillate, generating a circadian mediator of
UPR in order to anticipate periods of elevated ER overexertion
(Maillo et al., 2017). CPEB4 and UPR are closely related because
in hepatocytes under metabolic stress, such as the one induced
by HFD, the ER triggers the UPR to maintain tissue homeostasis;
elF2a is then phosphorylated and global protein synthesis
attenuation follows, in order to help the cell to adapt to the ER
stress. However, p-elF2a will selectively increase the translation
of upstream open reading frame (uORF)-rich transcripts,
amongst which stands CPEB4 mRNA (which actually contains
eight uORFs). In a second wave of translational activation,
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context might likely facilitate the survival of transformed cells in a hypoxic millieu. Hepatocytes, LSECs and KCs will also respond to cell damage and cellular stress

by producing ROS and liberating proinflammatory cytokines, contributing to the activation of HSCs and the progression of HCC.

CPEB4 will therefore bind CPE-containing mRNAs, encoding
for multiple chaperones and other proteins involved in ER
homeostasis and stress resolution.

Under CPEB4 depletion in mice, it is argued that impaired
mitochondrial fatty acid oxidation and respiration will cause lipid
accumulation and toxicity, besides also favoring the induction of
apoptotic UPR branch, failing to adaptively attenuating HFD-
induced ER stress. In addition, HFD-fed and CPEB4 KO mice
showed hyperglycemia, and although CPEB4 KO was not directly
related to glucose metabolism, it is indirectly associated to it
through impaired lipid homeostasis, as the accumulation of lipids
has an inhibitory effect on hepatic insulin signaling (Maillo et al.,
2017), leaving liver gluconeogenesis unaffected. The authors of

the study point out that their results indicate a cell-autonomous
defect in hepatocytes, rather than a metabolic impairment in
adipose tissue regarding the pathological response to HFD. One
can fathom that CPEB4 depletion will induce hepatosteatosis as a
result of unfolded protein accumulation, according to this study.

Other interactions described in literature that may potentially
play a role in chronic liver disease initiation are, for example,
CPEB1 on PTEN and STAT3 mRNAs; though CPEBI interacts
in a direct manner with these CPE-containing mRNAs by
repressing them, in the absence of CPEBI1 these factors become
upregulated, interfering in glucose metabolism and causing
insulin resistance in the liver in response to stressful ongoing
events, such as high fat diet (Alexandrov et al., 2012). In addition,
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this interaction has been associated to elevated IL-6 serum levels
in the same study upon CPEB1 knock-out mice; this finding is
known to be correlated to insulin resistance and even cancer
(Feve and Bastard, 2009). This complex interplay between pro-
inflammatory and insulin-related factors will, if not cause, trigger
and fuel stressful metabolic conditions in hepatocytes that might
be hard to overcome (Kucukoglu et al., 2021).

Cytoplasmic Polyadenylation Element
Binding Proteins and Portal

Hypertension

Portal hypertension (PHT) is usually one of the most significant
and devastating complications of chronic liver disease, often
silently manifesting at early stages of the disease. The profound
hemodynamic disturbances are a consequence of vascular
architecture distortion, and they are not limited to intrahepatic
circulation as one would think; it is a fact that they will
eventually involve the splanchnic and systemic vascular beds,
characterized by a pathological increase of blood flow and
consequent portosystemic collateral vessel formation in the form
of pathological angiogenesis (Fernandez et al., 2016). It is in this
scenario of PHT and pathological angiogenesis where we find a
CPEB enrolled again.

Upon hemodynamic shear and mechanical stress trigger,
increased blood flow and vascular growth factors, there is a
rapid phosphorylation of Aurora-A kinase, a serine/threonine
kinase that is able to activate CPEBI. Activated CPEB1 will then
initiate alternative nuclear processing within 3'UTR of vascular
endothelial growth factor (VEGF) and CPEB4 mRNAs; the
latter activating cytoplasmic polyadenylation of VEGF mRNA,
which will rapidly rise its translational rate (Figures 1C, 2).
VEGF will activate endothelial cells to turn on mobility
and filopodia protrusion in order to form tip cells and to
initiate new sprouts (Fernandez et al., 2016). These cells are
supported by stalk cells, which are also activated endothelial cells
whose function is to establish the vessel's lumen. Endothelial
cells will then begin to secrete platelet-derived growth factor
(PDGF) to attract pericytes and smooth muscle cells to stabilize
the nascent vessel. This elaborated mechanism contributes to
increase splanchnic neovascularization and splanchnic blood
flow during PHT and chronic liver disease. It also participates
in the formation of portosystemic collateral vessels, which try
to alleviate the increased portal pressure by redirecting the
enhanced portal venous inflow through the new collaterals.
This angiogenic mechanism involving CPEB1 and CPEB4
overexpression is purely pathologic and plays a big role in quite
every stage of the chronic liver disease; in cirrhotic patients,
for instance, angiogenesis will contribute to the establishment
and maintenance of abnormal hepatic architecture, perpetuating
PHT and promoting fibrogenesis and inflammation. In this
sense, CPEB silencing ameliorates major hallmarks of PHT, such
as portosystemic collateral vessel formation, mesenteric arterial
hyperdynamic circulation, and several surrogate markers of
disease severity, such as increased von Willebrand factor plasma
levels and splenic enlargement and hyperactivation, according to
animal models (Calderone et al., 2016; Figure 3).

Cytoplasmic Polyadenylation Element

Binding Proteins and Neovascularization
For many years, research has focused on the overproduction
of VEGF as the target for new therapies, but the problem
with these drugs is that they target both physiological and
pathological angiogenesis, and their use becomes restricted
because of significant side effects, such as collapsing normal
vasculature, leakage and bleeding (Calderone et al., 2016). In
this sense, the research on the posttranscriptional mechanisms
mediated by CPEBs opens a new door to target pathological
angiogenesis solely.

Pathological angiogenesis is a process where new vessels
sprout and branch from preexisting blood vessels (Ramirez-
Pedraza and Fernandez, 2019), and becomes clinically relevant
in a context of PHT and cirrhosis, where CPEB1 and CPEB4 are
upregulated in a similar way than the previously mentioned. Even
though VEGF is directly guilty for launching neovascularization
processes, it does not discern between a physiological or a
pathological setting; but CPEBs do. Analysis on VEGFs mRNA
uncovered multiple regulating elements with diverse functions;
the already known CPE domains at the 3'UTR allow CPEB1 and
CPEB4 binding, and so do the PAS (putative polyadenylation site)
domains. In addition, important feed-back loops where CPEB4
binds its own CPE boosts its translation and will surely cause
an additional increase on VEGF overexpression. Otherwise, other
AU-rich elements (AREs) will act as negative regulators of VEGF
mRNA when its synthesis is not needed (Calderone et al., 2016).

When VEGEF is overexpressed by hepatocytes, it is released
into the extracellular matrix with the aim of recruiting endothelial
cells and promoting their proliferation and differentiation to
start creating new vessels, whereas when VEGF is produced
by endothelial cells, it will alternatively strengthen their
angiogenic phenotype. Knock-down of either CPEB1 or CPEB4
in endothelioma cells causes a reduction in VEGF protein
expression, leaving its mRNA levels untouched (Calderone et al.,
2016). This is translated in a halt of tubular-like structure
formation in vitro. In knock-out mice, physiological angiogenesis
will remain unharmed and global vasculature unaftected by CPEB
depletion. In addition, induction of CPEB1 knock-out compared
to induced CPEB4 knock-out reveals different preferences for
different PAS domains, leading to a longer/shorter 3'UTR of
CPEB4 and VEGF mRNAs. In the absence of the nuclear CPEB1
activated form, PAS2 will be the default polyadenylation site for
CPEB4 and VEGF mRNAs; this domain will originate the longest
3'UTR transcript variant, containing more AREs and microRNA-
binding sites, which will repress CPEB4 cytoplasmic translation,
in this case. Removing these motifs from the CPEB4 transcript
will cause CPEB4 mRNA stabilization and activation.

Vasculogenesis is in turn another major hallmark of chronic
PHT that contributes to disease aggravation, modestly differing
from the pathogenic angiogenesis above described (which is
initiated by mature endothelial cells that activate upon PHT
and start to proliferate). Vasculogenesis is originated by vascular
stem/progenitor cells (VSPC), harbored in healthy mesenteric
vessels before PHT steps in. Upon an unresolved increase in
blood pressure, these cells will start to proliferate and differentiate
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FIGURE 3 | CPEB silencing limits pathologic angiogenesis in portal hypertension and protects against disease progression. In a context of portal hypertension
(PHT), pathological neovascularization increases significantly contributing to increase splanchnic blood flow and portosystemic collateral vessels. Upon CPEB1 or
CPEB4 depletion in animal models of PHT, splanchnic neovascular density is markedly and significantly reduced, while preexisting vasculature density remains
untouched. The formation of portosystemic collateral vessels is also diminished after CPEB1 or CPEB4 depletion in a context of PHT. CPEB1 or CPEB4 ablation also
prevents the PHT-induced increase in the spleen/body weight ratio, suggesting attenuation of portal hypertension.
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into different vasculogenic types (such as mature endothelial
cells — ECs - or — smooth muscle cells - SMCs - lineages) in order
to trigger the formation of abnormal vessels (Garcia-Pras et al.,
2017). CPEB4 is a considerable factor regarding the proliferation
and proper differentiation of VSPC; Garcia-Pras and colleagues
argue that the underlying molecular mechanism is probably
mediated by two sequential and non-redundant translational
waves again implicating CPEB1 and CPEB4, resulting in the
upregulation of hundreds of mRNAs encoding factors that are
differentially expressed during cell cycle. In vivo evidence with
knock-out mice is comparable to the prior mentioned study
(Calderone et al., 2016) and essentially agrees on the same
terms. Garcia-Pras and colleagues observed that mesenteric
CPEB4 levels correlate spatiotemporally with VSPC expansion
and neovascularization under PHT circumstances, and in vitro
studies determined that CPEB4 is critical for cell division, SPC
function and pathological angiogenesis in cancer and PHT. In
addition, the differentiation potential of VSPCs is subordinated
to multiple factors including VEGF and PDGF and their
corresponding receptors, which are in turn also upregulated in
a PHT environment (Garcia-Pras et al., 2017).

Cytoplasmic Polyadenylation Element

Binding Proteins and Fibrosis

Unresolved and sustained insults in the liver with settled PHT will
often entail scarring processes and consequent dysregulation of
extracellular matrix (ECM), tipping the scale in favor of excessive
matrix deposition. In addition, the nascent hypoxic areas due
to distorted liver structure will also enhance angiogenesis and
neovascularization attempting to resolve the ongoing condition,
and far from making it better, it will strongly worsen the already
established feedback loop of PHT-angiogenesis-hypoxia-fibrosis,
rapidly and irreversibly deteriorating the patient’s health.

Fibrosis is described by Mejias et al. (2020a) as the abnormal
and excessive deposition of collagen-rich ECM, resulting in
compromised tissue and organ structure, and it is the sole
histologic feature of NASH that currently anticipates clinical
outcomes. In this advanced stage, angiogenesis is now stimulated
by hypoxia, which is in turn caused by overcompensated tissue
repairing processes in response to continuous insults to the
liver. Wound healing responses will also trigger inflammation
processes that will attract macrophages and activate HSC upon
secretion of proinflammatory cytokines.

At a molecular level, the phosphorylation of Aurora-A kinase
in the liver territory within a PHT context keeps activating
translational waves implicating CPEB1 first and CPEB4 later.
We saw how intimately related were VEGF and CPEB4 in
pathological angiogenesis and neovascularization; the same
happens in fibrogenesis, where CPEB4 binds the CPE sequences
in PFKFB3's mRNA, upregulating its translation and driving
HSC activation and the expression of fibrogenic markers (Mejias
et al., 2020b). In addition to this molecular mechanism, other
cell populations (hepatocytes, LSECs, and KCs) will generate
ROS and proinflammatory cytokines under cellular stress, also
contributing to HSC transdifferentiation. Activated HSC shift
into a myofibroblastic phenotype, characterized by being highly
proliferative and producing and secreting ECM; VEGF-A and
MMP?9 are, among others, two factors that will mediate fibrosis-
associated angiogenesis within the early stages. This highly
proliferative HSC phenotype demands lots of energy to maintain
its function, and it is fueled by PFKFB3-mediated glycolytic
reprogramming as an additional energetic and synthetic supply.
This metabolic shift frequently anticipates an advantage in many
malignant transformed cells; following this trend, it is not crazy to
assume that this mechanism will be later utilized by transformed
HCC cells, in a scenario where the cirrhotic liver succeeds at
evading global liver failure for a while.
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Mejias and colleagues analyzed CPEB4 and PFKFB3 trends
in human and mouse primary HSC cell lines and livers from
cirrhotic patients and rat and mice experimental models, which
showed correlating overexpressed levels upon HSC activation.
Following this observation, they tested different approaches to
understand the transdifferentiation mechanism and the main
characters playing in it. From this study (Mejias et al., 2020Db),
they confirmed that (a) PFKFB3 antagonists inhibit dependent
glycolysis and CPEB4 overexpression is attenuated in HSC, for
what PFKFB3 drives glycolytic switch in HSC, (b) CPEB4 knock-
out prevents PFKFB3 overexpression (and thus HSC activation)
for what PFKFB3 is a direct target of CPEB4, and (c) CPEB4
silencing in HSC during liver injury fails at increasing PFKFB3
levels for what translational regulation by CPEB4 outranks
transcriptional control (Figures 1C, 2).

Of course, and given this intricate context, the amount of
activated signaling pathways and markers becomes huge and
complex, involving multiple cell types, simultaneously cross-
talking in different directions and chaotically influencing each
other, which makes it difficult to establish a clear sequential script
on the progression of liver disease. But at the same time, it
represents an advantage in this specific context; targeting a single
moiety, CPEB4 in this case, would synchronously act on all the
processes involved in the progression of chronic liver disease.

Cytoplasmic Polyadenylation Element
Binding Proteins and Hepatocellular

Carcinoma

Hepatocellular carcinoma (HCC) will be the last stage in chronic
liver disease, commonly appearing in cirrhotic patients before
fatal liver failure. In addition, a significant share of NASH-related
HCC thrives in livers unaffected (or minimally affected) by
fibrosis (Kucukoglu et al., 2021). Together, it is globally estimated
that HCC is the first primary liver cancer and the third most usual
cause of cancer-related mortality (Chalasani et al., 2018). We have
seen a correlation between chronic inflammation caused by a
poor diet, but mechanisms linking NA/MAFLD and NASH to
HCC are still poorly understood. At a molecular level, this is most
likely initiated by unresolved ROS and ER stress, which can fuel
tumor cell proliferation through UPR pathway (Jialal et al., 2014;
Engin, 2017) as previously explained. In a fat-rich environment,
increased adipokines and proinflammatory cytokines will often
perpetuate chronic inflammation via TNFa, IL-6 and activation
of NF-kB, which contribute to inhibit apoptosis in the liver and
promote proliferation, invasion and metastasis (Lin et al., 2010;
Kucukoglu et al., 2021).

As translational mediators, CPEBs are involved in many
processes related to the cell cycle progression, such as cellular
division, differentiation and senescence, among others. The only
CPEB so far expendable to the mitotic cell division is CPEB3
(Giangarra et al,, 2015). In a global cancer context, aberrant
CPEB expression has been linked to cell proliferation, invasion,
malignant transformation and angiogenesis through translational
reprogramming in numerous types of cancer (D’Ambrogio
et al., 2013), indicating that mRNA processing is important for
tumor growth; however, not all CPEBs play the same role in

tumorigenesis. According to literature, CPEB1 and CPEB3 act
as tumor suppressors, while CPEB2 rather displays oncogenic
features (Chen et al., 2016); in contrast, CPEB4 remains to be
classified into one of these two categories. Thus, ectopic or
imbalanced levels of CPEB subtypes may modulate the behavior
of cancer cells and tilt the cell fate toward tumor development
instead of senescence or controlled proliferation (Ferndndez-
Miranda and Méndez, 2012; Ortiz-Zapater et al., 2012; Giangarra
et al., 2015).

Despite the diverse roles CPEBs play in different cancer types,
very limited knowledge has been gathered regarding HCC. While
CPEB4 is physiologically expressed in the brain, heart, kidney
and lung (Ortiz-Zapater et al., 2012), it has been the most related
CPEB to HCC, although its role comes as quite paradoxical;
whilst it seems to play a tumor-suppressor role in HCC, it’s been
described as an oncogenic promoter in other kinds of cancer
(Tsai et al., 2016). Observations of CPEB4 levels in different HCC
stages suggest CPEB4 could play a phase-dependent role in HCC;
but whether CPEB4 can be considered as a diagnostic marker
or therapeutic target in HCC needs to be further researched.
In vitro studies on liver cancer cells such as HepG2 revealed
that CPEB4 knock-out promotes colony formation, and CPEB4
knock-down accelerates growth in xenograft mice (Tsai et al,
2016). Tsai and colleagues also collected and analyzed data from
49 human HCC samples, where they found CPEB4 to be mostly
overexpressed in early stages of HCC and greatly decreased in late
stages, suggesting CPEB4’s role at later stages of HCC intends to
facilitate HCC progression, manifesting a complicated biphasic
role in tumorigenesis. Other molecular mechanisms implicating
CPEB2 and mostly CPEB1 have been described for example by
Nairismagi and colleagues (Nairismigi et al., 2012), regarding
the role of Twist1 in epithelial-to-mesenchymal transition (Yang
et al., 2004). This transcription factor seems to be repressed by
CPEB1 and CPEB2 in physiological conditions, and upon lack
of these CPEBs, it is then up-regulated, promoting E-cadherin
loss and inducing cell migration. Although this mechanism has
not yet been studied in a HCC context, it is worthy to bear
in mind that Twistl is activated under hypoxic circumstances
(Sun et al.,, 2009), when HIFla is also active and not repressed
by CPEB1 and CPEB2 (Higele et al., 2009; Chen and Huang,
2012), a situation that could be perfectly given in a tumoral
and fibrotic environment lacking nutrient and oxygen influx.
Another manner CPEBs influence HCC progression is through
miRNAs, a booming field in the past decade. Some studies
have been able to find multiple miRNA binding sites in CPEB
mRNAs (Morgan et al., 2010) suggesting a regulating role of
CPEB functions (Richter, 2007). A quite recent study by Zou
and colleagues (Zou et al., 2016) describes a mechanism of
cell proliferation, migration and invasion enhancement in HCC,
concerning CPEB3 and miRNA-107. According to this study,
miRNA-107, which is implicated in various cancers (Song et al.,
2014; Zhou et al.,, 2014; Tao et al, 2015), was overexpressed
in Huh7 and HepG2 cell lines, hindering CPEB3 mRNA and
protein levels through binding to its 3 UTR. This CPEB3 down-
regulation was accompanied by an increase in p-Akt and EGFR
levels and a decrease in p21 levels, assigning a tumor-suppressor
role for CPEB3 in a context of HCC.
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Cytoplasmic Polyadenylation Element

Binding Proteins and the Immune System
Non-alcoholic or metabolic associated fatty liver disease is very
often attributed an immune pro-inflammatory component as one
of the underlying mechanisms involved in disease progression,
but to which extent is it? And more importantly, are CPEBs again
involved in immune dysregulation in chronic liver disease? There
are solid evidences of altered immune cell behavior in different
stages of chronic liver disease, and a couple of studies have found
a link to CPEBs for now.

In 2015, Richter’s lab was focusing on CPEBIs role in
inflammation (Ivshina et al., 2015), which was later confirmed
and extended by Cui et al. (2020). In this study, they uncovered
a mechanism by which depletion of CPEBI1 causes a substantial
increase in macrophage IL-6 synthesis, a well characterized
pro-inflammatory cytokine with an active role both in chronic
inflammation in a context of obesity and HCC progression
(Alexandrov et al., 2012; Taniguchi and Karin, 2014; Ramirez-
Pedraza and Fernandez, 2019). In normal conditions, CPEB1
is bound to the CPE elements in TAK-1 mRNA, repressing
the translation of the transcript. Upon CPEB1 depletion, TAK-
1 is thus translated, causing the phosphorylation of IkBa,
which will then dissociate from cytoplasmic NF-kB, allowing its
internalization in the nucleus. NF-kB is a transcription factor
that will activate the transcription of IL-6 in macrophages and
polarized monocytes. The in vivo part of this study included
HFD-fed mice; they observed that not only KO mice exhibited
more IL-6 compared to WT, but also that HFD-fed KO mice
presented insulin resistance, which has been many times related
to chronic inflammation in literature, and also related to CPEB1
and CPEB2 depletion (Alexandrov et al., 2012). In the liver, KCs
are the main producers of IL-6, and hepatocytes display high
amounts of IL-6R, the IL-6 receptor; this causes them to be more
susceptible to the up-regulation of signaling pathways such as
JAK/STAT, MAPK/ERK and PI3K-Akt, all mediated and fueled
by IL-6 (Taniguchi and Karin, 2014).

Conversely, our lab has been working for the past years in
studying the role of CPEB4 in high fat diet induced obesity
(Pell et al., 2021), and the results have elucidated another
mechanism by which macrophages are altered by the adipose
tissue, not previously described in literature. Indeed, CPEB4
drives a posttranscriptional reprogramming in adipocytes of
white adipose tissue under obesity conditions. This rewiring
stimulates the production and release of proinflammatory factors
from obese adipocytes, which in turn promote a proinflammatory
switch in macrophages and increase their migratory capacity.
RIP-seq analysis from this study also revealed that CPEB4
is necessary for CCL2 and TLR4 production, which are
implicated in the activation and recruitment of proinflammatory
macrophages (Ramirez-Pedraza and Fernandez, 2019) and also
in liver fibrosis (Loomba et al., 2021). Moreover, the depletion
of CPEB4 significantly attenuates CCL2 and TLR4 levels in
adipose tissue, besides releasing higher levels of IL-10, an anti-
inflammatory cytokine.

Activated  pro-inflammatory = macrophages are also
related to pathological angiogenesis; it's been described by

Ramirez-Pedraza and Fernandez (Ramirez-Pedraza and
Ferndndez, 2019) that they actively support the formation of
new vasculature through the secretion of pro-angiogenic factors
(such as TGF-b, VEGE PIGE PDGF and matrix-remodeling
proteases) and physical interaction with sprouting areas in the
liver. While VEGF upregulation is directly linked to new vessel
formation as described in prior sections, PIGE, for instance,
which is also upregulated in this context of chronic inflammation
(Li et al.,, 2017), will amplify VEGF activity by modifying the
binding affinity of VEGF’s receptors (Carmeliet et al., 2001;
Fischer et al., 2007; Van Steenkiste et al., 2009). The nascent
vascular network therefore allows macrophages to disseminate
more easily throughout the tissue and interact with different
cell types, guided by factors released by hepatocytes and often
helping at HSC activation, promoting ECM accumulation and
thus exacerbating fibrogenesis.

Other immune cells have been associated to chronic
inflammation and many studies have described the cross-talk
between the adipose tissue and the immune system (Gomes
et al., 2016; Nati et al., 2016; Loomba et al., 2021); although
macrophages have been at the spotlight of CPEB mediation
of inflammatory processes regarding chronic liver disease and
obesity until now, the door is open for other cell types, such
as neutrophils and T-cells, to share an equally significant role
in this scenario.

SUMMARY AND CONCLUSION

Recent findings from our group and other researchers unveil
previously unrecognized posttranscriptional regulatory circuits
orchestrated by the RNA-binding proteins CPEBs, which are
required for portal hypertension, neovascularization, steatosis
and fibrogenesis in liver disease. This improved understanding
may create new opportunities to develop better treatments
to combat chronic liver disease. In this regard, a potential
therapeutic approach would be to block the binding of the CPEB
proteins to their target mRNAs. For that, in collaboration with
other groups, we are currently developing small compounds with
CPEB4 inhibitory activity. These compounds specifically block
the RNA binding site for CPEB4, preventing the binding of
CPEB4 to their target mRNAs. It will be important to deliver
these small compound CPEB4 inhibitors to the specific cell
type of interest. For that, we are also collaborating with experts
to develop drug-carrier therapeutic strategies to specifically
deliver small compounds to any cell of interest. It is hoped
that these CPEB4 inhibitors will make it to the clinic in
the near future.
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Background: 4-(5-phenyl-3-{3-[3-(4-trifluoromethylphenyl)-ureido]-propyl}-pyrazol-1-
yl) -benzenesulfonamide (PTUPB), a dual cyclooxygenase-2 (COX-2)/soluble epoxide
hydrolase (sEH) inhibitor, was found to alleviate renal, pulmonary fibrosis and liver injury.
However, few is known about the effect of PTUPB on liver cirrhosis. In this study, we
aimed to explore the role of PTUPB in liver cirrhosis and portal hypertension (PHT).

Method: Rat liver cirrhosis model was established via subcutaneous injection of carbon
tetrachloride (CCly) for 16 weeks. The experimental group received oral administration
of PTUPB (10 mg/kg) for 4 weeks. We subsequently analyzed portal pressure (PP),
liver fibrosis, inflammation, angiogenesis, and intra- or extrahepatic vascular remodeling.
Additionally, network pharmacology was used to investigate the possible mechanisms
of PTUPB in live fibrosis.

Results: CCl; exposure induced liver fibrosis, inflammation, angiogenesis, vascular
remodeling and PHT, and PTUPB alleviated these changes. PTUPB decreased PP
from 1750 £ 4.65 to 6.37 + 1.40 mmHg, reduced collagen deposition and
profibrotic factor. PTUPB alleviated the inflammation and bile duct proliferation,
as indicated by decrease in serum interleukin-6 (IL-6), liver cytokeratin 19 (CK-
19), transaminase, and macrophage infiltration. PTUPB also restored vessel wall
thickness of superior mesenteric arteries (SMA) and inhibited intra- or extrahepatic
angiogenesis and vascular remodeling via vascular endothelial growth factor (VEGF),
von Willebrand factor (VWF), etc. Moreover, PTUPB induced sinusoidal vasodilation
by upregulating endothelial nitric oxide synthase (eNOS) and GTP-cyclohydrolase 1
(GCH1). In enrichment analysis, PTUPB engaged in multiple biological functions related
to cirrhosis, including blood pressure, tissue remodeling, immunological inflammation,
macrophage activation, and fibroblast proliferation. Additionally, PTUPB suppressed
hepatic expression of skEH, COX-2, and transforming growth factor-8 (TGF-p).
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Conclusion:

4-(5-phenyl-3-{3-[3-(4-trifluoromethylphenyl)-ureido]-propyl}-pyrazol-1-

yl)- benzenesulfonamide ameliorated liver fibrosis and PHT by inhibiting fibrotic
deposition, inflammation, angiogenesis, sinusoidal, and SMA remodeling. The molecular
mechanism may be mediated via the downregulation of the sEH/COX-2/TGF-B.

Keywords: PTUPB, liver fibrosis, portal hypertension, inflammation, angiogenesis

BACKGROUND

As a prevalent and challenging illness, liver cirrhosis is
characterized by abnormal buildup of hepatic extracellular
matrix (ECM) as a result of inflammation or damage (1). The
deposition of fibrotic tissue increases intrahepatic circulatory
resistance and extrahepatic circulatory pressure which lead to
portal hypertension (PHT) (2). PHT can result in esophageal
and gastric varices, and also severe bleeding in the upper
gastrointestinal system; thus, early management is critical.
However, there is currently no specific treatment for liver
cirrhosis, especially PHT.

As one of the most abundant lipid mediators, arachidonic
acid (ARA) and its metabolites play a critical role in the
vasoactivity, inflammation, fibrosis, etc. The ARA can be
metabolized and transformed via three pathways: cyclooxygenase
(COX), cytochrome P450 (CYP450), and lipoxygenase (LOX).
Among them, COX and CYP450 pathways are most strongly
associated with liver cirrhosis (2). COX is divided into two
categories: COX-1 and COX-2. As a biomarker of inflammation,
immune system, and cell proliferation, COX-2 was deeply
involved in the progression and deterioration of liver cirrhosis
(3). The CYP450 pathway performed a variety of activities,
including antiinflammatory, antihypertension, and antifibrosis,
mostly via the epoxyeicosatrienoic acids (EETs) (4-6). However,
EETs are often catalyzed by soluble epoxide hydrolase (sEH)
into the less biologically active metabolite in stress situations
such as hypertension (7, 8). As a result, the biological
activities of ARA pathways depend primarily on COX-2
and sEH.

In recent years, a COX-2/sEH dual inhibitor, PTUPB, has
been developed. PTUPB was later discovered to have impacts on
pulmonary fibrosis (9), renal fibrosis (10), and liver injury (11).
Those studies above suggested that PTUPB shows an alleviating
effect in fibrosis. But the effect of PTUPB in liver cirrhosis and

Abbreviations: ALT, alanine transaminase; ANGPT1, angiopoietin 1; ARA,
arachidonic acid; AST, aspartate aminotransferase; CCl4, carbon tetrachloride;
COLI1A1, collagen type I alpha 1 chain; COX-2, cyclooxygenase-2; CYP450,
cytochrome P450; CK-19, cytokeratin 19; DBIL, direct bilirubin; eNOS,
endothelial nitric oxide synthase; ELISA, enzyme-linked immunosorbent assay;
EPHX2, epoxide hydrolase 2; EETs, epoxyeicosatrienoic acids; ECM, extracellular
matrix; GCHI, GTP-cyclohydrolase 1; HR, heart rate; IL-6, interleukin-
6; LOX, lipoxygenase; MMP-9, matrix metalloproteinase-9; MMP-2, matrix
metalloproteinase-2; MAP, mean arterial pressure; PBS, phosphate-buffered
saline; PVDE, polyvinylidene difluoride; PHT, portal hypertension; PP, portal
pressure; PPI, protein—protein interaction; she, soluble epoxide hydrolase; SD,
Sprague Dawley; SMA, superior mesenteric arteries; TBIL, total bilirubin; TGF-
B, transforming growth factor-p; VEGE, vascular endothelial growth factor; vWE
von Willebrand factor; GGT, y-glutamyl transferase.

PHT has not been researched yet. In this article, the effect of
PTUPB on liver cirrhosis and PHT was explored.

This study is made up of the following sections. To begin,
we investigated PTUPB’s remission impact on hepatic fibrosis.
Following that, we investigated the impact of PTUPB on
liver inflammation and function. Then, we investigated the
angiogenesis pathways in the liver and the influence of PTUPB
on mesenteric vascular remodeling. Finally, we investigated the
mechanism and pathways.

METHOD

Animals and Reagents
All animal-related protocols were approved by the Ethical
Committee of Shanghai Ninth People’s Hospital, Shanghai Jiao
Tong University School of Medicine (Shanghai, China). Sprague
Dawley (SD) rats (male, 6-8 weeks old) weighing 200-250g
were purchased from the Experimental Animal Center of School
of Medicine, Shanghai Jiao Tong University (Shanghai, China).
The rats were maintained in our specific pathogen-free facility
under controlled conditions (22°C, 40-60% humidity, and 12-h
light/dark cycle), and free access to tap water and standard rat
food was given to the rats.
1-(4-trifluoromethoxyphenyl)-3-(1-propionylpiperidin-4-yl)-
urea, TPPU, and 4-(5-phenyl-3-{3-[3-(4-trifluoromethylphenyl)-
ureido]-propyl}-pyrazol-1-yl)-benzenesulfonamide, PTUPB,
were synthesized according to the previous procedures (12).
TPPU was generously provided by the laboratory of Dr. Bruce
Hammock (UC Davis, USA) and stored at 20°C. TPPU and
PTUPB were dissolved in PEG-400 to give a 10g/L clear solution.
This solution was then added to warm drinking water with
rapid stirring to give the 100 mg/L solution of TPPU/PTUPB
in drinking water. Based on the estimation of daily water
consumption, a concentration of 100 mg/L inhibitor in drinking
water will result in a dose of approximately 10 mg/kg/day. The
other rats received vehicle (PEG 400 diluted in water) as control.
PTUPB and TPPU were administered for 4 weeks from the 12th
week in the CCly model group.

A total of 20 rats were used in this study. Rats were
divided into four subgroups as follows: control group (OO-VEH)
received pure olive oil injection with vehicle administration (n
= 5); PHT group received carbon tetrachloride (CCly) (50%
in olive oil, v/v, 1 ml/kg) by subcutaneous injection (s.c.) two
times a week for 16 weeks with vehicle administration (CCly-
VEH) (n = 5); PHT group with TPPU administration (CCly-
TPPU) (n = 5); and PHT group with PTUPB administration
(CCl4-PTUPB). The detailed grouping strategy was shown
in Figure 1.
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FIGURE 1| Schematic diagram of animal models.

Hemodynamic Measurements

After finishing modeling, rats were anesthetized with 40
mg/kg zolazepam and tiletamine (Zoletil 50, France) and 8
ig/kg dexmedetomidine hydrochloride (Dexdomitor®, Pfizer
Inc. USA) through intramuscular injections. A PE-50 catheter
(Smiths Medical, UK) was inserted into the right femoral artery
to determine the heart rate (HR) and mean arterial pressure
(MAP). The catheter was then placed into the portal vein to
determine the portal pressure (PP). A transducer linked the
catheter to the monitor, and the values were acquired using a
multichannel physiological signal collection system (ALC-MPA
multichannel bioinformatics analysis system, Shanghai Alcott
Biotechnology Co., Ltd., China). Following sacrifice of the rats,
blood, liver, and superior mesenteric arteries (SMA) were taken
for enzymatic analysis, histological, and molecular analysis.

Enzyme-Linked Immunosorbent Assay
(ELISA)

Serum levels of interleukin (IL)-6 and hyaluronan were
determined by IL-6 rat ELISA kit (Thermo Fisher, USA) and
hyaluronan rat ELISA Kit (R&D Systems, USA), respectively,
according to the manufacturer’s instructions.

Histological and Immunohistochemical
(IHC) Examination

The liver sections from the right lobe and mesenteric tissues
were fixed in 10% formalin buffer (pH 7.4) and embedded in
a paraffin block. Hematoxylin-eosin (H&E), Masson, and Sirius
Red staining were used on the liver sections, followed by random
evaluation under a light microscope by an expert pathologist.
For IHC staining, liver sections were incubated with
antimatrix metalloproteinase-2 (MMP-2) antibody (1:150,
Servicebio, China), antimatrix metalloproteinase-9 (MMP-9)
antibody (1:300, Servicebio, China), antivascular endothelial
growth factor (VEGF) A antibody (1:250, Servicebio, China),
antivon Willebrand factor (vWF) antibody (1:1,000, Servicebio,
China), anticytokeratin 19 (CK-19) antibody (1:1,000, Servicebio,
China), anti-sEH antibody (1:50, Absin, China), anti-CD31

antibody (1:300, Servicebio, China), and anti-CD68 antibody
(1:150, Servicebio, China), overnight at 4°C with phosphate-
buffered saline (PBS) as negative control. Subsequently, the
sections were incubated with appropriate HRP-conjugated goat
antirabbit secondary antibody for 60 min, followed by restaining
with hematoxylin. The collagen deposition volume and stained
area were calculated with IHC Profiler plugin in Image] (version
1.53, USA). The results were expressed as the proportions of the
stained areas. The total area and average values were taken from
five rats in each group.

Hepatic Functions

Hepatic functions, including the total bilirubin (TBIL), direct
bilirubin (DBIL), aspartate aminotransferase (AST), alanine
transaminase (ALT), and y-glutamyl transferase (GGT), were
examined using kits from Changchun Huili Biotech (China)
according to the manufacturer’s instruction.

Western Blotting Analysis

Samples from liver tissue were taken and kept at —80°C. To
extract protein from the liver, the sample was crushed in liquid
nitrogen and homogenized according to the manufacturer’s
instructions using RIPA buffer (Beyotime, China). The liver
extracts were then centrifuged for 15min at 10,000g for
15min at 4°C. The supernatant was immediately collected,
and the BCA protein analysis kit was used to determine
the total protein content (Beyotime, China). Equal amounts
of proteins were electrophoresed on sodium dodecyl sulfate-
polyacrylamide gels (SDS-PAGE) and then electrotransferred
onto polyvinylidene difluoride (PVDF) membranes. Primary
antibodies against o-smooth muscle actin (a-SMA) (1:1,000,
Servicebio, China), COX-2 (1: 750, Servicebio, China), and sEH
(1:1,000, Absin, China) were used to incubate the blots (1:1,000,
Servicebio, China). The membranes were then treated with
corresponding secondary antibodies. Immunoreactive bands
were visualized using an electrochemiluminescence instrument
(Vilber Lourmat, France) and quantified using digital image
software (Kodak, USA).
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Real-Time Polymerase Chain Reaction

(GQRT-PCR)

The mRNA expressions of TGF-p, epoxide hydrolase 2 (EPHX2),
COX2, a-SMA, collagen type I alpha 1 chain (COL1A1), MMP2,
MMP9, VEGE, VWE angiopoietin 1 (ANGPT1), endothelial
nitric oxide synthase (eNOS), GTP cyclohydrolase 1 (GCH1), and
adhesion G protein-coupled receptor E1 (Adgrel, F4-80) were
determined. qRT-PCR was conducted on a Bio-Rad iCycleriQ
real-time PCR detection system (Bio-Rad laboratories, Germany)
using IQ SYBR Green supermix Kit (Bio-Rad). The reaction
was carried out in triplicate. The data were analyzed using the
iCycleriQ software system (Bio-Rad, Germany).

Bioinformatic Analysis

Potential target genes were obtained from Pharm Mapper
(http://lilabecust.cn/pharmmapper/) and SwissTargetPrediction
[https://swisstargetprediction.ch/; probability value >0.10 was
selected (13)]. Afterward, we entered the keyword “liver fibrosis”
into the GeneCards (https://www.genecards.org/) (14) to obtain
target genes related to liver fibrosis. The differentially expressed
genes related to PTUPB and liver fibrosis were intersected and
depicted in Venn diagram by ggVennDiagram package.

Protein-protein interaction (PPI) network of common target
genes was generated from STRING database [https://string-db.
org/ (15)]. The PPI network was visualized using Cytoscape
(version 3.6.1) (16). To determine the hub genes, we computed
the centrality of each mRNA node using “MCC” method in
CytoHubba, a Cytoscape plugin (17). The top ten genes were
deemed hub mRNAs based on their degree of centrality.

The clusterProfiler package was used to perform gene ontology
(GO) and Kyoto Encyclopedia of Genes and Genomes (KEGG)
pathway analysis on common target genes (18). The GO terms
describe gene functions in three aspects: biological processes,
molecular functions, and cellular components. The KEGG
analysis predicts the involvement of the common target genes in
various biological pathways. The modified p < 0.05 was used as a
cutoff value (19, 20).

Statistical Analysis

All the statistical analyses were performed using R (version
4.1.0.). Continuous variables were expressed as means =+ standard
deviation (SD). N represents the number of rats. Statistical
significance was calculated by Student’s ¢-test or Mann-Whitney
U test. Two-sided p < 0.05 was considered statistically significant.

RESULT
PTUPB Reduces Portal Hypertension

The hemodynamic and general characteristics were measured
including weight, liver weight, HR, MAP, and PP. After the
modeling of PHT, CCl4-VEH group presented with a higher PP
(17.50 £ 4.65 vs. 5.40 £ 1.13 mmHg), lower weight (465.75 +
11.15 vs. 562.25 £ 65.38 g), and lower liver weights (21.63 = 0.93
vs. 26.93 + 1.77 g) compared with OO-VEH significantly (p <
0.05), although MAP and HR remained comparable. Following
the treatment of PTUPB, the body and liver weights of PHT rats
rebounded and PP decreased significantly from 17.50 & 4.65 to

6.37 £ 1.40 mmHg (p < 0.001), whereas map and HR remained
unchanged. Similar to PTUPB, TPPU treatment also increased
weights (609.50 & 25.12 vs. 465.75 £ 11.15g) and liver weights
(29.33 £ 2.76 vs. 21.63 £ 0.93g) compared with CCly-VEH
group and decreased PP (6.86 + 1.44 vs. 17.50 & 4.65 mmHg)
significantly (p < 0.05). The results are shown in Table 1.

Antifibrotic Effects of PTUPB

After 16 weeks of CCl4 treatment, rats in the CCl4-VEH
group exhibited marked liver fibrosis. Liver in PHT rats
showed increased vacuolar degeneration and lysis in H&E
staining, more collagen deposition in Masson (24% vs. 6%)
and Sirius Red (23% vs. 15%) staining (Figures 2A,E,F). The
hepatic expression of a-SMA, COL1A1, and serum hyaluronan
also increased significantly (Figures 2B-D). PTUPB treatment
resulted in significant reduced collagen deposition in Masson (9%
vs. 24%) and Sirius Red (13% vs. 23%) staining which could also
been confirmed by macroscopy and H&E (Figures 2A,E,F). In
addition, the hepatic expression of a-SMA, COL1A1, and serum
hyaluronan also decreased significantly after PTUPB treatment
(Figure 2B-D,G). The treatment of TPPU was relatively less
effective. Only the Masson staining of CCl4-TPPU group (13%)
was significantly less than CCl4-VEH. No significant difference
was observed in other indicators between CCly-TPPU with CCly-
VEH group including the Sirius Red staining, serum hyaluronan,
and hepatic expression of a-SMA and COL1A1 (Figures 2B-F).

PTUPB Ameliorate Inflammation and Liver

Functions

Liver fibrosis is often accompanied by an increase hepatic
and systemic inflammation. In CCl4-VEH group, hepatic
expression of F4/80 mRNA and CD68 staining area increased
significantly, indicating the upregulated hepatic mononuclear or
macrophage infiltration (Figures 3C,D). The serum IL-6 also
elevated, suggesting the systemic inflammation in PHT models
(Figure 3E). The PTUPB treatment groups showed significant
lower levels of F4/80 mRNA and CD68 staining in liver and also
serum IL-6 (Figures 3A-E). Similar but less-effective results were
observed in CCly-TPPU group.

In addition, we found that the liver structure was destroyed
and its functions were decreased severely in PHT models. CK-19,
a classical marker of bile duct cell proliferation, was upregulated
in CCl4-VEH group compared with OO-VEH group (5% vs. 2%).
Liver function markers, such as ALT, AST and DBIL, were also
elevated significantly in CCl4-VEH rats (Figures 3A,B,F-H).
In TPPU and PTUPB treatment groups, CK-19, ALT, and
AST were observed to decrease significantly (Figures 3B,EG)
whereas TBIL, DBIL, and GGT did not change significantly
(Figures 3H-J).

PTUPB Inhibits Pathological Angiogenesis

and Sinusoidal Remodeling

Pathological angiogenesis and sinusoidal remodeling are
remarkable pathological symptoms of cirrhosis which contribute
to vascular resistance and PHT. Several mediators of angiogenesis
and remodeling were significantly increased in PHT rats
including MMP2, VEGE, vWE and Angptl (Figures 4B-E,]),
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TABLE 1 | Hemodynamic and general characteristics.

OO-VEH(n =5) CCl4 -VEH(n =5) CCl4-TPPU(n =5) CCl4-PTUPB(n=5) OOvs. CCly CCly-VEHvs. TPPU  CCl;-VEH vs. PTUPB

Weight/g 562.25 + 65.38 465.75 £ 11.15 609.50 + 25.12 556.50 + 156.59 0.013* 0.001* 0.02*
Liver/g 26.93 £ 1.77 21.683 + 0.93 29.33+2.76 29.983 + 2.71 0.022* 0.002* <0.001*
MAP/mmHg 82.75 + 8.42 67.67 + 11.59 60.75 £ 3.50 70.00 £ 4.69 0.082 0.615 0.974
PP/mmHg 540+1.13 17.50 + 4.65 6.86 + 1.44 6.37 + 1.40 <0.001* <0.001* <0.001*
HR/bpm 370.50 + 32.69 375.756 + 21.62 352.50 + 60.08 388.5 + 19.96 0.997 0.814 0.961

*Statistical significance (p < 0.05) by Student’s t-test.
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FIGURE 2 | Antifibrotic effects of PTUPB and TPPU. (A) Macroscopic view of specimen, H&E, Masson, and Sirius Red staining. Gene expression of a-SMA (B) and
COL1A1 (C) decreased in PTUPB treatment group. (D) Serum concentration of hyaluronan increased in CCl4-VEH group and downregulated in CCl,-PTUPB group.
Quantitative analysis of Masson (E) and Sirius Red (F) showed the significant decrease in fibrotic area after the treatment of PTUPB. (G) Western blots showed the
decrease of a-SMA in CCls-PTUPB group. (p <0.05, *p <0.01, **p <0.001, “***p <0.0001 vs. CCls-VEH using Student’s t-test, data are represented as mean
with SD).

which were confirmed by immunohistochemical staining  significantly. In addition to the sinusoid remodeling, sinusoidal
(Figure 4A). After PTUPB treatment, MMP2, VEGE vWE  dysfunction also contributes to vascular resistance. Our results
Angptl, and CD31 were significantly reduced, whereas indicated that the expression of GCHI1 decreased significantly
MMP9 remained unchanged (Figures 4B-E,J,K). However, in  in PHT group. After PTUPB treatment, the hepatic GCHI and
CCl-TPPU group, only VWE Angptl, and CD31 were reduced ~ eNOS mRNA increased remarkably (Figures 4L,M).
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FIGURE 3 | PTUPB inhibits hepatic inflammation and bile duct cell proliferation. (A) Immunohistochemistry (IHC) on liver tissue with anti-CK-19 and anti-CD68
antibody. Quantification of IHC staining analyzed by IHC Profiler indicated significant decrease of CK-19 (B) and CD68 (C) in liver tissue. Furthermore, levels of hepatic
expression of F4-80 (D), serum IL-6 (E), ALT (F), AST(G), DBIL (H), TBIL (I), and GGT (J) were measured. F4-80, IL-6, ALT, and AST were decreased significantly after
PTUPB treatment. ("p <0.05, **p <0.01, ***p <0.0001 vs. CCls-VEH using Student’s t-test, data are represented as mean with SD).
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PTUPB Improves Vascular Remodeling in

Mesenteric Artery

In CCly-induced PHT rats, the lumen wall of SMA
became thinner while its vascular pattern became disrupted
(Figures 5A,B). However, the lumen diameter stayed unchanged
in CCly-VEH group (Figure 5C) despite the wall thickness or

lumen diameter ratio still reduced remarkably (Figure 5D).
Following the treatment of PTUPB and TPPU, SMA restored
to normal state with thicker wall thickness and higher wall
thickness or lumen diameter ratio (Figures 5A,B,D).

In addition, the expression of remodeling factors including
MMP2 and VEGF in SMA also increased significantly in PHT
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group (Figures 6B,D). After PTUPB treatment, vVWE VEGEF, and
CD68 decreased significantly (Figures 6C-E). As a contrast, only
vWEF reduced significantly in TPPU group (Figure 6C).

Molecular Mechanism of PTUPB in

Alleviating Liver Fibrosis
A total of 4,679 genes related to liver fibrosis were predicted
through the GeneCards database. Based on the pharmacophore
model and the principle of structural similarity, a total of
366 PTUPB-related target genes were collected through the
SwissTargetPrediction and the PharmMapper database. After
intersecting and merging cirrhosis-related genes and PTUPB
predicted targets, 230 overlapping targets were obtained as
candidate genes, which were shown in the Venn diagram
(Figure 7A). To clarify the interactions among common targets
between liver fibrosis and PTUPB, a PPI network was constructed
by String database and CytoHubba plugin of Cytoscape.
Using MCC method, the hub genes with the highest DC
values were identified based on three topological parameters
(degree, betweenness, and closeness centrality). The top 10 hub
genes included are MAPK1, CASP3, SRC, ALB, IGF1, EGFR,
HSP90AA1, PTGS2, ESR1, and ANXAS5 (Figure 7B).
Subsequently, enrichment analysis was conducted on
common target genes. In GO analysis, the common targets
mainly involved in regulation of inflammatory response,
phosphatidylinositol 3-kinase signaling, response to reactive

oxygen species, regulation of vasoconstriction, regulation
of blood pressure, vasodilation, negative regulation of
inflammatory response, tissue remodeling, nitric oxide metabolic
process, regulation of tissue remodeling, nitric oxide synthase
biosynthetic process, tube formation, VEGF receptor signaling
pathway, macrophage chemotaxis, macrophage activation,
regulation of fibroblast proliferation, fibroblast proliferation,
collagen metabolic process, collagen catabolic process, and
epoxygenase P450 pathway (Figure 7C).

Kyoto Encyclopedia of Genes and Genomes results suggested
that the enrichment pathways included VEGF signaling pathway,
tumor necrosis factor (TNF) signaling pathway, non-alcoholic
fatty liver disease (NAFLD), lipid and atherosclerosis, hypoxia
inducible factor (HIF)-1 signaling pathway, hepatitis B, drug
metabolism—CYP450, chemokine signaling pathway, apoptosis,
and ARA metabolism (Figure 7D).

As a dual COX-2/sEH inhibitor, we evaluated the
inhibitory effect of PTUPB on COX-2/sEH pathways and
proinflammatory cytokine TGF-B. In PHT rats, the hepatic
expression of sEH, COX-2, and TGF-B increased significantly
(Figures 8B-D). Besides, sEH staining in SMA also increased
in PHT rats (A). Comparable results were found in western
blot analysis (Figure 8F). After treatment with PTUPB,
the expression of sEH, COX-2, and TGF-f in the liver
decreased significantly (Figures 8B,C). Similar results were
also seen in immunohistochemical analysis and western blot
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FIGURE 5 | PTUPB ameliorates the vascular remodeling in SMA. (A) H&E staining of SMA with magnification of x 200 and x 400. (B) The vessel wall thickness
decreased in CCly-VEH rats and restored significantly in CCls-PTUPB group. (C) No significant difference was detected among the lumen diameters of SMA. (D)
Similar to wall thickness, the ratio of wall thickness or lumen diameter deceased in CCls-VEH rats and restored significantly in CCl4-PTUPB group. (*p <0.05, *p
<0.01, **p <0.0001 vs. CCls-VEH using Student’s t-test, data are represented as mean with SD).

(Figures 8A,E,F). However, in the TPPU treatment group,
only sEH and TGF-f decreased significantly, whereas COX-2
remained unchanged (Figures 8B-D,F).

DISCUSSION

As a dual sEH/COX-2 inhibitor, the beneficial effect of
PTUPB in liver fibrosis and PHT was examined for the
first time in our study. Several pharmacological effects of
PTUPB were validated including antifibrosis, PP-lowering effect,
antiinflammation, antiangiogenesis, sinusoidal vasodilation, and
ameliorating vascular remodeling in sinusoids and SMA.

The enrichment analysis indicated that PTUPB engaged in
multiple biological functions related to liver fibrosis, including
vasoconstriction, nitric oxide metabolic process, angiogenesis,
blood pressure, tissue remodeling, immune inflammation,
macrophage activation, fibroblast proliferation, and also collagen
metabolism and CYP450 enzyme. The corresponding signaling
pathways included VEGE, TNE HIE, NAFLD, CYP450, hepatitis,
etc. The inhibitory effects of PTUPB on sEH, COX-2, and TGF-
B were also observed in our study. In summary, PTUPB has
a substantial impact on liver fibrosis and PHT by suppressing
inflammation, fibrosis, angiogenesis, and vascular remodeling.
In the treatment of cirrhosis, it is important to control tissue
inflammation, fibrosis, and also vascular remodeling. As a critical
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FIGURE 6 | PTUPB inhibits vascular remodeling and inflammation in SMA. (A) IHC staining for MMP2, vWF, VEGF, and CD68 in SMA. Quantification of IHC staining of
VWEF (C), VEGF (D), and CD68 (E) decreased in CCls-PTUPB group whereasMMP2 (B) showed no significant difference. (*p <0.05, **p <0.01, ***p <0.0001 vs.
CCls-VEH using Student’s t-test, data are represented as mean with SD).
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component of the healing response to liver injury, inflammation
is closely associated with the development of liver fibrosis. In this
process, macrophage activation stimulates fibrosis by secreting a
variety of proinflammatory cytokines such as IL-6 (21), which
could further damage hepatocytes and exacerbate liver fibrosis
(22). Our findings confirmed that IL-6 production, macrophage
infiltration, and the number of bile ducts increased in liver
fibrosis. Additionally, all those inflammation responses were
alleviated effectively by PTUPB therapy.

The progression of liver fibrosis and inflammation causes
intrahepatic resistance, hyperdynamic circulation, which leads to
PHT eventually. In this process, the impact on hemodynamic
parameters is divided into intra- and extrahepatic aspects. Similar
to previous studies (23), multiple intrahepatic pathological
alterations were observed in PHT including angiogenesis,
vascular remodeling, and sinusoidal dysfunction. Our research
revealed that PTUPB had a positive effect on hemodynamic
parameters both structurally and functionally. Following PTUPB
therapy, angiogenic and sinusoidal remodeling factors were
found to be downregulated which include VEGE, vWE, CD31,
and MMP2, whereas regulators of vascular tone such as
GCHI and eNOS were shown to be increased. According to

previous study, VEGE, vWE, and MMP2 are major regulators of
angiogenesis and vascular remodeling (24-26). CD31 is widely
used to assess proliferation of endothelial cells and angiogenesis
(27). GCHL is a pivotal enzyme in the synthesis of eNOS. Both
GCH1 and eNOS are important regulators of vascular tone (28).

Along with intrahepatic vascular in PHT, extrahepatic
vascular undergoes structural alterations as well, including
collateral angiogenesis, arterial vessel wall remodeling, etc.
(2). A previous research indicated that cirrhotic PHT rats
had a decrease in the wall thickness and total wall area of
abdominal aorta (29), which was verified in SMA in our
study. Our results showed that PTUPB treatment enhanced
the thickness of the SMA wall, improved vascular remodeling,
and decreased inflammatory markers including vVWE VEGE
and CD68. Furthermore, PTUPB decreased PPs in PHT rats
as well. In conclusion, PTUPB had a favorable regulating
effect on both intrahepatic and extrahepatic angiogenesis and
vascular remodeling in cirrhotic PHT, which may explain its
PP-lowering effect.

As previously stated, the ARA pathway plays a critical
role in liver fibrosis, which was formerly characterized by
two distinct pathways: COX-2 and sEH. COX-2 inhibitors
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FIGURE 8 | PTUPB inhibits the expression of sEH, COX-2, and TGF-B. (A) IHC staining for sSEH in liver and SMA. The gene expression of sEH (B), COX-2 (C), and
TGF-B (D) decreased significantly in CCl4-PTUPB group. (E) Quantification of IHC staining of sEH decreased in CCl,-PTUPB group. (F) Western blots of hepatic sEH
and COX-2 expression (o <0.05, *p <0.01 vs. CCls-VEH using Student’s t-test, data are represented as mean with SD).
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such as SC-236 and meloxicam were shown to attenuate
the development of liver fibrosis through cell apoptosis and
TGF-B1 pathway, respectively (30, 31). However, Harris et
al. (11) investigated the COX-2-selective inhibitor Celebrex
in liver fibrosis and found no meaningful effect. Considering
the mice model used in this study, COX-2 may have varying
impacts on different stages of cirrhosis. Besides the COX-
2, our group also found that sEH inhibition by t-TUCB
increased eNOS levels, reduced inflammation, and alleviated
cirrhotic PHT (32, 33). Furthermore, sEH-related pathways are
involved in endothelial function, hypertension, and oxidative
stress (6, 34, 35). As a key profibrotic factor, TGF-B is
also engaged in sEH and COX-2 pathways (31, 36). This is
consistent with our data, in which COX-2, she, and TGEF-
p were upregulated in liver fibrosis and decreased after the
PTUPB treatment.

As a dual sEH/COX-2 inhibitor, PTUPB has been widely
investigated in a variety of illnesses. Zhang et al. (9) discovered
that PTUPB may decrease collagen deposition and ameliorate
bleomycin-induced lung fibrosis through cellular senescence.
Hye et al. (10) found that PTUPB can effectively alleviate
renal injury, inflammation, and fibrosis in kidney injury
models. In chronic liver disease, Sun et al. (37) found
that PTUPB significantly reduced liver fibrotic deposition
and inflammation in NAFLD mice induced by high-fat diet.
These protective effects are mainly mediated through lipid
metabolism, NLRP3 inflammasome, and steatosis. Furthermore,
Harris et al. (11) revealed that PTUPB had a certain alleviating
impact on liver fibrosis and inflammation in liver injury
within CCly injection for 5 weeks. However, the effect of
PTUPB on advanced liver cirrhosis, intra- or extrahepatic
angiogenesis, and vascular remodeling, and also PHT, still
remains unknown. Here, our study confirmed its therapeutic
effect using cirrhotic rat PHT model through CCl4 injection for
16 weeks.

The limitations of the study stemmed mostly from its
phenotypic verification rather than in-depth research of its
molecular mechanism. In future, further experiments in vitro
will be required to establish PTUPB’s cellular targets and
validate the pathways. In terms of hemodynamics, we assessed
the blood pressure but were unable to measure the hepatic
blood flow due to equipment and experimental technical
constraints. Additionally, CCly-induced liver cirrhosis is an
artificial model that may be challenging to adapt to human
disease prediction.
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China, ° Department of Critical Liver Diseases, Liver Research Center, Beijing Friendship Hospital, Capital Medical University,
Beijjing, China

Adult-to-adult living donor liver transplantation with small partial liver grafts often requires
intraoperative portal inflow modulation to prevent portal hyperperfusion and subsequent
small-for-size syndrome (SFSS). However, there are concerns about the specific
morbidity of these modulation techniques. This study aims to lower post-perfusion
portal venous pressure and correct severe hypersplenism in a patient with end-stage
liver cirrhosis by simultaneous subtotal splenectomy during auxiliary partial orthotopic
liver transplantation (APOLT). A 29-year-old man was diagnosed with cryptogenic
cirrhosis and severe portal hypertension suffered recurrent acute variceal bleeding,
severe thrombocytopenia, and massive ascites before admission to our hospital. After
the recipient’s left liver was resected, we performed APOLT using his 51-year-old
father’s left lobe graft with a graft-to-recipient weight ratio of 0.55%. Intraoperatively,
simultaneous subtotal splenectomy was performed to lower graft post-perfusion portal
vein pressure below 15 mmHg and correct severe hypersplenism-related pancytopenia.
The recipient’s postoperative hospital course was uneventful with no occurrence of
SFSS and procedure-related complications. Platelet and leukocyte counts remained
in the normal ranges postoperatively. The living donor was discharged 6 days after
the operation and recovered well-with no complications. After a follow-up period of
35.3 months, both the recipient and donor live with good liver function and overall
condition. This is the first case report of simultaneous subtotal splenectomy during
APOLT using small-for-size living-donated left liver lobes, which is demonstrated to be
a viable procedure for modulating portal inflow and correcting severe hypersplenism
in selected adult patients with end-stage liver cirrhosis. APOLT using a small-for-size
liver graft may be a safe and feasible treatment option for selected adult patients with
end-stage liver cirrhosis.

Keywords: subtotal splenectomy, auxiliary liver transplantation, portal inflow modulation, hypersplenism,
thrombocytopenia
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Subtotal Splenectomy During APOLT

INTRODUCTION

Due to a critical shortage of donor organs, living donor liver
transplantation (LDLT) has been increasingly used in adult
recipients. In general, a graft >0.8% of the recipient’s body weight
or 30-40% of standard liver volume (SLV) is necessary to meet
the recipient’s functional demands, whereas procuring such a
graft from a living donor may subject a healthy individual to
a significantly high operative risk (1). To ensure donor safety
and expand the donor pool, small-for-size grafts (SESGs), defined
as grafts with a graft-to-recipient weight ratio (GRWR) <0.8%,
are being widely used in clinical practice. However, SFSGs are
thought to be the leading cause of small-for-size syndrome (SFSS)
associated with poorer prognosis (1, 2).

Auxiliary partial orthotopic liver transplantation (APOLT),
which is implanting a normal partial liver allograft while
preserving part of the native liver, has emerged as an attractive
alternative to liver transplantation (LT) for the treatment of
selected patients (3, 4). The implanted partial liver graft and
residual partial native liver will co-function and support each
other, which can balance the risk of donors and the need of
recipients. In fulminant liver failure, the auxiliary liver graft
is implanted to temporarily provide emergent support for the
loss of native liver function, offering a chance to the potential
spontaneous recovery of the native liver, and then allowing for
possible progression to immunosuppression withdrawal (5, 6).
In non-cirrhotic inherited metabolic liver disease, the implanted
small graft can compensate for the recipients enzyme deficiency
without the complete removal of the native liver. The implanted
partial liver graft and the residual non-cirrhotic native liver
can permanently cooperate to maintain normal liver function
(7, 8). In chronic cirrhotic liver disease, the residual native
liver with relatively preserved liver function can temporarily
support the implanted small volume graft during the immediate
postoperative period until sufficient regeneration (3, 9-11).
Recently, Brunner et al. reported two successful cases of auxiliary
two-staged partial resection LT using living-donor left lobes
(GRWR 0.65 and 0.43%, respectively) for end-stage liver cirrhosis
to prevent SESS (12). Together, APOLT using a small volume liver
graft may be a feasible therapeutic option for adult patients with
end-stage liver cirrhosis.

Post-transplant portal hyperperfusion is believed to be
a primary contributor to the pathophysiology of SFSS.
In this setting, intraoperative portal inflow modulation
techniques, including splenectomy, splenic artery ligation,
and portosystemic shunts, can be used to optimize the
post-perfusion portal vein pressure (PVP) and thus prevent
SESS-related graft loss (13, 14). Yoshizumi et al. found that
simultaneous total splenectomy should be recommended
for patients with severe portal hypertension or high portal

Abbreviations: SESS, small-for-size syndrome; APOLT, auxiliary partial
orthotopic liver transplantation; LDLT, living donor liver transplantation;
LT, liver transplantation; SLV, standard liver volume; SFSG, small-for-size graft;
GRWR, graft-to-recipient weight ratio; PVP, portal vein pressure; GV, graft
volume; POD, postoperative day; INR, international normalized ratio; CT,
computed tomography; MELD, Model for End-Stage Liver Disease; GSVR,
graft-to-spleen volume ratio.

pressure (>20 mmHg) after reperfusion in adult LDLT (15).
Thrombocytopenia in the immediate postoperative period after
LDLT is a common phenomenon in patients with end-stage
liver cirrhosis (16). Prolonged thrombocytopenia can expose
liver transplant recipients to a high risk of severe and even life-
threatening hemorrhagic complications, thereby complicating
the postoperative clinical course and even resulting in increased
morbidity and mortality (16, 17). A recent study by Pamecha
et al. showed that postoperative severe thrombocytopenia was
associated with a high risk of early graft dysfunction, prolonged
ascites drainage, and sepsis in LDLT recipients (17). It has
been previously reported that simultaneous splenectomy has
a beneficial role in adult LDLT to correct hypersplenism-
related pancytopenia (18). However, splenectomy-related lethal
complications, including hemorrhage from the splenectomy bed,
thromboembolic and septic complications, pancreatic fistula
and/or abscess, might overshadow the benefits of splenectomy
(15,19, 20).

The present case describes an adult patient diagnosed with
cryptogenic cirrhosis and severe portal hypertension who
underwent APOLT using a small volume living-donated
left liver lobe. Simultaneous subtotal splenectomy was
performed intraoperatively to lower graft PVP and correct
severe hypersplenism-related pancytopenia.

CASE REPORT

A 29-year-old man was admitted to our hospital because of
recurrent variceal bleeding. One year ago, he presented with
sudden melena and was diagnosed with cryptogenic cirrhosis and
severe portal hypertension at the local hospital. Since then, he
had experienced seven episodes of acute variceal bleeding despite
multiple endoscopic therapies (including endoscopic injection
sclerotherapy and endoscopic variceal ligation) and regular
administration of non-selective beta-blockers (carvedilol). Two
months ago, he suffered from a hemorrhagic shock caused
by gastrointestinal bleeding. On this admission, he had
melena and his blood routine examination revealed moderate
anemia (hemoglobin 75 g/1) and severe hypersplenism (platelet
count 13,000/mm?® and white blood cell count 600/mm?).
Serum biochemical examinations showed slightly elevated total
bilirubin (2.0 mg/dl) and conjugated bilirubin (0.57 mg/dl),
normal aspartate aminotransferase (26.6 IU/I) and alanine
aminotransferase (6 IU/1), normal serum creatinine (67 pmol/l)
and electrolytes (sodium 139.8 mmol/l, potassium 4.16 mmol/l,
chloride 112 mmol/l) and low albumin level (2.91 g/dl). The
blood ammonia level was 33 pmol/l, and the patient did not
experience any episodes of hepatic encephalopathy previously.
His international normalized ratio (INR) was slightly prolonged
(1.49). Abdominal computed tomography (CT) showed atrophic
liver, severely dilated gastroesophageal varices and short gastric
veins, umbilical vein recanalization, splenomegaly, massive
volume of free peritoneal fluid, and small volume of bilateral
pleural effusion. The Child-Pugh classification was B (score
9), and the Model for End-Stage Liver Disease (MELD)
score was 12. After a discussion between the patient and his
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parents and the multidisciplinary team, including radiologists,
hepatologists, and liver transplant surgeons, the patient refused
to undergo partial splenic embolization, surgical shunt or
transjugular intrahepatic portosystemic shunt because the patient
thought that abovementioned procedures were just temporary
therapeutic options but not a cure, with the potential high
risk of procedure-related complications including portal vein
thrombosis, substantial infectious risk, and occurrence of hepatic
encephalopathy, which may adversely influence his quality of
life and the subsequent chance of LT. On the other hand, the
indication for LT in this patient was relatively clear, namely
decompensated liver cirrhosis, including portal hypertension,
recurrent variceal hemorrhage, splenomegaly, hypersplenism,
and moderate to severe ascites. In such a situation, considering
the patient’s own wish regarding the LT and the donor’s safety
being the priority during LDLT, as well as our transplant
team’s previous extensive experience with APOLT, and thus
APOLT using a small-for-size living-donated left liver lobe was
considered for this patient.

The patient’s 51-year-old father was evaluated to be a suitable
living donor. Considering the advanced age of the donor, we
planned procurement of the left lobe liver to ensure the donor’s
safety. Using the three-dimensional imaging reconstruction
analysis system, the estimated left lobe graft volume was 476 ml,
representing an estimated GRWR of 0.65%, and graft volume
(GV)/SLV was 36.71%. Thus, APOLT using a left lobe liver graft
was designed to decrease the morbidity of SFSS in the recipient.
Given the presence of severe portal hypertension, hypersplenism,
and massive splenomegaly, simultaneous subtotal splenectomy
was planned, which served as a portal inflow modulation strategy
and treatment for severe hypersplenism. The calculated volume
of the whole spleen and the designed preserved upper pole of the
spleen were 1,445 and 503 ml, respectively (Figure 1a).

The donor underwent a left hemihepatectomy with
preservation of the middle hepatic vein, and the intraoperative
course was uncomplicated. The actual graft weight was 405 g,
GRWR was 0.55%, and GV/SLV was 31.23%. The recipient
underwent APOLT with preservation of the native right lobe
liver (Figure 1b). Before hepatectomy, PVP was measured
with a needle inserted directly in the portal vein trunk; the
value of which was 26 mmHg. The graft was implanted using a
modified piggyback technique with an end-to-end anastomosis
between the left hepatic vein of the donor graft and the common
left/middle hepatic vein orifice of the recipient. The end-to-
end portal anastomosis was performed between the grafts
left portal vein and the recipient’s left portal vein stump. The
graft’s left hepatic artery was anastomosed to the recipients
left hepatic artery (Figure 1c). Graft PVP measurement was
19 mmHg after reperfusion and decreased to 12 mmHg upon
temporary clamping of the splenic artery trunk. Subtotal
splenectomy was performed by ligating the corresponding
segmental arteries and veins of the lower two-thirds of the
spleen, as previously described (21). About 70% of the splenic
volume was resected (Figure 1d), and the final graft PVP was 14
mmHg. Biliary anastomosis was performed between the graft
left bile duct and the recipient left bile duct (Figure le). The
warm and cold ischemia time of the graft was 23 and 276 min,

respectively. The total operating time was 770 min (the time of
subtotal splenectomy was about 39 min). Intraoperatively, the
patient remained hemodynamically stable without unexpected
complications. The intraoperative blood loss was ~750 ml.

Based on our and other centers experience, vaccination
against pneumococci and any other encapsulated bacteria was
not performed before or after transplantation (18, 21). To prevent
vascular thrombosis, unfractionated heparin sodium (10,000
U/day) was started from the postoperative day (POD) 3-7.
Then anticoagulation using warfarin was added to maintain INR
1.5-2.0 until postoperative month 3 (Figure 2). Postoperative
abdominal Doppler ultrasonography was performed to examine
flow in the graft vessels at least once daily until POD 7
and once every 2 days between POD 8 and 14. Abdominal
dynamic contrast-enhanced CT was performed if ultrasound
abnormalities were noticed. Postoperative immunosuppressive
therapy consisted of methylprednisolone, mycophenolate
mofetil, and tacrolimus. Pathological analysis of the excised liver
specimen suggested cirrhosis.

Apart from massive ascites production, the postoperative
hospital course was uneventful, and graft function recovered
rapidly (Figure 2). It took 6 weeks to achieve disappearance of
abdominal drainage, and then the drainage tube was removed.
The platelet and leukocyte counts increased immediately
during the perioperative period and remained in the normal
ranges during long-term follow-up (Figure2). There was
no occurrence of splenectomy-related complications such as
bleeding from splenectomy bed, portal venous thrombosis,
pancreatic fistula and abscess, or septic complications. The
recipient was discharged from the hospital on day 43 post-
transplant. He was followed up regularly according to his clinical
and laboratory data. The anatomical and functional volume
of the implanted liver graft and residual native liver were
evaluated using a dynamic contrast-enhanced CT scan and 99
mTc-GSA scintigraphy. The results showed gradually increased
volume and enhanced function of the liver graft (Figure 3). The
volume of the remnant spleen was also monitored, indicating
no occurrence of splenic regrowth (Figure 3A). Moreover, there
were no procedure-related complications throughout the follow-
up period. To date (35.3 months post-transplant), the patient’s
graft function is good, and peripheral platelet and leukocyte
counts remain in the normal ranges (Figure 2). Meanwhile, the
living donor recovered well-with no postoperative complications.
He was discharged in good condition 6 days after the operation,
and the clinical course after discharge was uneventful. This study
was conducted in accordance with the Declaration of Helsinki.
It was approved by the Ethical Committee of Beijing Friendship
Hospital, Capital Medical University (No. 2018-P2-127-01). The
patient has signed informed consent.

DISCUSSION

With a critical shortage of donated organs and increased
mortality for those on the waiting list, living donors have
become an increasingly accepted potential alternative source
of organs for adult patients with end-stage liver disease. Due
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FIGURE 1 | Estimated hepatic and splenic volumes of the recipient and photographs of the operating field. (a) Calculated hepatic volume was 905 ml (volume of
planned preserved right hemi-liver was 270 ml), and splenic volume was 1,445 ml (volume of designed preserved upper pole was 503 ml; (b) remnant right hemi-liver
and large varicose veins (black arrow); (c) hepatic artery and portal vein to auxiliary partial graft; (d) ischemic demarcation line on spleen (blue arrow) during
simultaneous subtotal splenectomy; (e) native remnant liver (R), partial liver graft (G) and residual spleen (S).

to the assurance of donor’s safety being the priority in LDLT,
SESGs have been used to minimize risks to donors in adult-to-
adult LDLT. However, SFSGs are generally considered unsafe
in terms of the risk of SESS (22). Notably, the occurrence
of SFSS is not only attributed to graft size mismatch but
also likely to be associated with other factors, including graft
quality (donor age and steatosis), recipient conditions (portal
hypertension and severity of original liver disease), and technical
issues (venous reconstruction) (23, 24). In the present study,
insufficient graft parenchyma, advanced donor age, and severe
portal hypertension may have induced excessive portal blood
flow through the small-volume graft, leading to a high risk
of postoperative SFSS and early allograft dysfunction. APOLT,
which was initially explored for potentially reversible fulminant
liver failure (temporary support by the auxiliary graft), has been
described in patients with liver-based metabolic diseases, chronic
liver disease and small liver grafts (temporary or permanent
support by the native liver remnant) (3, 4, 8, 10). Therefore,
APOLT with the preservation of the right lobe, which can lower
the volume requirement for the graft, was performed in our
recipient. It was anticipated that the residual native liver with
relatively preserved liver function could temporarily support the
function of the implanted small-for-size left liver lobe during
the immediate postoperative period until the small graft had
regenerated sufficiently. Then the graft can be expected to fully
meet the hepatic functional demands of the recipient. More
recently, a similar approach known as auxiliary two-staged partial
resection LT using living-donor left lobes has been reported as a
safe and technically feasible treatment for end-stage liver disease
to avoid the small-for-size situation in adults/adolescents (12).
Here, our case further demonstrated the clinical feasibility of

APOLT using small-for-size living-donated left liver lobes for
selected adult patients with end-stage liver cirrhosis, allowing
increasing the pool of liver grafts and decreasing the risk of SFSS.

Notably, the functional competition of the portal vein flow
between the remnant native liver and the implanted graft is a
significant concern of APOLT, leading to progressive growth of
one-side conquering liver and chronic atrophy of the defeated
liver (4, 25). In our patient, due to the pre-existence of
cirrhosis contributing to consequent higher intrahepatic vascular
resistance in the remnant native liver, the portal blood flow to the
soft implanted graft had an advantage over that to the cirrhotic
residual liver. By virtue of the superiority of portal vein blood
flow, the small liver graft was expected to expand its function in
proportion to volume growth until it met the hepatic functional
demand of the recipient with sufficient volume, while the native
liver would shrink gradually. In fact, the results of postoperative
abdominal dynamic contrast-enhanced CT scan and 99 mTc-
GSA scintigraphy showed a progressive increase in the volume
of the implanted liver graft and a gradual decrease in that of
the residual native liver (Figure 3). Due to the inherent benign
nature of the disease, namely cryptogenic cirrhosis, issues of
disease transmission from the remnant native liver to graft can
be ignored; therefore, removing the native cirrhotic liver was not
considered in this recipient. Notably, however, given the potential
risk of carcinogenicity of the remnant native liver, the patient
underwent a hepatocellular carcinoma surveillance program
including abdominal ultrasound, serum alpha-fetoprotein and
prothrombin induced by vitamin K absence-II during his
regular follow-up.

Previous studies have suggested that preoperative graft-to-
spleen volume ratio (GSVR) at a ratio of <0.6 g/ml is a
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good predictor of the development of post-transplant portal
hyperperfusion; therefore, it can be used to indicate whether
splenectomy is required before reperfusion (26, 27). Yao et
al. reported that PVP >15 mmHg was associated with poor
prognosis in grafts from donors aged >45 years, and lowering
PVP to <15 mmHg was a key to prevention of SFSS and
consequent early graft loss (28). Given the high PVP after
reperfusion and advanced donor age, intraoperative portal inflow
modulation was necessary for our recipient. Currently, there

are several available strategies for portal inflow modulation,
including splenic artery ligation, splenectomy, and portosystemic
shunts, while concerns about these procedures remain (29, 30).
Splenic artery ligation has limited effect on PVP control and
carries a risk of sepsis and insufficient recovery of pancytopenia
(29, 31); simultaneous splenectomy could be associated with
the risk of portal hypoperfusion, portal venous thrombosis,
infectious complications, and postoperative bleeding (20, 32);
portosystemic shunts carry a risk of the development of portal

Frontiers in Medicine | www.frontiersin.org

103

January 2022 | Volume 8 | Article 818825


https://www.frontiersin.org/journals/medicine
https://www.frontiersin.org
https://www.frontiersin.org/journals/medicine#articles

Zhou et al.

Subtotal Splenectomy During APOLT

1800

1600

1400 1 N

1200 A

1000 A

A CT Volume (ml)
—e— Native liver(right lobe)

—o— Liver graft(left lobe)

—o—Spleen

800

600

400

200

POD 13 POD 32

POST-20MIN

Post-transplant Days 14

=88%: 12 and 97.9%: 2.1%, respectively).

FIGURE 3 | Pre- and postoperative imaging. (A) Changes in CT-simulated volume of the native residual liver, graft, and spleen throughout follow-up; (B) representative
abdominal CT images (R, liver remnant; G, graft; S, spleen); (C) Tc-99 m hepatobiliary scintigraphy on post-transplant day 14 and 712 (left liver graft: right native liver

POD 711

ANT-30MIN POST-30MIN

Post-transplant Days 712

steal phenomenon, causing excessive diversion of the portal flow
to the systemic circulation (27, 31).

More recently, Zhou and Wei et al. performed simultaneous
partial splenectomy during LT in patients with severe
hypersplenism, which achieved a satisfactory long-term
hematological response but avoided untoward complications
of total splenectomy (21, 33). A recent study by Yao et al.
found that an extremely low GSVR (<0.7 g/ml) was associated
with persistent hypersplenism, impaired graft function, and
consequent early graft loss after LDLT in patients with
spleen preservation (34). Furthermore, it has been proved
that preoperative spleen volume and low platelet count may
contribute to post-transplant persistent thrombocytopenia,
complicating the postoperative course among liver transplant
recipients (16, 35, 36). Given our recipients high graft PVP (19
mmHg) after reperfusion, large spleen (GSVR = 0.28 g/ml)
and severe hypersplenism, we performed subtotal splenectomy
at the time of transplantation, aiming to decompress graft

portal hyperperfusion and correct hypersplenism-related
pancytopenia. Apart from a long period of abdominal drainage,
our recipient showed no noticeable signs of post-reperfusion
portal hypertension and consequent complications in the
early postoperative period. Platelet and leukocyte counts
remained in the normal ranges throughout follow-up, suggesting
severe pancytopenia related to hypersplenism had also been
completely corrected.

CONCLUSION

This case suggests that simultaneous subtotal splenectomy during
APOLT using small-for-size living-donated left liver lobes is
not only an efficient intraoperative portal inflow modulation
strategy but also a feasible treatment for severe hypersplenism
in selected adult patients with end-stage liver cirrhosis. It
could be a viable alternative to splenectomy, which preserves
splenectomy’s beneficial effects but avoids splenectomy-related
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lethal complications. Furthermore, APOLT using a small-for-
size liver graft may be a safe and feasible therapeutic option for
selected adult patients with end-stage liver cirrhosis, which can
further expand the pool of donor grafts.
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