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Background & Aims: Acute-on-chronic liver failure (ACLF) has been linked to different pathophysiological mechanisms,
including systemic inflammation and mitochondrial dysfunction. Sarcopenia has also been proposed as a potential mecha-
nism; myostatin is a key factor inducing sarcopenia. Therefore, this study aimed to evaluate the association of myostatin levels
with the development of ACLF and mortality in patients with cirrhosis.
Methods: We performed a prospective cohort study, including both outpatient and hospitalized patients with cirrhosis.
Clinical, biochemical, and nutritional parameters were evaluated, and the development of acute decompensation (AD) or ACLF
during follow-up was recorded. ACLF was defined according to the EASL-CLIF criteria. Receiver-operating characteristic,
Kaplan-Meier and Cox regression analyses were performed.
Results: A total of 186 patients with the whole spectrum of cirrhosis were included; mean age was 53.4 ± 14 years, mean
Child-Pugh score was 8 ± 2.5 and mean MELD score was 15 ± 8. There was a stepwise decrease in myostatin levels from a
compensated stage to AD and ACLF. Myostatin correlated positively with nutritional markers and negatively with severity
scores. The prevalence of sarcopenia was 73.6%. During follow-up, 27.9% of patients developed AD and 25.8% developed ACLF.
Most episodes were grade 2-3, mainly (62.5%) precipitated by infections. The most common organ failures observed were in
the liver (63.3%) and the kidney (64.6%). Receiver-operating characteristic analysis yielded <1,280 pg/ml as the best serum
myostatin cut-off for the prediction of ACLF. In Kaplan-Meier curves and multivariate analysis, myostatin levels remained
independently associated with the incidence of ACLF and survival.
Conclusions: There is a progressive decrease in myostatin levels as cirrhosis progresses, demonstrating an association of
sarcopenia with the development of ACLF and increased mortality.
Impact and implications: Myostatin is a muscle hormone, it is decreased in patients with muscle loss and is a marker of
impaired muscle function. In this study we show that myostatin levels are decreased in patients with cirrhosis, with lower
levels in patients with acute decompensation and acute-on chronic liver failure (ACLF). Low myostatin levels in cirrhosis
predict the development of ACLF and mortality independently of liver disease severity and sex.
© 2023 The Author(s). Published by Elsevier B.V. on behalf of European Association for the Study of the Liver (EASL). This is an
open access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/).
Introduction
Acute-on-chronic liver failure (ACLF) is distinct from acute
decompensation (AD) and is characterized by the development
of organ failure(s) (OFs) and high short-term mortality rates.1
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Apart from its more severe course, ACLF is also marked by a
more pronounced systemic inflammatory response than seen in
AD of cirrhosis.2 Considering the high associated mortality and
the lack of effective treatments, it is crucial to identify risk factors
and predict the development of ACLF.

Malnutrition and specifically sarcopenia, the loss of muscle
mass and decreased muscle function, are a common finding in
chronic liver disease, and are related to the development of
complications and mortality in patients with cirrhosis.3,4 In this
regard, the presence of sarcopenia measured by CT scan has been
associated with the development of ACLF.5 However, the un-
derlying mechanism is not fully understood. One possible
mechanism may be the increase in systemic inflammation and
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mitochondrial dysfunction derived from malnutrition and sar-
copenia, which, in turn, is involved in the development of
ACLF.2,6,7

The muscle is an organ with immune regulatory properties. In
fact, certain molecules produced in muscle, such as myokines,
cytokines, and peptides including interleukin-6 (IL-6), possess
immunomodulatory effects.8 Myostatin, a key myokine involved
in the regulation of skeletal muscle mass, has been shown to
exert an immunomodulatory function in liver disease; myostatin
deficiency was associated with decreased liver dysfunction and
neutrophil infiltration into the liver, and improved bacterial
clearance, leading to increased survival in a mouse model of
sepsis.9

Specifically, higher baseline levels of IL-6 were associated
with the development of ACLF.2 However, IL-6 has pro-
inflammatory and anti-inflammatory properties. While chronic
exposure to pro-inflammatory cytokines, such as tumor necrosis
factor-a, induce the pro-inflammatory properties of IL-6, physical
exercise induces pulsatile IL-6 release as an anti-inflammatory
response.8

Sarcopenia in cirrhosis is thought to be mediated, in part, by
myostatin,10 an autocrine inhibitor of skeletal muscle growth and
development.11 Myostatin levels are altered in patients with
cirrhosis.12 Interestingly, hyperammonemia upregulates the
expression of myostatin via activation of the NF-jB pathway.13 In
contrast, follistatin, mainly secreted by the liver and involved
especially in acute liver failure,14 antagonizes myostatin, thus
preventing it from executing its inhibitory effect on muscle
growth.15 In cirrhosis, this inhibitory effect of follistatin on
myostatin is reduced.16 The levels of myostatin may indicate
sarcopenia in cirrhosis and since sarcopenia has been shown to
be a risk factor for the development of ACLF, this study aimed to
evaluate the role of myostatin levels and their association with
the development of ACLF, and associated mortality, in patients
with cirrhosis.
Patients and methods
This was a prospective cohort study carried out at a tertiary care
center in Mexico City (Instituto Nacional de Ciencias Médicas y
Nutrición Salvador Zubirán) from January 2014 to December
2019. It was conducted according to the principles in the
Declaration of Helsinki and was approved by the local Institu-
tional Review Board (REF.1347).

Patients were recruited in the outpatient clinic from the Liver
Transplant Unit or the hospital ward; all patients provided their
informed consent, and if they were unable to sign due to hepatic
encephalopathy, their legal guardian signed the consent form on
their behalf. Patients with a confirmed diagnosis of cirrhosis,
who were older than 18 years of age were included in the study.
The diagnosis of cirrhosis was based on the combination of
clinical features, radiological imaging, presence of portal hyper-
tension, compatible biochemical parameters, transient elastog-
raphy (FibroScan), and/or liver biopsy. Patients with incomplete
data were excluded from this study.

Follow-up
The time of established follow-up was from January 2014 to
December 2019.

Outpatients and inpatients were invited to participate, all
baseline evaluations were carried out, including blood sampling
to obtain myostatin levels.
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Patients were then followed with the aid of electronic clinical
records, where events of AD or ACLF were recorded. None of the
patients that were included we already in the disease severity
category. All patients included were in different disease severity
category then in the follow up.

The final groups in the study were created according to their
decompensation status at the end of follow-up, i.e. no decom-
pensation, AD or ACLF.

AD and ACLF
AD was defined as the presence of ascites (according to Inter-
national Club of Ascites criteria) requiring hospitalization, he-
patic encephalopathy (West Haven criteria) requiring
hospitalization, primary bacterial peritonitis and/or variceal
bleeding.

ACLF was defined based on the criteria described by the EASL-
CLIF in the CANONIC study. The presence of organ failure(s) was
defined after patients had received adequate management for
48 h following hospital admission. This timepoint (evaluation at
48 h) was established to avoid misdiagnosis of organ failures due
to factors other than ACLF, e.g. hypovolemia-induced acute kid-
ney injury (diuretics or variceal bleeding).

Myostatin determination
On the day of inclusion, a sample of peripheral blood was
collected in tubes containing EDTA, which was immediately
centrifuged. The obtained supernatant was stored at -80 �C and
the levels of myostatin were determined using ELISA (# DY788-
05, R&D Systems, USA) according to the manufacturer’s assay
guidelines. Briefly, serum and kit-provided standard samples
were added to 96-well ELISA plates pre-coated with specific
monoclonal antibodies and incubated for 3 h. Washing was
performed four times, the specific enzyme-linked antibodies
were added to each well. After an additional four washings,
substrate solution was added to each well and incubated for
30 min. Subsequently, stop solution was added to stop the re-
action. Plates were read at 450 nm by a microplate reader. A
standard curve was prepared based on the serial dilutions data
with concentration on the x axis (log scale) vs. absorbance on the
Y axis (linear). The concentration of the sample was calculated
from this standard curve.

Clinical and nutritional assessment
Clinical and biochemical parameters were collected from the
electronic medical file to calculate Child-Pugh, model for end-
stage liver disease (MELD), MELD-Na, Chronic Liver Failure –

consortium (CLIF-C) ACLF and AD scores.
Nutritional markers were evaluated at the time of inclusion.

Bioelectrical impedance-derived phase angle (PhA), mid-arm
muscle circumference, triceps skinfold thickness (TST), and
handgrip strength were measured.

Sarcopenia was evaluated using PhA, which is a nutritional
marker obtained from bioelectrical impedance, widely validated
in different diseases including cirrhosis and against the gold-
standard CT-derived skeletal muscle index (SMI). It has 94%
sensitivity for detecting sarcopenia when compared with SMI-
diagnosed sarcopenia, both with comparable prognostic
value.17 PhA is easily obtained with a portable device and can be
performed at bedside. This method was chosen due to ease of
use and bioimpedance analysis to obtain PhA was performed
using a mono-frequency device at 50 kHz (RJL systems Quantum
IV). Bioimpedance analysis was performed after a 4-hour fasting
2vol. 5 j 100761



Table 1. Baseline characteristics of the study population.

All (n = 186)

Age (years) 53.4 ± 14
Sex (F/M) (%) (62.9/37.1)
Etiology of cirrhosis (%)

HCV
NASH/cryptogenic
Autoimmune hepatitis
Alcohol
Primary biliary cholangitis
Overlap syndrome
Other

31.2
20.4
12.4
10.2
9.7
8.1
8

Child-Pugh (%)
A
B
C

30.1
33.3
36.6

Child-Pugh points 8 ± 2.5
MELD score 15 ± 8
MELD-Na score 16 ± 8
Complications (%)

Ascites
Hepatic encephalopathy

62.4
46.2

Myostatin (pg/ml) 2476 (647-5682)
Phase angle 4.7 (3.7-5.5)
Mid-arm muscle circumference 20.8 ± 4.1
Handgrip strength 14.3 (10-19.3)
Triceps skinfold thickness 20 (14-25.7)

MELD, model for end-stage liver disease; NASH, non-alcoholic steatohepatitis.
Data presented as mean ± SD for variables with normal distribution, and median
(IQR) for variables with non-normal distribution.
period. With the patient in the supine position, four electrodes
were placed, two on the right hand and two on the right foot,
obtaining resistance (R), reactance (Xc) and PhA. Sarcopenia was
diagnosed using PhA with previously validated cut-offs: <5.6� for
males and <5.4� in females.17

TST was measured on the non-dominant arm to the nearest
mm using a Harpenden caliper and mid-arm circumference was
measured on the non-dominant arm to the nearest 0.1 cmwith a
Table 2. Comparison of baseline and final clinical and biochemical character

Compensated (n = 86)

At inclusion End of follow-up

Child-Pugh (%)
A 50.6 24.4
B 30.6 46.5
C 18.8 29.1

Child-Pugh points 7 ± 2.4 7.9 ± 2.0**
MELD score 12 ± 6 15.3 ± 7**
MELD-Na score 13 ± 7 16.7 ± 7.1**
Total bilirubin (mg/dl) 2.2 (0.9-3.5) 2 (1.2-3.6)
Albumin (mg/dl) 3.5 ± 0.7 3.1 ± 0.7**
Creatinine (mg/dl) 0.7 (0.6-0.9) 0.8 (0.6-1.0)
INR 1.2 (1.1-1.3) 1.2 (1.1-1.5)
Sodium (mmol/L) 137 ± 5 135 ± 5
Leukocytes (x103/ll) 4.1 (3.0-6.0) 4.5 (3.1-6.2)
Neutrophils (%) 63.4 ± 12.1 66.6 ± 14.6*
Precipitants of decompensation (%)

Infection
Bleeding
Unknown
Other (i.e., alcohol, surgery, etc)

Liver transplant (%) 16.5
Death (%) 18.8 #

ACLF, acute-on-chronic liver failure; AD, acute decompensation; INR, international norm
Data presented as mean ± SD for variables with normal distribution, and median (IQR)
Paired t test and Wilcoxon test, **<0.001, *<0.05. Chi-squared test.
# Difference between groups compensated vs. ACLF (p <0.05)
|| Difference between groups AD vs. ACLF (p <0.05).
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non-stretchable measuring tape (Lufkin), the measurement was
done at the mid-point between the olecranon and the acromion.
Mid-arm muscle circumference (MAMC) was calculated from
MAC and TST by the formula MAMC (mm) = MAC (mm) - (3.14
TST in mm). In patients with hepatic encephalopathy or sedation,
both TST and MAMC were measured with the aid of a second
person.

Handgrip strength (HGS) was measured with the patient
seated using a Jamar handgrip dynamometer (Patterson Medical,
Warrenville, Illinois). Measurements were made according to
manufacturer’s instructions and recorded to the nearest kg. To
avoid bias, HGS was not performed when patients had overt
hepatic encephalopathy. In some cases the test was able to be
performed after hepatic encephalopathy resolution. Apart from
clinical hepatic encephalopathy, covert hepatic encephalopathy
was assessed in the patietns. When patients had a Number
Connection Test-B (NCT-B test) result <220 s the test was
considered reliable, as established by guidelines.18

Statistical analysis
Sample size estimation considered a hypothesized area under
the receiver-operating characteristic curve (AUC) value of 0.65
(for myostatin levels), a non-discriminating AUC value (null hy-
pothesis) of 0.5, and a proportion of negative/positive cases of 2/
1. Finally, with an a error of 0.05 and a b error of 0.2, the final
number was 43 positive cases and 86 negative cases, yielding
129 cases in total.

The Kolmogorov-Smirnov test was used to assess data dis-
tribution. Descriptive data is presented as absolute frequencies,
mean ± SD or median (IQR). To compare two independent
groups, Student�s t test or Mann-Whitney U test were used. For
comparison of three independent groups, ANOVA or Kruskal-
Wallis tests were used as appropriate. To compare categorical
variables, the Chi-squared test was used. Pearson�s correlation
analysis was performed to evaluate correlations between
istics.

AD (n = 52) ACLF (n = 48)

At inclusion End of follow-up At inclusion End of follow-up

13.5 5.8 10.4 0
40.4 23.1 31.3 2.1
46.2 71.2 58.3 97.9
9 ± 2 9.8 ± 1.6* 9 ± 2.4 11.5 ± 1.2**

16 ± 6 20.3 ± 7* 20 ± 9 31.1 ± 6**
18 ± 7 21.4 ± 6.8* 21 ± 8 32.0 ± 6.9**

2.4 (1.7-4.1) 3.2 (1.6-7.3)* 4.6 (2.1-19.7) 16 (6.8-28.8)**
2.9 ± 0.7 2.6 ± 0.7* 3 ± 0.7 2.8 ± 0.8

0.8 (0.7-1.4) 0.9 (0.7-1.3) 1.2 (0.7-1.8) 2.1 (1.4-3.2)**
1.3 (1.2-1.6) 1.4 (1.2-1.6) 1.4 (1.3-1.7) 1.9 (1.5-2.4)**

135 ± 7 132 ± 6.5 137 ± 6 134 ± 7.4
4.8 (3.2-6.6) 4.6 (2.6-7.5) 5.1 (2.8-7.8) 8.5 (4.7-16.8)**
72.3 ± 13.8 74.6 ± 14.8 72.2 ± 15.4 84.2 ± 10.4**

50 62.5
35.8 14.6
6.6 8.3
7.6 14.6
25 10.4

21.2 || 79.2 #,||

alized ratio; MELD, model for end-stage liver disease.
for variables with non-normal distribution.
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myostatin and study variables. To obtain cut-off values from
myostatin, receiver-operating characteristic (ROC) curves and the
Youden index were used. The incidence of ACLF and survival
were evaluated using Kaplan-Meier curves and Cox regression
analysis. Statistical analysis and figures were created using SPSS
v21 and MedCalc v19.1. See supplementary CTAT table for further
details.
Results
Baseline and end of follow-up characteristics
The baseline characteristics of the total study population, which
were obtained during the initial visit when blood samples were
collected, are shown in Table 1. The mean age was 53.4 ± 14
years, most patients were females (62.9%), the primary causes of
liver disease were HCV infection, non-alcoholic fatty liver dis-
ease, and autoimmune liver diseases. The high number of auto-
immune and cholestatic diseases is due to the focus of our
hospital, which is a referral center for autoimmune and chole-
static diseases. The mean Child-Pugh score was 8 ± 2.5 points,
and the mean MELD score was 15 ± 8. There was an even dis-
tribution among the different Child-Pugh categories, with 30.1%
classified as Child-Pugh A, 33.3% as Child-Pugh B, and 36.6% as
Child-Pugh C. The median levels of myostatin in the overall
population were 2,476 (647-5,682) pg/ml, and markers of
nutritional status were mainly below normal ranges.

At the end of follow-up, once the outcomes were registered,
the population was divided into three categories: those who
remained compensated (46.2%), those who experienced AD
(28%), and those who developed ACLF (25.8%). Table 2 shows the
characteristics of these groups at baseline and at the end of the
follow-up period.

As expected, a higher proportion of patients with Child-Pugh
B and C were observed in the AD and ACLF groups, with a
worsening of severity scores in each group at the final evaluation
due to the progression of the disease. Biochemical variables
associated with the severity of liver disease, as well as leukocytes
and neutrophils, were higher in patients with ACLF.

Infection and bleeding were identified as the main pre-
cipitants of both AD and ACLF. Though the rate of liver
Table 3. Baseline characteristics of the study population classified according

Sarcopeni

Age (years)
Sex (F/M) (%)
Child-Pugh points
MELD score
MELD-Na score
Complications (%)

Ascites
Hepatic encephalopathy

Myostatin (pg/ml) 1987 (
PhA�

MAMC
HGS 12.
TST
LT (%)
Death (%)
ACLF (%)

ACLF, acute-on-chronic liver failure; HGS, handgrip strength; LT, liver transplantation; M
phase angle; TST, triceps skinfold thickness.
Data presented as mean ± SD in variables with normal distribution, and median (IQR)
Student’s t test, Mann-Whitney U and Chi-squared test.
* Difference between groups (p <0.05).
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transplantation was numerically higher in patients with
compensated cirrhosis or AD than in the ACLF group, this dif-
ference was not statistically significant. Finally, the mortality rate
was substantially higher in patients with ACLF (79.2%) compared
to those with compensated cirrhosis (18.8%) and AD (21.2%).

Regarding the characteristics of patients with ACLF in this
study, there was a male predominance, higher prevalence of
alcohol-related cirrhosis and higher severity scores. The majority
of ACLF cases were categorized as grade 2 or 3, with infections
being the primary trigger in 62.5% of cases. Liver and kidney
failure were the most observed organ failures, with 63.3% and
64.6% of patients experiencing these, respectively. The most
frequent precipitant of AD was infection, and the main clinical
presentation was hepatic encephalopathy and spontaneous
bacterial peritonitis (Table S1).
Myostatin and sarcopenia
Patients were classified according to the presence of sarcopenia
by PhA; characteristics can be found in Table 3. There was a
marked difference in myostatin levels according to the presence
of sarcopenia, being lower when sarcopenia was present; a
graphical representation of this finding is presented in Fig. 1B.
Patients with sarcopenia more often had decompensated disease
and a worse prognosis, with fewer of them reaching transplant,
and with a higher incidence of ACLF and mortality.
ACLF, sarcopenia and sex
The differences in clinical and biochemical variables as well as
outcomes according to sex can be found in Table S2. ACLF was
more common in men than in women (37.7% vs. 19%), while AD
showed the opposite trend, being more common in women than
in men (41% vs. 27.5%). In general, mortality (42% vs. 30.8%) and
liver transplantation (21.4% vs. 14.2%) were more common in
men than in women. Differences were observed in etiology,
biochemical variables and severity scales as well as regarding the
presence of ascites. However, no significant differences were
observed in the reported outcomes, and there was no statistical
difference between males and females in myostatin levels (p =
0.105).
to nutritional status.

a (n = 137) No sarcopenia (n = 47)

54 ± 14 50 ± 12
62.8/37.2 63.8/36.2
9 ± 2.4 7 ± 2.5*
16 ± 7 11 ± 4*
18 ± 8 12 ± 5*
69.1
55.5

42.6*
19.1*

463-4,448) 5505 (2,330-6,918)*
4.1 ± 0.9 6.2 ± 0.5*

20.2 ± 4.1 22.7 ± 3.7*
8 (7.9-17.3) 18.4 (13.3-26.4)*
20 (18–24) 19 (13–20)

16.1 21.3
40.9 17.0*
30.9 10.6*

AMC, mid-arm muscle circumference; MELD, model for end-stage liver disease; PhA,

in variables with non-normal distribution.
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Fig. 1. Pearson�s correlation of myostatin with clinical and nutritional markers. (A) **p <0.001, *p <0.05 (Pearson’s correlation coefficient r). (B) Levels of
myostatin in patients with sarcopenia (1,987 [463–4,448]) and without sarcopenia (5,505 [2,330–6,918]) in the whole cohort. (C) Levels of myostatin in
compensated patients (4,538.5 [2,274–6,850]), in patients with AD (1,587.5 [397–4,283]) and ACLF (984.5 [278–2,624]) in the whole cohort. (D) AUC of myostatin
cut-off for ACLF prediction: 0.683, sensitivity: 62.5%, and specificity: 73.4%; standard error: 0.0497, 95% CI 0.597 to 0.758; z statistic: 3.651; significance level p
(area = 0.5): 0.0003; Youden index J: 0.3523; associated criterion: <−1,280 pg/ml. (ROC curve analysis and Youden index test). ACLF, acute-on-chronic liver failure;
AD, acute decompensation; AUC, area under the receiver-operating characteristic curve; HGS, hand-grip strength; MAMC, mid-arm muscle circumference; MELD,
model for end-stage liver disease; PhA, phase angle.
Myostatin and severity of liver disease
We explored correlations between myostatin and various
nutritional and clinical variables (Fig. 1A). Myostatin levels
positively correlated with nutritional markers and negatively
with severity scores. There were no significant correlations be-
tween myostatin and age or sex.

Patients with compensated disease (Child-Pugh A) had higher
levels of myostatin compared to those with decompensated
disease (Child-Pugh B and C) (5,047 (3,864-6,869) pg/ml, 2,269
(538-6,190) pg/ml, and 943 (259-2,504) pg/ml, respectively, p
<0.001). Furthermore, there was a gradient observed in the levels
of myostatin when severity categories were compared, showing
a decrease in myostatin levels as the severity of the disease
increased (Fig. 1C).
JHEP Reports 2023
Myostatin and population outcomes
ROC curves were constructed for myostatin levels to obtain the
optimal cut-off value associated with the development of ACLF
(Fig. 1D). The AUC for myostatin was 0.682 and the best cut-off
was <−1,280 pg/ml. The ROC curve for myostatin levels was
compared with ROC curves for MELD and CLIF scores (Fig. S1),
which exhibited AUCs of 0.739 and 0.831, respectively.

With the newly obtained cut-offs, Kaplan-Meier curves were
created to evaluate the 6-month and total follow-up incidence of
ACLF (Fig. 2A and B) and 6-month and total survival (Fig. 2C and
D). The myostatin cut-off of <−1,280 pg/ml was significantly
associated with higher incidence of ACLF and more importantly,
associated with decreased survival, with an approximate 2- to 3-
fold decrease in cumulative survival between the groups. The
5vol. 5 j 100761



B

C

A

D

6-month incidence of ACLF according to the myostatin cut-off

6-month survival according to the myostatin cut-off

Myostatin
>1,280 pg/ml
≤1,280 pg/ml

Myostatin
>1,280 pg/ml
≤1,280 pg/ml

100

80

60

40

20

0

Months of follow-up
0 1 2 3 4 5 6

Months of follow-up
0 1 2 3 4 5 6

100

80

60

40

20

0

p = 0.019

p = 0.025

C
um

ul
at

iv
e 

AC
LF

 in
ci

de
nc

e
C

um
ul

at
iv

e 
su

rv
iv

al

Incidence of ACLF according the myostatin cut-off

Survival according to myostatin cut-off

Myostatin
>1,280 pg/ml
≤1,280 pg/ml

Myostatin
>1,280 pg/ml
≤1,280 pg/ml

Months of follow-up
0 12 24 36 48

Months of follow-up
0 12 24 36 48

p <0.0001 

p <0.0001 

100

80

60

40

20

0

C
um

ul
at

iv
e 

AC
LF

 in
ci

de
nc

e

100

80

60

40

20

0

Su
rv

iv
al

 p
ro

ba
bi

lit
y

Fig. 2. 6-Month incidence of ACLF according to the cut-off of myostatin levels. (A) Months to incidence of ACLF: myostatin >1,280 pg/ml: 4.5 ± 0.8 vs.
myostatin <−1,280 pg/ml: 2.3 ± 0.4 (p <0.019) (n = 46) (Kaplan-Meier curves and log-rank test). (B) Incidence of ACLF in the total population according to cut-off of
myostatin levels. Months to incidence of ACLF: myostatin >1,280 pg/ml: 61.97 ± 2.58 vs.myostatin <−1,280 pg/ml: 22.21 ± 4.01 (p <0.001) (Kaplan-Meier curves and
log-rank test). (C) 6-month survival according to the cut-off of myostatin levels. Mean survival in months: myostatin >1,280 pg/ml: 3.4 ± 0.7 vs. myostatin
<−1,280 pg/ml: 1.6 ± 0.2 (p <0.025) (Kaplan-Meier curves and log-rank test) (n = 46). (D) Survival in the total population according to the cut-off of myostatin levels.
Mean survival in months: myostatin >1,280 pg/ml: 55.3 ± 2.93 vs. myostatin <−1,280 pg/ml: 20.5 ± 3.75 (p <0.001) (Kaplan-Meier curves and log-rank test). ACLF,
acute-on-chronic liver failure; AUC, area under the receiver-operating characteristic curve.

Research article
median follow-up in the total population was 21 (3-51) months.
Also, to evaluate a gradation of effect of myostatin levels, we
created four groups for myostatin based on the calculated per-
centiles of the cohort, <25th percentile, percentile 25-50,
percentile 50-75 and >75th percentile, and we observed that
those in the lower percentiles also had a higher incidence of
ACLF compared to those in the higher percentiles (Fig. S2).

Finally, in the Cox regression analysis, the cut-off of myostatin
<−1,280 pg/ml remained independently associated with ACLF and
survival when controlled for sex and MELD in the first model and
sex and CLIF-C OF in the second model (Table 4).
Discussion
This study describes the association of myostatin with ACLF
development; the manuscript aimed to provide evidence that
JHEP Reports 2023
muscle impairment, as indicated by myostatin levels, is associ-
ated with increased severity of cirrhosis, ACLF, and survival.

Myostatin was found to be positively correlated with muscle
mass and function, as measured by PhA, MAMC, and HGS, and
inversely correlated with severity scores. Additionally, in patients
with sarcopenia, myostatin levels measured by PhA were
significantly different from those in patients without sarcopenia.

These observations are important since the available evidence
on serum myostatin and sarcopenia in chronic liver disease is
conflicting.19,20 Nishikawa et al. measured serum myostatin in
stored sera of 198 hospitalized patients with cirrhosis, with a
median follow-up period of 4.35 years. Lower levels of serum
myostatin were associated with higher muscle mass measured
by psoas muscle index.19 In another study, Skladany et al.
measured serum myostatin in 395 hospitalized patients with
cirrhosis and controls, with a median follow up of 256 days and
6vol. 5 j 100761



Table 4. Variables associated with incidence of ACLF and mortality.

HR (95% CI) p value

Univariable analysis for incidence of ACLF
Age 0.99 (0.97-1.01) 0.541
Sex 2.41 (1.36-4.29) 0.003
MELD 1.11 (1.08-1.15) <0.001
Child-Pugh score 1.25 (1.14-1.36) <0.001
Myostatin cut-off 6.31 (3.24-12.27) <0.001
CLIF-C OF 1.61 (1.45-1.78) <0.001
Multivariable analysis for incidence of ACLF (Model 1)
Sex 2.16 (1.11-4.20) 0.022
MELD at end of follow-up 1.14 (1.09-1.19) <0.001
Myostatin cut-off 6.19 (3.07-12.50) <0.001
Multivariable analysis for incidence of ACLF (Model 2)
Sex 1.41 (0.71-2.78) 0.321
CLIF-C OF 1.64 (1.44-1.87) <0.001
Myostatin <−1,280 pg/ml 3.64 (1.75-7.57) <0.001
Univariable analysis for incidence of mortality
Age 1.01 (0.99-1.02) 0.253
Sex 1.68 (1.03-2.75) 0.037
MELD 1.06 (1.03-1.10) <0.001
Child-Pugh score 1.19 (1.10-1.29) <0.001
Myostatin 3.92 (2.27-6.76) <0.001
CLIF-C OF 1.02 (1.01- 1.03) <0.001
Multivariable analysis for mortality (Model 1)
Sex 1.46 (0.83-2.59) 0.190
MELD at end of follow-up 1.09 (1.05-1.12) <0.001
Myostatin cut-off 3.28 (1.83-5.85) <0.001
Multivariable analysis for mortality (Model 2)
Sex 1.11 (0.61-2.01) 0.717
CLIF-C OF 1.29 (1.17-1.42) <0.001
Myostatin <−1,280 pg/ml 2.44 (1.35-4.49) 0.004

ACLF, acute-on-chronic liver failure; CLIF-C, Chronic Liver Failure – consortium; HR,
hazard ratio; MELD, model for end-stage liver disease; OF, organ failure.
Cox regression analysis.
found that higher myostatin levels were correlated with higher
muscle mass and better function, measured by MAMC, trans-
versal psoas muscle index and HGS.20 Arrieta et al. evaluated 112
older patients from long-term nursing homes, randomly
assigned to a control or an intervention group, with a 6-month
multicomponent exercise program, and measured serum myo-
statin levels. Higher concentrations of serum myostatin were
found in fitter and less frail individuals than in frail ones. Also, a
physical exercise intervention in men increased circulating
myostatin concentrations.21 Myostatin could act as a homeo-
static regulator of muscle and therefore be associated with
greater muscle mass and function.21 These results are supported
by the fact that muscle cells are the main site of myostatin
production.11 In our study, sarcopenia, assessed by multiple pa-
rameters, correlated with lower levels of myostatin, while the
magnitude and range of circulating myostatin levels are similar
to these data.

It is not only the correlation of myostatin with severity of
sarcopenia that is important, but also its association with prog-
nosis. Nishikawa et al. observed lower levels of myostatin in
patients with Child-Pugh A compared to Child-Pugh B or C
cirrhosis, as well as a sex specificity.19 In contrast, median serum
myostatin concentrations in men and women were similar in
cirrhosis and only differed in patients without cirrhosis in our
study, in agreement with the study by Skladany et al., which was
twice as large.20 Importantly, in the latter study and similarly to
our study, lower levels of myostatin were related to higher
mortality.
JHEP Reports 2023
In this study, we found that both ACLF and survival were
related to lower levels of myostatin. Our initial objective was to
establish a cut-off value for myostatin that could be further used
in survival analysis. To achieve this, we conducted a ROC curve
analysis and obtained a cut-off of <−1280 pg/ml, with an AUC of
0.68, indicating good performance. However, as expected, when
compared to more comprehensive severity scores such as MELD
or CLIF, which incorporate multiple variables, myostatin had a
relatively low performance. Nonetheless, it should be noted that
our main aim was to establish a cut-off value for myostatin,
rather than to identify a better performing marker.

In subsequent analysis, we created Kaplan Meier curves for
the incidence of ACLF and overall survival, stratifying the
analysis by this cut-off value. We evaluated this both in a
short-term 6-month window with a smaller number of pa-
tients and a longer-term follow-up with a median follow-up
time of 21 months in the total population. In both cases, we
observed a significant difference in the incidence of ACLF and
mortality which was higher in the group with lower myostatin
values.

To evaluate the potential confounding effects of liver disease
severity and sex, we constructed two multivariable models. And,
after the inclusion of these variables, myostatin remained
significantly associated with both ACLF and mortality.

Whether lower serummyostatin is the cause or a consequence
of ACLF development and worsening of prognosis remains un-
clear; however, there are several hypotheses. One explanation is
that, since muscle cells are the main site of myostatin produc-
tion,11 sarcopenia correlates with more advanced disease, which
may lead to a decrease in myostatin production. The most
convincing explanation is provided by the relationship of myo-
statin with inflammation. Both acute and chronic inflammation
play an important role in myostatin regulation; for example, in an
induced chronic arthritis rabbit model, animals developed
markedly elevated serum C-reactive protein and muscle mass
loss, while a significant reduction in both mRNA and protein
expression of myostatin from gastrocnemii of rabbits was
observed.22 Further evidence on inflammation and down-
regulation of myostatin was reported by Åkerfeldt et al., who
measuredmyostatin in serum in two groups of patients scheduled
for elective orthopedic and coronary bypass surgery. There was a
significant decrease in myostatin concentrations in the post-
surgical period, whereby the lowest myostatin concentration
time point coincided with the highest systemic inflammation
measured by C-reactive protein.23 In this regard, patients with
compensated cirrhosis, AD and ACLF have a different profile of
systemic inflammation, being slightly abnormal, significantly
increased, and highly abnormal, and showing “full-blown”
inflammation during ACLF, respectively.2 Therefore, if inflamma-
tion downregulates myostatin production, it is expected that as
inflammation increases in the progression of compensated
cirrhosis to AD and ACLF, myostatin levels would decrease.
However, the exact mechanisms still need to be elucidated.

While the results of the present study suggest that lower
levels of myostatin are associated with higher disease severity,
conflicting results have been found in other studies, where both
lower as well as higher levels of myostatin are found in patients
with cirrhosis and advanced disease (Table S3).24 This could
imply that the muscle metabolism is highly dynamic, and it is
dependent on the moment of assessment, where serial evalua-
tions are warranted.
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The strengths of this study are the inclusion of a cohort of
patients before ACLF development with the full spectrum of
cirrhosis (Child-Pugh A, B and C). This provides more information
regarding myostatin levels during the crucial events in the nat-
ural history of cirrhosis. This study also has several limitations.
First, a more detailed evaluation, showing how myostatin is
regulated and varies over the course of ACLF with serial mea-
surements in the same patient would have been most valuable.
Furthermore, CT scans were not available, therefore we used PhA
with very high sensitivity (94%) but low specificity for the
assessment of sarcopenia; and finally, our center is a referral
center with high prevalence of autoimmune and cholestatic liver
JHEP Reports 2023
diseases, with a greater prevalence in women; thus, our cohort
might not reflect a representative distribution of cirrhosis etiol-
ogies for other centers. In addition, it is necessary to study the
subjacent mechanism leading to changes in myostatin levels and
its relationship with inflammation and other factors, including
the role of different ILs (e.g. IL-6).

In conclusion, in our cohort of patients, lower levels of serum
myostatin are not only associated with sarcopenia, but also with
ACLF development and increased mortality. The implications of
myostatin in decompensated cirrhosis should be further
evaluated.
Abbreviations
ACLF, acute-on-chronic liver failure; AD, acute decompensation; AUC,
area under the ROC curve; CLIF-C, Chronic Liver Failure – consortium;
HGS, handgrip strength; IL, interleukin; MAMC, mid-arm muscle
circumference; MELD, model for end-stage liver disease; OF, organ fail-
ure; PhA, phase angle; ROC, receiver-operating characteristic; TST, triceps
skinfold thickness.
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Fig. S1. Comparison of AUROC for myostatin, MELD and CLIF scores.  
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Fig. S2. Incidence of ACLF according to myostatin percentiles (A) and incidence of 
ACLF according to myostatin percentiles during first 12 months (B). 
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Table S1. Main characteristics of patients according to ACLF grade  
 ACLF 

(n = 48)              
ACLF 1 
(n = 6)            

 

ACLF 2 
 (n = 15) 

 

ACLF 3 
(n = 27) 

Age (years) 51 ± 15 51 ± 16 53 ± 11 49 ± 16 
Sex (F/M) (%) 46/54 67/33 40/60  44.4/55.6 
MELD score 20 ± 9 16.8 ± 3.7 18.3 ± 10  21.9 ± 9.3# 
MELD Na score 21 ± 8  19.3 ± 4.2  19.8 ± 9.5 22.4 ± 8.3 
Myostatin (pg/ml) 984 (278-

2624) 
1009 (194-

4341) 
1025 (281-

3064) 
960 (318-

2483) 
PhA°  3.8 (3.3-

5.0) 
5.0 ± 1.0 

3.4 (2.7-4.1) 
3.6 ± 1.0 

4.4 (3.3-5) 
4.3 ± 0.9 

3.8 (3.3-5.1) 
4.0 ± 1.1 

MAMC 19.4 ± 3.2 17 ± 1.7* 19.1 ± 2.3 20 ± 3.6# 
Precipitants of acute 
decompensation (%) 
- Infection  
- Bleeding  
- No identified precipitant  
- Other  

 
 

62.5 
14.6 
8.3 

14.6 

 
 

50 
33.3 

- 
16.7 

 
 

60 
6.7 
6.7 

26.7 

 
 

66.7 
14.8 
11.1 
7.4 

LT n (%) 10.4 1 (16.7)  4 (26.7) 0 (0) || 
Death (%) 79.2 5 (83.3) 10 (66.7) 23 (85.2) 

Data presented as mean ± SD in variables with normal distribution, and median (p25-p75) in variables with 
non-normal distribution. 

*Difference between groups ACLF1 vs ACLF2 (p < 0.05) 
# Difference between groups ACLF1 vs ACLF3 (p < 0.05) 
|| Difference between groups ACLF2 vs ACLF3 (p < 0.05) 

Student´ T test, Mann-Whitney´s U and Chi2 test 
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Table S2. Characteristics according to sex 
 Male (n = 69) Female (n = 117) 
Age (years) 52.2 ± 11.2 54.2 ± 15.4 
Etiology of cirrhosis (%) 
-HCV 
- NASH / cryptogenic  
- Autoimmune hepatitis 
- Alcohol 
- Primary biliary cholangitis 
- Overlap syndrome 
- Other 

 
24.6 
24.6 
5.8 

26.1 
2.9 
5.8 

10.2 

 
35* 
17.9 
16.2 

1 
13.7 
9.4 
6.8 

Child-Pugh (%) 
- A 
- B 
- C 

 
23.2 
30.4 
46.4 

 
34.2 * 

                35.0  
                30.8  

Child-Pugh points 8.5 ± 2.4 7.9 ± 2.5 
MELD score 17 ± 9 13.5 ± 6 * 
MELD Na score 19 ± 9 15 ± 7* 
Complications (%) 
- Ascites 
- Hepatic encephalopathy  

 
73.9 
53.6 

 
56.0* 
41.8 

Total bilirubin (mg/dL) 2.7 (1.7-5.6) 2 (1.2-3.8)* 
Albumin (mg/dL) 3.2 ± 0.8 3.2 ± 0.7 
Creatinine (mg/dL) 1.4 ± 1.3 1 ± 0.7* 
INR 1.4 ± 0.4 1.4 ± 0.4 
Sodium (mmol/l) 136 ± 6 137 ± 6 
Myostatin (pg/ml) 1574 (469-4915) 2913 (1021-5899) 
PhA°  4.6 ± 1.2 4.6 ± 1.1 
MAMC 21.7 ± 3.8 20.3 ± 4.2* 
HGS 24 (13.8-28.5) 12 (8.6-16.6)* 
TSF 18 (12-24) 21 (16.2-26)* 
ACLF (%) 37.7 19.0* 
Acute decompensation (%) 27.5 41.0 
Events of decompensation (%) 
1 
2 
3 
4 

 
65  
15 
5 
4 

 
65 
27 
6 
2 

LT (%) 21.4 14.2 
Death (%) 42 30.8 

* p < 0.05 
Data presented as mean ± SD in variables with normal distribution, and median (p25-p75) in variables 
with non-normal distribution. Student´ T test, Mann-Whitney´s U and Chi2 test 
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Table S3. Description of studies evaluating myostatin 
 Ruiz-Margáin A. 

et al.  
(n = 186) 

Nishikawa H et 
al.  
(n = 198) 

Skladany L et al. 
(n = 355) 

Age 53.4 ± 14 67.5 (22.6–89.8) 56 (45-61) 
Country Mexico Japan Slovakia 
Child-Pugh A/B/C (n) 56/62/68 123/72/3 -/155/199 
Hand-grip strength 
    general  
    men/women 

 
14.3 (10-19.3) 
24/12 

 
N/A 
N/A 

 
N/A 
28.5/17.6 

Mid-arm circumference 
(cm) 
    general 
    men/women 

 
 
20.8 ± 4.1 
21.7/20.3 

 
 
N/A 
N/A 

 
 
N/A 
27/25 

Serum myostatin 
(pg/mL):  
     general   
     men/women  
     Child-Pugh A/B/C 

 
2476 (647-5682) 
1574/2913 
5047/2269 /943  
 
 

 
2994.4(578-
12897) 
3419.6/2662.4 
2726/3615/3615 

 
N/A 
1959/1790 
N/A 

Mortality  
     general (%) 
     men/women (%) 

 
34.9 
42/30.8 

 
N/A 

 
N/A 
42.9/40.8 

Follow-up (days) 
     general 
     men/women 

 
638 
334/821 

 
1587 
N/A 

 
N/A 
248/256 

Data presented as mean ± SD and median (p25-p75) 
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