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Impaired gut barrier function may lead to progression of liver fibrosis in

M Check for updates

people with alcohol-related liver disease. The postbiotic ReFerm® can lower
gut barrier permeability and may thereby reduce fibrosis formation. Here, we
report the results from an open-labelled, single centre randomized controlled
trial where 56 patients with advanced, compensated, alcohol-related liver
disease were assigned 1:1 to receive either ReFerm® (n =28) or standard
nutritional support (Fresubin®, n = 28) for 24 weeks. The primary outcome was
a>10% reduction of the fibrosis formation marker alpha-smooth muscle actin
in liver biopsies, assessed by a blinded pathologist using automated digital
imaging analysis. Paired liver biopsies meeting quality criteria for the primary
outcome were available for 40 participants (ReFerm®, n =21 and Fresubin®,
n=19). This reduction was observed in 29% of patients receiving ReFerm®,
compared to 14% with Fresubin® (OR =2.40; 95% CI 0.63 to 9.16; p = 0.200). No
treatment-related serious adverse events occurred. Our findings suggest that
ReFerm® may reduce liver fibrosis by enhancing gut barrier function, poten-

tially preventing the progression of alcohol-related liver disease.

Alcohol is the predominant cause of liver-related morbidity and mor-
tality globally'. The selective gut barrier function is crucial for human
health, while a reduced gut barrier is considered a main driver of liver
fibrosis, leading to progression in alcohol-related liver disease (ALD)*>.
Activated hepatic stellate cells (HSCs) are key in the accumulation of
collagen in the liver, which drives the development of fibrosis*.
Immunohistochemical staining of liver biopsies for a-smooth muscle
actin (a-SMA) is a marker of activated HSCs®’.

Patients with advanced ALD have gut microbiome dysbiosis
characterized by an altered composition and metabolism®. Such
alteration of metabolism leads to a reduced production of beneficial
short-chain fatty acids (SCFAs) and an increased production of harmful
substances, which together impair the gut barrier®. The impaired gut
barrier has increased permeability and allows the influx of harmful
substances through the gut wall into the portal circulation®’. Beyond

the inflammation induced by alcohol alone, the substances contribute
to further inflammation in the liver, subsequently leading to fibrosis'.
Therefore, therapeutic strategies that can halt this cascade by restor-
ing the gut barrier may reduce liver fibrogenesis, leading to disease
progression™', Postbiotics are defined as the preparation of inanimate
microorganisms and/or their components that confer a health benefit
on the host®. Consequently, postbiotics emerge as potential treatment
options to restore the gut barrier and reduce liver fibrogenesis in
ALD™", In this study, we investigate the efficacy of the postbiotic
product ReFerm®, a food product of an oat gruel composition fer-
mented with Lactobacillus plantarum DSM 9843, containing high
amounts of microbial metabolites. ReFerm® has previously been
shown to lower colonic barrier permeability” and to be efficacious for
the treatment of active ulcerative colitis'. Furthermore, a recent ani-
mal study shows oat beta-glucan supplementation reduces liver
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fibrosis development by reversing unfavorable changes in gut micro-
biota, resulting in an expansion of protective taxa, including
Lactobacillus”. However, the efficacy of ReFerm® for halting liver
fibrogenesis remains unknown.

In this work, we report the results from GALA-POSTBIO, a ran-
domized controlled trial, where 56 patients were assigned 1:1 to
receive either ReFerm® or standard nutritional support (Fresubin®)
for 24 weeks. The primary endpoint was a post-treatment reduction
of >10% of the fibrosis formation marker a-SMA in liver biopsies.
The primary outcome was reached in 29% of patients receiving
ReFerm® and 14% with Fresubin®, but did not reach statistical sig-
nificance. Secondary outcomes showed that treatment with
ReFerm® was safe and improved markers of liver fibrogenesis
(transient elastography (TE), enhanced liver fibrosis (ELF), and
N-terminal type Il collagen (PRO-C3)). The mode of action was
explored with several omics techniques, showing that ReFerm®
treatment was associated with improved gut barrier and hepatic
regeneration as indicated by reduced levels of circulating intestinal
fatty acids binding protein (I-FABP), and increased levels of
Neurotrophin-3 (NT-3) and Sirtuin 2 (SIRT2). These findings were
confirmed in an animal model.

Results

Patients

From March 8, 2019 to January 12, 2021, we screened 631 patients with
advanced compensated liver disease and a history of excessive alcohol
intake and identified 158 that fulfilled the inclusion criteria (Fig. 1).
Hereof, 56 patients consented to participate and were randomly allo-
cated to either ReFerm® (n = 28) or Fresubin® (n = 28), of which 41 of 56
(73%) completed the trial per-protocol (PP) (21 treated with ReFerm®
and 20 treated with Fresubin®). Of those who completed the trial, 40 of
41 patients had paired liver biopsies meeting quality criteria for the
assessment of the primary outcome. Conduction of the study was
completed on August 12, 2021.

Baseline demographics and clinical characteristics were compar-
able between the patients allocated to treatment with ReFerm® and
Fresubin® (Table 1). The median age was 63 (IQR 57-67) years, and 47
of 56 (84%) were males. Abstinence from alcohol 1 week prior to
inclusion was reported by 14 of 28 (50%) in each group. In the PP
population, the participants reporting abstinence 1 week prior to
inclusion, 1 (2%) reported alcohol intake during the trial. Histological
assessment showed that 48 of 56 (86%) had advanced fibrosis (>F3),
and the median liver stiffness using TE was 21 kPa (IQR 16-35).

631 Assessed for eligibility

575 Excluded
473 Not meeting inclusion criteria
102 Declined to participate

56 Randomized

28 Randomized to ReFerm

28 Started intervention with ReFerm

6 Did not complete the trial
6 Withdrawal of consent
4 Inconveniences with visits*
2 Side effects to treatment
1 Excluded from analysis
1 Biopsy not suitable for pathological
assessment

21 Primary outcome analysis
21 Secondary outcome analysis

Fig. 1| GALA-POSTBIO trial flow chart. The figure illustrates the process of patient
inclusion, allocation, and evaluation throughout the trial. *Four patients in allo-
cated to ReFerm® treatment and five to Fresubin® did not complete the trial due to
“inconvenience with visits,” which included a concern related to hospital visits
during the COVID-19 pandemic. **One patient allocated to Fresubin® treatment

28 Randomized to Fresubin

1 Discontinued trial without any intervention

27 Started intervention with Fresubin

6 Did not complete the trial
1 Excluded from trial
1 Cancer not related to study
5 Withdrawal of consent
5 Inconveniences with visits*
1 Excluded from analysis
1 Biopsy not suitable for pathological
assessment

19 Primary outcome analysis™*
20 Secondary outcome analysis

completed the trial according to protocol, but the 24-week biopsy was not suitable
for quantification of a-SMA. Consequently, this patient was excluded from the
primary endpoint analysis but included only in the secondary endpoint
assessments.
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Table 1| Demographic and baseline clinical characteristics

ReFerm® n=28

Fresubin® n=28

Age (IQR), years 62 (56-66) 64 (58-68)
Male sex, n 25 (89%) 22 (79%)
Body mass index > 30 kg/m?, n 14 (50%) 11 (39%)
Type 2 diabetes, n 6 (21%) 3 (M%)
Alcohol consumption

Abstinent >1 week prior to 14 (50%) 14 (50%)

inclusion, n

Abstinent > 1 year prior to 7 (25%) 9 (32%)

inclusion, n?

Average alcohol intake for 36 (14-60) 36 (9-51)

active drinkers

(IQR), g/day

Phosphatidylethanol (IQR),
p/Le

0.16 (0.00-0.89)

0.20 (0.00-1.28)

Laboratory data

Alanintransaminase (IQR), 32 (20-50) 28 (22-52)
u/L
Aspartattransaminase (IQR), 43 (26-78) 36 (26-53)

u/L

Gamma-Glutamyltransferase
(IQR), U/L

163 (69-411)

132 (66-465)

Bilirubin, (IQR), umol/L 12 (10-20) 12 (7-18)
Plateles (SD), 10°/L 164 (69) 164 (44)
INR (SD) 115 (0.13) 114 (0.17)
Albumin (SD), g/L 44 (4) 44 (3)
C-reactive protein (IQR), 2 (1-4) 2 (1-4)
mg/L

MELD-Na (IQR) 9 (8-11) 10 (8-12)
Child-Pugh class A, n 28 (100%) 28 (100%)

Liver histology

a-SMA (IQR)°

21.9 (17.7-38.7)

19.7 (11.7-26.8)

Kleiner fibrosis stage 2/3/4,n  2/6/18 2/9/15
Lobular inflammation grade 6/14/6/0 7/17/2/0
0/1/2/3, n

Ballooning grade 0/1/2, n 16/10/0 15/11/0
Steatosis grade 0/1/2/3, n 13/8/3/2 7/8/9/2

Non-invasive test of liver disease

TE (IQR), kPa 27.5(16.5-46.2) 20.2 (13.4-27.0)

CAP (IQR), dB/m 298.5 304.5
(240.0-335.0) (262.0-336.0)

2D-SWE (SD), kPa 23 (13) 22(12)

PRO-C3 (SD), ng/mL 27.0 (10.5) 23.0(7.2)

Enhanced Liver Fibrosis 10.8 (1.0) 10.5 (0.9)

test (SD)°

Fibrosis-4 score (IQR)° 2.8 (1.8-4.3) 2.7 (1.8-4.4)

Normally distributed data are presented as mean (SD), non-normally distributed data as median
(IQR), and categorical data as counts (proportion, %). The sum of percentages may deviate from
100 due to rounding.

INR international normalized ratio, MELD-Na model for end-stage liver disease sodium, a-SMA o
smooth muscle actin activation, TE Transient Elastography, CAP Controlled Attenuation Para-
meter, 2D-SWE two-dimensional shear wave elastography, PRO-C3 fragment of N-terminal type
Il collagen.

“Based on 49 patients.

“Based on 40 patients.

°Based on 46 patients.

In the PP population, the median compliance was 92% (IQR 77-98)
for patients treated with ReFerm® and 99% (IQR 94-100) for patients
treated with Fresubin®. During the trial, the self-reported alcohol
intake was comparable between the groups, with a median alcohol

intake of 32 (IQR 24-39) g/day (Fig. S1A). PEth measured at baseline, 4
weeks, and 24 weeks were also comparable between groups (Table S1).

Efficacy of intervention

In the primary outcome PP analysis, 8 of 21 (38%) patients treated with
ReFerm® achieved a >10% reduction in a-SMA expression compared to
4 of 19 (21%) patients treated with Fresubin® (OR=2.31; 95% CI:
0.56-9.47; p=0.246) (Fig. 2A). The results were consistent in the
intention-to-treat (ITT) analysis showing 8 of 28 (29%) treated with
ReFerm® achieved a >10% reduction in a-SMA expression compared
with 4 of 28 (14%) treated with Fresubin® (OR =2.40; 95% CI: 0.63-9.16;
p=0.200). We performed a post-hoc sensitivity analysis to investigate
the impact of treatment compliance. The analysis showed that
increasing compliance correlated with a reduction in the a-SMA
expression in patients treated with ReFerm® but not Fresubin®
(Spearman correlations; ReFerm®, Rho=-0.6623; p=0.0011; Fresu-
bin® group, Rho =0.0335; p =0.8918) (Fig. 2C, D). Adjusted for treat-
ment compliance, patients treated with ReFerm® achieved a mean
reduction of a-SMA expression by —-8.3% compared to Fresubin®
(=7.7% vs. 0.6%, p = 0.012) (Fig. 2E).

Secondary outcome showed changes in non-invasive markers
from baseline to end-of-treatment in the PP population are shown in
Fig. 2B, F. Notably, a clinically significant reduction (=20%) in liver
stiffness by TE was achieved in 8 of 21 (38%) of patients treated with
ReFerm® and 2 of 20 (10%) treated with Fresubin® (OR =5.54, 95%Cl
1.01-30.5, p=0.049) (Figs. 2B and S2). Furthermore, the fibroblast
activity marker PRO-C3 decreased by 14% in patients treated with
ReFerm® compared to Fresubin® (-1.91 (-7%) vs. 1.60ng/mL
(+7%), p=0.062).

Histological improvement, defined as a reduction in Kleiner
fibrosis stage, was seen in 6 of 21 (29%) patients treated with ReFerm®
and 3 of 20 (15%) treated with Fresubin® (OR =2.2; 95% CI: 0.48-10.68,
p=0.301) (Fig. S3). Individual histological features of steatohepatitis
(lobular inflammation, hepatocyte ballooning, and steatosis) did not
show significant differences between the groups, but worsening of
lobular inflammation was seen in 1 of 21 (5%) treated with ReFerm®
group compared to the 5 of 20 (25%) treated with Fresubin®
(p=0.098) (Fig. S3).

We conducted a subgroup analysis to assess the impact of alcohol
abstinence. Among the participants who completed the study, 17 self-
reported maintaining abstinence throughout the study: 8 in the
ReFerm® group and 9 in the Fresubin® group. Of these 17 participants,
11 had PEth measurements consistently below 0.05 umol/L at baseline,
4 weeks, and after 24 weeks of treatment, with 4 in the ReFerm® group
and 7 in the Fresubin® group. There was a higher proportion of parti-
cipants with both low and high PEth values achieving the primary
endpoint in the group treated with ReFerm® compared to Fresubin®,
although this difference was not statistically significant (Table S2). It is
well established that alcohol consumption impacts the prognosis of
ALD'®, This subgroup analysis suggests that the effect of ReFerm® on a-
SMA was not mediated by lower alcohol intake.

Safety

No serious adverse events related to the treatment occurred during
the trial. In the ReFerm® group, 27 of 28 (96%) patients reported at
least one adverse event compared to 26 of 28 (93%) in the Fresubin®
group (p=0.550). In general, adverse events were considered mild,
and each type was equally reported between groups (Table S3).

Mechanistic exploration of ReFerm® treatment

This section explores the treatment effect of ReFerm® on the gut-liver
axis with several omics techniques. Significant findings are integrated
to link clinical impact on the dynamics of the gut-liver axis to under-
stand the mode of action.
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Minimally impacts on microbiome composition, but alteration
of key pathways

We analyzed fecal samples at four time points from the 41 patients who
had completed the trial PP. The four time points were at baseline, after

4 weeks and 24 weeks of treatment, and 6-8 weeks after ending the
treatment.

Here we detected 1276 species, of which 312 were detected in
more than 20% of the samples. When comparing changes from
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Fig. 2 | Treatment effect on clinical outcomes for the per-protocol population.
A Bar chart of the number of patients having at least 10% reduction in a-SMA
expression (primary endpoint), yellow = Yes, blue = No. B Bar chart of the number
of patients having at least 20% reduction in liver stiffness measured by transient
electrography, yellow = Yes, blue = No. C, D Scatter plots of treatment effect and
compliance for each treatment group. Error bands = 95% confidence intervals.
Treatment effect was estimated as percentage change in a-SMA expression from
baseline to 24 weeks, n=40. E Dot plot showing percentage change in a-SMA
expression from baseline to 24 weeks, n=40 (p value derived from estimation
adjusted for compliance). F Estimated mean difference (95% confidence intervals)

Lower in ReFerme Higher in ReFerme

of non-invasive tests combined with a forest plot of Cohen’s d to compare effect
size. Forest plot of effect sizes and corresponding 95 % confidence intervals for
changes in non-invasive secondary endpoints between baseline and 24 weeks, PRO-
C3 n=40, ELF test n=40, 2D-SWE n =38, CAP n=41. All p values are two-sided.
A, B Odds ratios (OR) were calculated using unadjusted logistic regression. E The
estimate of difference was calculated using linear regression, adjusted for com-
pliance.a-SMA Alpha Smooth Muscle Actin, TE transient elastography, ELF test
enhanced liver fibrosis test, PRO-C3 fragment of N-terminal type III collagen, SWE
shear wave elastography, CAP controlled attenuation parameter. Source data are
provided as a Source Data file.
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baseline throughout the trial, the enterotype proportion, Shannon
diversity remained stable for both groups (Fig. 3A, B). However, a
notable improvement in dysbiosis was observed in patients treated
with ReFerm® after 24 weeks, though it was not statistically significant
(Fig. S4). At the species level, L. plantarum significantly increased from
baseline to 4 and 24 weeks of treatment in patients treated with
ReFerm® compared to Fresubin® (FDR <0.2) (Fig. 3C, D). In samples

Lower in ReFerm® Higher in ReFerm®

collected 6-8 weeks after end-of-treatment, L. plantarum was no
longer increased in the ReFerm® group compared to the Fresubin®
group (Fig. 3E). Apart from L. plantarum, no changes at the species
level passed the significance threshold after correction for multiple
testing (Fig. 3C-E) and the composition remained stable throughout
the trial in both groups (Fig. 3F). The pathway enrichment analysis of
the ReFerm® group from baseline until 24 weeks of treatment

Nature Communications | (2025)16:5969


www.nature.com/naturecommunications

Article

https://doi.org/10.1038/s41467-025-60755-9

Fig. 3 | Treatment effect on the gut microbiome. A, B Proportions of the fecal
bacterial composition (enterotype level, dark blue = Prevotella, light blue =
Firmicutes, pink = Bacteroides/Phocaeicola) and diversity (Shannon diversity) at
baseline (dark green, n=41), after 4 weeks (light green, n=42) and 24 weeks of
treatment (brown, n=40) and after a “wash-out” period 6-8 weeks after last day of
treatment (yellow, n =40). C-E Volcano plots of changes in the abundance of
microbial species at the strain level during the trial. Changes are calculated as
changes between the groups from baseline to the specific time points. F Principal
component plot of the gut microbiome composition during the trial showing
minimal changes within each treatment group, dark blue = Fresubin® baseline
(n=20), light blue = Fresubin® 4 weeks (n=21), dark orange = Fresubin® 24 weeks
(n=20), light orange = Fresubin® after washout (n =20), dark green = ReFerm®
baseline (n=22), light green = ReFerm® 4 weeks (n=21), brown = ReFerm®

24 weeks (n =20), yellow = ReFerm® after washout (n = 20). G Pathway enrichment
analysis of gut microbial pathways that significantly change in the group treated

with ReFerm® from baseline to 24 weeks. The analysis was performed using the
GSEA function in the clusterprofiler package, which applies a one-sided test to
assess whether pathways are significantly enriched in either direction. Cohen’s d
effect sizes were used as the ranking metric for each feature. KEGG pathways with p
values of <0.1 before correction for multiple testing are shown. H, I Forest plot of
Cohen’s d estimates of changes in short-chain fatty acid levels in stool (n=38) and
plasma (n =39) from baseline to 24 weeks. Estimates were derived from a within-
group analysis and were estimated using a general linear model, with Cohen’s d
used to standardize effect sizes. Adjustments for multiple testing were applied, and
error bars represent 95% confidence intervals. Box plots show the distribution of
data with the center line representing the median (50th percentile). The box
bounds indicate the interquartile range (IQR; 25th to 75th percentile), while the
whiskers extend to the smallest and largest values within 1.5 x IQR. Data points
beyond the whiskers are plotted as outliers. Source data are provided as a Source
Data file.

demonstrated that nine biological pathways were significantly chan-
ged (Fig. 3G). The observed changes, including a reduction in glycan
degradation and an increase in turnover of ketone bodies, histidine,
and biotin, indicate a change in the overall gut microbiome metabo-
lism (Fig. 3G). The relative levels of SCFAs were measured in both stool
and circulation at baseline and after 24 weeks of treatment. Compared
to baseline, patients treated with ReFerm® decreased relatively more in
SCFAs, including butyric and propionic acid (Fig. 3H, I). Hexadecenoic
acid decreased in both stool and plasma, and acetic acid had the
highest variation, with a decrease in stool and was stable in plasma.

Reduces gut barrier dysfunction and increases hepatic
regeneration

A panel of 184 proteins was measured from baseline and after 24 weeks
of treatment. Hereof, quality control (QC) was passed by 165 proteins
from 37 patients (ReFerm®, n=18 and Fresubin®, n=19) with both
measurements from baseline and after 24 weeks. Changes from
baseline to 24 weeks of treatment were compared between patients
treated with ReFerm® and Frebusin® (Fig. 4A). We identified five pro-
teins that changed significantly after 24 weeks of treatment (p < 0.05,
Fig. 4A-C). Of these five proteins, the gut barrier impairment marker
I-FABP decreased in patients treated with ReFerm® compared to Fre-
bubin® (Fig. 4B). Furthermore, the analysis showed an increase in the
hepatic regeneration marker Neurotrophin-3 (NT-3) and Sirtuin 2
(SIRT2). Significant decrease of interleukin-17A (IL-17A) serum levels
and increase of Leptin serum levels were observed in patients treated
with Fresubin® while levels remained stable in patients treated with
ReFerm® (Fig. 4B). ReFerm® has a minor impact on hepatic synthesis
and excretion function (Figs. S5 and S6).

Relationship between clinical and molecular effects of ReFerm®
The association between changes in the primary outcome (x-SMA) and
the selected significant features detected from the omics analyses was
explored in a combined analysis of a-SMA, Lactobacillus plantarum,
and cytokines I-FABP, SIRT2, and NT-3 (Fig. 4D). This analysis showed
that a reduction of a-SMA was correlated with a reduction in I-FABP
(rho: 0.27) and an increase of SIRT2 (rho: 0.34), L. plantarum (rho:
0.23), and hepatic regeneration (NT-3 rho: 0.14). Furthermore, the
analysis showed that high levels of L. plantarum, as a marker for
treatment with ReFerm®, were correlated with a reduction in I-FABP
(rho: -0.17), together with an increase of NT-3 (rho 0.48) and SIRT2
(rho: 0.37).

Validation of key findings in animal models

In order to explore the proposed mode of action in an animal model,
ReFerm® and Fresubin® were applied in an animal model of ALD
(Fig. S8). In this model, 11 specific pathogen-free male wild-type mice,
aged 12 weeks, had induced ALD. The intervention groups received
twice daily oral gavage (0.3 ml) of Fresubin® (N = 4) or ReFerm® (N = 3)

for 1 week prior to sacrifice, while an ALD control group remained
untreated (N =4). Age-matched, untreated mice served as controls for
all experiments (N = 3). On the gene expression level, induction of ALD
led to an increase in liver Collagen 1 (CollAl, p=0.053) that was
ameliorated by ReFerm® treatment (p = 0.079 for ALD with and with-
out ReFerm®). Compared to untreated controls, ReFerm® treatment
also led to a decrease in a-SMA (p = 0.046). These changes suggest less
activation of HSCs and decreased collagen production (Fig. S9A). In
the gut, an increase of gut barrier integrity was demonstrated through
elevated mRNA levels of vinculin in the jejunum (p = 0.07 for ALD with
and without ReFerm®, Fig. S9B). I-FABP and SIRT2 protein levels were
increased in the ALD group compared to control mice. However, no
significant changes could be observed for I-FABP and SIRT2 protein
levels (Fig. S9C). In conclusion, this small-scale exploration on the
effects of ReFerm® in an animal model shows a similar response to
treatment in humans and mice.

Discussion

In the 24-week GALA-POSTBIO trial, an investigator-initiated, rando-
mized, open-label active-comparator trial of patients with advanced
ALD treated with ReFerm® or Fresubin®, there was no significant dif-
ference in achieving the primary endpoint (a 210% reduction in a-SMA
expression). However, in those with high compliance to treatment,
patients treated with ReFerm® experienced an 8% reduction in a-SMA
expression compared to Fresubin®. This beneficial effect was sup-
ported by a significantly higher proportion achieving a clinically sig-
nificant reduction (=20%) in liver stiffness, which has recently been
validated as a marker of improved prognosis in ALD". Furthermore, a
corresponding decrease in the collagen formation biomarker PRO-C3
was seen in patients treated with ReFerm®. The exploratory mechan-
istic multi-omics analysis showed that the beneficial effect of ReFerm®
seems to be mediated through enhancement of the gut barrier, leading
to hepatic regeneration without changing the microbiome composi-
tion and not affecting immunity.

ALD, the leading cause of liver-related mortality in the USA* and
Europe', is associated with microbiome dysbiosis*** and impaired gut
barrier”?** that are considered key drivers of the disease process and
promising therapeutic targets. In the GALA-POSTBIO trial, we investi-
gated the effect of ReFerm® on patients with advanced ALD. ReFerm®
is a postbiotic previously demonstrated to improve colonic barrier
function by increasing transepithelial resistance in patients with irri-
table bowel syndrome®. Our study shows that ReFerm® decreased
blood levels of I-FABP, a marker expressed in the epithelial cells and
released into the circulation when the gut epithelia are disrupted™?*°. A
cross-sectional study of patients with liver disease demonstrated a
stepwise increase in plasma concentrations of I-FABP from healthy
controls over compensated cirrhosis to the highest levels in decom-
pensated cirrhosis?. It is therefore noteworthy that our study showed
that a decrease in I-FABP levels was correlated with a reduction of a-
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SMA. This finding supports that an intervention that reduces gut bar-
rier impairment is directly linked to halting fibrosis formation in
patients with advanced ALD (Fig. 5). Moreover, our study indicates that
modification of the microbiome composition may not be essential for
therapeutic efficacy. This inference is reinforced by earlier studies
demonstrating that Rifaximin enhances gut barrier function with only
a minor impact on gut microbiome composition’®, while we have
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Negative relation
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previously reported that Rifaximin seems to prevent the progression
of liver fibrosis®”. Consequently, it is noteworthy that our study
demonstrates the direct connection between the gut barrier and
markers of liver fibrosis formation.

In our study, treatment with ReFerm® led to a reduction in several
markers of fibrosis formation. Lower a-SMA expression suggests a
reduced activity of HSCs, closely linked to fibrosis formation®®>.
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Fig. 4 | The effect on plasma proteins. A Forest plot of changes of all measured
proteins from baseline to 24 weeks compared between patients treated with
ReFerm® (n=21) and Fresubin® (n =20). Selected proteins showing the largest
changes (B-coefficient) are highlighted. The estimated shown are B-effects (95%
confidence intervals) per 1-SD change in plasma protein levels. B Line plot of per-
cent change in levels of five selected proteins from baseline to 24 weeks. Blue =
ReFerm® (n = 21), red = Fresubin® (n = 20). C Forest plot of the five selected proteins
showing B-effects. Estimates were derived from a within-group analysis (ReFerm®,
n=21) and were estimated using a general linear model, with Cohen’s d used to

standardize effect sizes. Adjustments for multiple testing were applied. Data points
represent the mean with 95% confidence intervals. D Circos plot of associations
between key features affected in patients treated with ReFerm®. “Positive relation,”
blue, indicates that as one feature increases, the correlated feature similarly
increases. “Negative relation,” yellow, indicates that as one feature increases, the
correlated feature decreases and vice versa. a-SMA Alpha Smooth Muscle Actin, IL-
17A interleukin-17A, LEP leptin, I-FABP intestinal fatty acid-binding protein, NT-3
neurotrophin-3, SIRT2 NAD-dependent protein deacetylase Sirtuin 2. Source data
are provided as a Source Data file.
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Fig. 5| Mode of action. In alcohol-related liver disease progression of liver fibrosis
is driven by gut dysbiosis and increased gut permeability, leading to a translocation
of bacterial products to the liver, inducing inflammation and fibrosis formation.
Treatment with ReFerm® leads to an improved gut barrier (reduction in gut per-
meability) marked by reduced levels of circulating intestinal fatty acid-binding
protein (I-FABP). The improved gut barrier leads to a decrease in liver inflammation
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and induction of hepatic regeneration marked by higher levels of circulating
Neurotrophin-3 (NT-3), which leads to lower fibrosis formation marked by
improvement (reduction) in a-smooth muscle actin (a-SMA), transient elasto-
graphy (TE), enhanced liver fibrosis (ELF), and N-terminal type IlI collagen
(PRO-C3).

An analysis of two RCTs involving 1,135 patients with MASH and cir-
rhosis showed that a-SMA decreased by —6% in those who experienced
cirrhosis regression, compared to an increase of +0.6% in those who
did not experience cirrhosis regression®. Conversely, an increase in -
SMA from baseline was associated with liver-related events (HR 118,
95% CI: 1.05-1.32). A similar decline was observed in PRO-C3 levels, a
circulating collagen formation marker associated with higher risks of
hepatic decompensation®’. Moreover, the proportion of patients
achieving a clinically signification reduction (>20%) in liver stiffness
measurement (LSM), which is correlated with a reduced risk of hepatic
decompensation®, was significantly higher in patients treated with
ReFerm® than with Fresubin®. On top of this, the reduction of gut
barrier impairment marker I-FABP was associated with an increase in
levels of NT-3 that is considered to promote hepatocyte proliferation,
leading to liver regeneration®**” and increased levels of SIRT2, poten-
tially preventive for ethanol-induced liver injury®. These results sug-
gest a potential for hepatic recovery when arresting disease
progression. IL-17A is important for neutrophil recruitment and aug-
mentation of antibacterial responses to pathogenic bacteria and has

been found to increase in patients with hepatic encephalopathy trea-
ted with Rifaximin®**°. In the ReFerm® group, we observed stability in
IL-17A levels, whereas there was a decrease in the Fresubin® group.
Leptin is known to promote inflammation*. In the ReFerm® group,
leptin levels remained stable, while the Fresubin® group experienced
an increase. These results suggest a deterioration in inflammation in
the Fresubin® group while stable in the ReFerm® group. This trend was
confirmed in the proof-of-concept animal model, where we also
identified signals indicating enhanced gut barrier function, along with
reduced a-SMA in the liver and combined decreased systemic
inflammation.

A postbiotic is defined as a preparation of inanimate micro-
organisms and/or their components that confers a health benefit on
the host®™. In contrast, a probiotic is defined as a product with living
microorganisms that confer a health benefit on the host™. In this study,
the formulation of ReFerm® contained both Lactobacillus plantarum
DSM 9843 and its fermentation products of microbial metabolites,
including SCFAs. We employed shotgun metagenomic analysis for
microbiome composition assessment, showing a significant increase
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of Lactobacillus plantarum DSM 9843 in stool samples from patients
treated with ReFerm®, but this method does not differentiate between
viable and non-viable microorganisms. However, in vitro experiments
on CACO-2 cells exposed to ReFerm® with heat-inactivated Lactoba-
cillus plantarum DSM 9843 indicate that the improvement of the epi-
thelial barrier function is not attributed to live Lactobacillus plantarum
DSM 9843 but rather to microbial metabolites and/or cell components.
Additionally, a previous randomized controlled trial of patients with
stable cirrhosis showed that live Lactobacillus casei did not reduce the
risk of infection or hepatic decompensation*’, suggesting that the
postbiotic component of ReFerm® might likely be responsible for the
observed effects on gut barrier integrity and the subsequent halting of
fibrosis formation.

This study has limitations. First, we applied a trial design using
Fresubin® as an active comparator, which is a product used for general
nutritional support in patients with liver disease in Denmark. The
rationale for using an active comparator was that many patients with
advanced liver disease have compromised nutritional status, and
consequently, nutritional support in general improves outcome***,
Therefore, it appears plausible that treatment with Fresubin® may have
been beneficial for the patients. Consequently, the therapeutic effects
of ReFerm® should be interpreted as improvements beyond the
baseline improvements attributed to general nutritional support.
Second, a double-blind treatment approach was unfeasible given that
many patients with liver disease are familiar with the taste of Fresubin®,
while ReFerm® possesses a distinct fermented sensory nature and
taste. This limitation might have influenced participant behavior. To
address this concern, we compared dropout rates and patient char-
acteristics across both intervention groups, which were found to be
comparable. Furthermore, we applied blinded outcome assessments
to reduce the potential information bias associated with open-label
trials. Third, this study design included patients with ALD ranging from
significant fibrosis (F2) to compensated cirrhosis (F4), as regression is
considered achievable across this spectrum of liver fibrosis®. There
may likely be a biological difference in the ability for fibrosis regression
depending on the severity of fibrosis, which may have led to a het-
erogeneous effect of the interventions and could potentially limit the
generalizability to people with less severe liver fibrosis. Although
patients were randomly allocated, there was an observed higher
baseline LSM in the ReFerm® group compared to the Fresubin® group.
This discrepancy may influence the interpretation of liver stiffness
changes over time. However, histology and other non-invasive tests,
such as the ELF score and FIB-4, were more consistent between the
groups at baseline, suggesting that the overall liver fibrosis stage was
comparable. Furthermore, this study included mainly men in the 50s
and 60s, which may limit the generalizability of the results to younger
patients, including women. Notably, a-SMA expression, the primary
endpoint, showed a significant decrease when adjusting for com-
pliance, indicating that sufficient intake of the intervention product is
necessary for efficacy. However, alternative explanations cannot be
excluded. The most plausible alternative is that non-compliance may
have been associated with higher alcohol consumption, potentially
explaining the lack of effect. Nevertheless, subgroup analyses con-
firmed that the effect of ReFerm® on a-SMA was not driven by reduced
alcohol intake. Fourth, for omics analysis, we applied a false discovery
rate (FDR) < 0.2 for multiple testing correction, which is higher than
the threshold typically used in omics studies. We decided to apply this
less strict threshold due to the trial cohort size. This approach was
essential to balance the risk of missing important data against the
likelihood of false positives in our exploratory study. Consequently,
there is an increased risk that random features from these analyses
have come out significant due to the relaxed threshold. It is important
to consider that the most prominent findings, specifically the altera-
tions in I-FABP, NT-3, and Lactobacillus plantarum DSM 9843, are of
substantial biological relevance. Their direct relation to the hypothesis

of the study supports that these findings are not merely random but
reflect biologically meaningful changes. Lastly, the small sample size in
the animal model may limit the robustness of the findings, and a larger
dataset is required could further elucidate the underlying mode of
action.

It should be noted that the design and execution of this study
were completed prior to the introduction of the SLD nomenclature*e.
At inclusion, nearly all participants exhibited at least one cardiome-
tabolic factor, and 50% reported being alcohol abstinent. These indi-
viduals could technically be classified as MASLD according to the SLD
nomenclature®, as the SLD classification does not account for past
alcohol use or potential future increases in consumption*’. However,
over 50% of individuals with a history of high alcohol intake, who are
classified as MASLD according to the SLD nomenclature, subsequently
increase their consumption to levels consistent with MetALD/ALD".
We therefore chose to label this as a study of patients with ALD.

In patients with advanced ALD, 24 weeks of treatment with the
postbiotic ReFerm® may reduce activated HSCs by enhancing gut
barrier function, thereby potentially preventing progression of ALD.
These findings support that treatments improving the gut barrier can
be used to treat patients with ALD. However, this needs to be con-
firmed in larger trials with clinical endpoints.

Methods

Trial design

GALA-POSTBIO was a 24-week investigator-initiated, randomized,
open-label active-comparator-controlled phase 2 trial investigating the
efficacy of the postbiotic ReFerm® on liver fibrogenesis in patients with
advanced ALD. The trial was approved by the Danish Data Protection
Agency (19/6646) and the Ethical Committees of the Region of
Southern Denmark (S-20170163) and followed the Helsinki Declara-
tion. Patients provided written informed consent, and the trial is
registered on www.clinicaltrials.gov (https://clinicaltrials.gov/study/
NCT03863730?term=NCT03863730&rank=1, NCT03863730), adher-
ing to CONSORT guidelines. The full protocol is available in the Sup-
plementary Materials. All authors had access to the study data and
reviewed and approved the final manuscript.

The study design was presented to and reviewed by our Patient
and Public Involvement board, ensuring that the patient perspectives
were integrated. The board continues to be involved in dissemination
plans for this research.

The intervention product in this manuscript is called ReFerm®,
while in previous studies'®** and in the protocol, it was referred to as
Profermin®. In June 2022, the company changed the name of the
intervention product, but the product composition remains the same.
Similarly, the bacterial name reported as part of the intervention
product is labeled Lactobacillus plantarum DSM 9843, whereas in the
protocol, it appears as Lactobacillus plantarum 299v® (Brand name
owned by Probi AB, Sweden). The product remains the same, and the
change has only been made for proprietary reasons.

As planned in the study protocol, we were originally going to
analyze hepatic venous pressure gradient and liver vein outflow of
microbial products. However, due to the low number of participants
with data from liver vein catheterization, we did not have sufficient
power to analyze these aspects. Although measurement of collagen
proportionate area (%), circulating «-SMA concentration, and degra-
dation products M30 and M65 was initially included in our study
protocol, we were unable to perform these analyses due to funding
limitations. Given the extensive scope of the analyses already included
in the study, resources had to be prioritized, and these specific bio-
marker assays were ultimately not feasible within the available budget.
Similarly, other planned assessments, including the Forns index, APRI
score, FIB-4, metabolic parameters, and ultrasonographic steatosis
evaluation, were omitted from the final report due to space limitations
and to maintain focus on the most pertinent findings.
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Patients

We identified potential participants at gastroenterology and hepatol-
ogy departments across the Region of Southern Denmark, and all
investigations were conducted at Odense University Hospital (Odense,
Denmark). Eligible patients were aged 30-75 with advanced compen-
sated ALD. Advanced ALD was defined as either liver stiffness by TE
>15kPa, a liver biopsy within the last 6 months showing fibrosis stage
>3, or a liver biopsy more than 6 months old showing fibrosis stage >3
and current liver stiffness =10 kPa. We considered excessive alcohol
intake as the etiology if there was a history of excessive alcohol con-
sumption, averaging at least 24 g/day for women and 36 g/day for men,
sustained for a minimum of 5 years without any other known liver
disease. Additional inclusion criteria included the ability to understand
and speak Danish, both written and spoken, and the provision of
informed consent. The presence of cardiometabolic risk factors at the
time of inclusion was permitted. To ensure inclusion of only partici-
pants with compensated liver disease we excluded participants who
had been hospitalized within 3 months of inclusion or who had mod-
erate or severe ascites determined from imaging diagnostic, high-risk
varices requiring intervention, Child-Pugh score of C, or a model for
end-stage liver disease-Na (MELD-Na) score of more than 15. We further
excluded patients with lactose intolerance, coeliac disease, Irritable
bowl syndrome defined by ROME IlI criteria*®, antibiotic treatment in
the prior 3 months, treatment with nutritional drinks, probiotics or
prebiotics within the last 3 months, infectious gastroenteritis within
the past 6 weeks, investigator judged that the patient would not have
been compliant with the trial medication, pregnancy, known liver
disease other than alcohol-related, severe malnutrition, malignancy
within the past year before inclusion, except planocellular skin cancer
or basocellular skin cancer.

Randomization and interventions

Patients were 1:1 randomized into ReFerm® or Fresubin® groups using
aweb-based application, REDCap®°. The trial was designed as an active-
comparator-controlled trial since nutritional support is considered to
improve outcomes in patients with advanced liver disease****. Ran-
domization employed permuted blocks of two and four, stratified by
self-reported alcohol abstinence for at least 1 week before inclusion.
ReFerm® is a postbiotic product made by fermenting oat gruel com-
position with Lactobacillus plantarum DSM 9843, and it has shown
similar effects with both live and heat-killed Lactobacillus plantarum
DSM 9843°. It includes oats, barley malt, lecithin, water, and thiamine,
along with microbial metabolites like SCFAs from fermentation. The
energy content of 100 mL ReFerm® is 58 kcal (1.6 g protein, 9.8 g car-
bohydrates, 0.9 g fat), and a daily intake of 2 packages provides
290 kcal. The active comparator, Fresubin® Original, was a standard
nutritional support for cirrhosis patients that offers 100 kcal per
100 mL (3.8 g protein, 13.8 g carbohydrates, 3.4 g fat), with a daily
intake of 2 packages providing 400 kcal. Patients were instructed to
take the assigned product in addition to their regular meals. Both
groups adhered to a prespecified routine, increasing their dosage in
the first week to allow the digestive system to adapt to the product.
From day seven and throughout the remaining trial period, patients
had to ingest two bottles a day, which corresponds to 400 mL Fresu-
bin® or 500 mL ReFerm®. Both groups had to drink one dosage before
breakfast and one dosage between 4 and 6 PM. If bowel symptoms
occurred in relation to the study product, patients were instructed to
reduce intake by 50% for at least 2 days, or until the symptoms dis-
appeared. Hereafter, the dosage was gradually increased until the full
dosage was achieved. Compliance was monitored during four in-
hospital visits through self-reporting compliance and by counting the
lids of consumed products. If there was a discrepancy between the
reported consumption and the counted lids, patients were asked to
explain. In the absence of a satisfactory explanation, the counted lids
were used as the measure of compliance. Additionally, nine follow-up

phone calls were made between visits to gather self-reported com-
pliance data. During each compliance assessment, study personnel
also evaluated the presence of any side effects. If patients frequently
forgot to consume the product, they were offered additional remin-
ders via phone calls or text messages. If patients experienced diffi-
culties with side effects resulting in decreased compliance, the study
coordinator considered discontinuing the patient’s participa-
tion (Fig. S7).

Trial investigations

At baseline and after 24 weeks of treatment, patients underwent a liver
biopsy. Outcome assessment of the baseline and end-of-study biopsy
samples (a-SMA expression) was done by a single expert pathologist
who was blinded to treatment group and all clinical data (SD). a-SMA
expression was assessed using automated digital imaging analysis of
digitalized immunohistochemically stained liver biopsy sections (a
detailed description can be found in Supplementary Material). Liver
fibrosis was assessed by a single expert pathologist (GHJ) according to
the Kleiner staging system for fibrosis, and grading of lobular inflam-
mation, ballooning, and steatosis was performed according to the
NASH Clinical Research Network activity score®. Biological material
and standard biochemistry were recorded at each of the four in-
hospital visits. Alcohol use was quantified by patient reports using
predefined questionnaires at each trial visit. Patients were advised to
abstain from alcohol per clinical standards.

Primary outcome

The primary outcome was a between-group comparison of histological
reduction of activated HSCs, defined as >10% absolute reduction in the
percentage positive for a-SMA expression, from baseline to 24 weeks
of treatment. The rationale for choosing this endpoint was that a-SMA
is a marker of activated HSCs. Activated HCSs are the key cellular
components in liver collagen accumulation, driving fibrogenesis® .
«-SMA expression of the baseline and end-of-study biopsy samples was
done by a single expert pathologist who was blinded to treatment
group and all clinical data (SD). To meet quality criteria for liver
biopsies, the sample should be at least ten millimeters long and with at
least six portal tracts or the presence of cirrhotic regenerative nodules.
«-SMA was identified immunohistochemically (Ventana Benchmark
Ultra autostainer using prediluted Nordic Biosite Clone BS66 and
Optiview DAB detection kit)°. Stained slides were digitized using a 20x
objective on a Hamamatsu NanoZoomer 2.0-HT whole slide scanner
(Hamamatsu Photonics, Hamamatsu, Japan). Automated digital image
quantitation was performed using the Visiopharm Image Analysis
Software, version 2018.4 (Hgrsholm, Denmark) as previously
described®. The expression level for a-SMA was calculated as a per-
centage of the o-SMA positive area in relation to the total liver
biopsy area®.

Secondary outcomes

All secondary outcomes were between-group comparisons of
changes from baseline to after 24 weeks of treatment. Histological
outcomes included the absolute change of any alterations in a-SMA
expression, and at least one stage improvement in liver fibrosis with
no worsening of hepatic inflammatory activity, and a complete
resolution of hepatic inflammatory activity with no worsening of
fibrosis. Non-invasive markers of liver fibrosis and steatosis inclu-
ded LSMs using TE, controlled attenuation parameter (CAP), ELF
test, N-terminal pro-peptide of type Ill collagen (PRO-C3), and two-
dimensional shear wave elastography (2D-SWE). FibroScan 502
touch®, Echosens, France, and Aixplorer® (Hologic) were used
for TE, CAP, and 2D-SWE assessments, following standard
procedures®*3. PRO-C3, a fragment of N-terminal type Il collagen,
was measured by Nordic Bioscience using ELISA. Details on omics
analyses are described in the Supplementary.
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Omic analysis

Omics analyses were applied to explore mechanistic pathways,
including changes of gut microbiome composition, SCFAs in stool and
plasma, plasma proteins, bile acids, amino acids, with other small
molecules in stool and plasma, and the plasma lipidome.

Fecal bacterial metagenomics

Stool samples were collected in connection with the clinical visit at
baseline, 4 weeks, 24 weeks (end of intervention), and after a wash-out
period of 6-8 weeks. The samples were collected by the participants
within 24 h of each visit. Participants were given instructions and
materials for sample collection. The sample was collected in sealed test
tubes and stored immediately in the participants’ freezers. The sam-
ples were transported to the hospital as cold as possible using a cooler
bag and cooling elements. Upon arrival at the hospital, the sample was
stored in a —80 freezer until shipment. The samples were shipped by
courier.

DNA sequencing

DNA extraction from stool samples was carried out employing the
Qiagen AllPrep PowerFecal DNA/RNA Kit. The preparation of meta-
genomic sequencing libraries was conducted using the NEBNext Ultra
Il DNA Library Prep kit, targeting an insert size of 350-400 bp, and
incorporating Dual Index multiplex oligos. The library preparation
process utilized a liquid automated system (Beckman Coulter i7 Ser-
ies). Subsequently, sequencing was performed on an Illumina HiSeq
4000 platform (Illumina, San Diego, CA, USA), generating 2 x 150 bp
paired-end reads.

Metagenomic data processing and quality control

Metagenomic data underwent quality filtering using ngless v1.1 to
eliminate data of insufficient quality**. Nucleotide calls with a Phred
score below 25 were excluded from the 3’ end. Reads shorter than 45
nucleotides, post low-quality nucleotide removal, were excluded.
Identification of reads corresponding to human DNA involved com-
paring sequence similarity to the human reference genome. Reads
with over 90% similarity to the human genome were eliminated to
uphold patient privacy rights. Following these processing steps and
QC measures, reads were categorized as paired or singles, signifying
the presence of both or only the forward and reverse reads in the final
dataset, respectively.

Metagenomic reads were analyzed to assess species abundances
through the utilization of marker genes (mOTUs v2.5)*. Among the
detected species, 312 species with average relative abundance >0.1%
and detected in >20% of samples, were included in the following
analysis. The Shannon diversity of the gut microbiome was estimated
using the diversity function in the vegan package, and the
enterotype’®”’ of each sample was predicted using the “Enterotyper”
webserver with the 3-enterotype model based on the partition around
medoid option®®. For functional analysis of the microbiome, metage-
nomic reads were mapped to the global microbial gene catalog™
human gut nr95 using BWA-MEM®® (0.7.17), and the catalog was
annotated with eggnog mapper® (v1.0.3) against the eggnog database
5.0%%, assigning each gene a set of KEGG orthology®. The relative
abundances of KEGG orthologies were calculated using gffquant ver-
sion v2.9.1 (https://github.com/cschu/gff quantifier), where counts of
reads aligned to multiple genes were distributed fractionally to the
genes. Pathway enrichment analysis was performed using the GSEA
function in the clusterProfiler®* package in R.

Plasma cytokines

The Target-96 “Inflammation” and “Cardiovascular II” Panel by Olink
Proteomics was employed for the semi-quantitative assessment of 92
cytokines, utilizing proximity extension assay technology based on
quantitative polymerase chain reaction (qPCR) extension of

oligonucleotides attached to antibody pairs specific to the target pro-
tein. To enhance practicality and minimize batch effects, cohorts were
divided into four batches. Within each batch, samples were rando-
mized, and 16 bridging samples were included. Plasma samples with
EDTA were thawed on ice, and 40 pL was aliquoted into 96-well plates.
Subsequently, the samples were shipped on dry ice to Olink for analysis.

The received raw data (NPX values) from Olink were processed
using the OlinkAnalyze package in R. Batches were bridged by utilizing
the 16 bridging samples in each batch. Samples flagged with QC
warnings in the standard Olink QC underwent manual review before a
decision was made to either retain or exclude them. Cytokines exhi-
biting more than 75% missing data across all batches were excluded
from further analysis.

Bile acids, amino acids, and other small molecules

In the plasma analysis, the QQQ method was employed. Sample pre-
paration involved protein precipitation and derivatization. Specifi-
cally, 10 uL of a 1M solution of 5-sulphosalicylic acid dehydrate was
added to 30 uL of the plasma sample. After vortex mixing and cen-
trifugation at 10,000 rpm (8 min at 4 °C), 20 uL of the upper phase was
collected. Subsequently, 20 uL of the Internal Standard (ISTD) MIX and
6-aminoquinoline-N-hydroxy-succinimidyl carbamate-reagent (AQC
reagent) were added, and the samples were vortex mixed and stored at
-80 °C until analysis.

The UHPLC system utilized was the 1290 Infinity system from
Agilent Technologies, comprising a multi-sampler (maintained at
10°C), a binary solvent manager, and a column thermostat (main-
tained at 40 °C). Separations were executed on a Kinetex® F5 column
(100 x 2.1 mm, particle size 1.7 um) from Phenomenex (Torrance, CA,
USA), with a flow rate of 0.4 mL min-1 and an injection volume of 2 uL.
Mobile phases included H,0 + 0.1% HCOOH (A) and ACN:IPA (2:1, v/v) +
0.1% HCOOH (B) for gradient elution. The gradient profile was as fol-
lows: from 0 to 1 min 1% B, from 1 to 1.8 min 1-18% B, from 1.8 to 3.4 min
18-21% B, from 3.4 to 7 min 21-65% B, from 7 to 7.1 min 65-100% B, and
from 7.1 to 8.9 min 100% B. Each run was succeeded by a 2.5 min re-
equilibration period under initial conditions (1% B).

The mass spectrometer employed was a 6460 triple quadrupole
system from Agilent Technologies, interfaced with an Agilent Jet
Stream electrospray ionization source. Analytes were ionized in posi-
tive or negative ion mode based on the properties of each analyte. Data
processing was carried out using MassHunter Quantitative Analysis
Software®.

For the analysis of fecal samples, the QQQ method was employed.
Initially, 400 uL of methanol was added to 20 mg of fecal samples
before homogenization using a Tissuelyser. The homogenized samples
underwent centrifugation for 10 min at 10,000 rpm, and 250 pL of the
resulting supernatant was carefully transferred to a separate Eppen-
dorf tube, where it was subsequently dried under a flow of nitrogen.
The dried samples were then reconstituted with 100puL of a 11
water:methanol solution, followed by centrifugation for 3 min at
10,000 rpm. Subsequently, 20 pL of the supernatant was transferred to
an LC vial with a 300 pL insert. To this, 20 uL of the Internal Standard
(ISTD) MIX and 20 uL of the AQC reagent were added. After vortex
mixing, the samples were stored at —80 °C until the time of analysis®®.

Short-chain fatty acids

Analysis of SCFAs from both plasma and fecal samples was conducted
through a Gas Chromatography-Quadrupole Time-of-Flight (GC-
QTOF) system, specifically the Agilent 8890A/7250A, following a pre-
viously outlined methodology**.

For plasma samples, 140 uL of the internal standard mixture
(comprising Acetic acid-d4, Propionic acid-d6, Butyric acid-d8, Unde-
canoic acid, and 2-Ethylbutyric acid) in MTBE was added to 100 pL of
the samples. The samples underwent acidification with Phosphoric
acid, followed by vortexing, incubation on ice for 30 min, and
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centrifugation for 5min at 10,000 rpm. The resulting organic phase
was subjected to GC-TOF analysis.

In the case of 5mg fecal samples, 1000 pL of the ISTD mix was
employed. Similar to the plasma samples, the fecal samples underwent
acidification with Phosphoric acid, homogenization using Tissuelyser,
incubation on ice for 30 min, and centrifugation for Smin at
10,000 rpm. Subsequently, the organic phase was filtered using a
Millex HV unit and subjected to GC-QTOF analysis.

The chromatographic columns consisted of a methyl-deactivated
retention gap (1.5mx0.53mm i.d.) connected to a 30 mx0.25mm
Stabilwax-DA column (phase thickness 0.25pum). A 1uL split injection
(1:10) was applied, and Helium served as the carrier gas at a constant flow
mode (1 mL/min). The temperature program included an initial phase at
40 °C, followed by a ramp of 10 °C/min to 200 °C, and then a further
increase of 25 °C/min to 250 °C, maintained for 5 min. Data processing
was performed using MassHunter Quantitative Analysis software.

Plasma lipids

Plasma samples (10 pL) were combined with 10 pL of 0.9% w/v NaCl
(aq) and internal standards, which comprised a 120 pL chloroform/
methanol (2:1) mixture. The lipid-containing chloroform was subjected
to analysis using an Agilent ultra-high performance liquid chromato-
graph coupled with a quadrupole time-of-flight mass spectrometer.
The samples were analyzed in a randomized order, with QC pooled
plasma samples interspersed at regular intervals throughout the run
(n=30 for both positive and negative ionization)®’. The lipidomics
data underwent pre-processing with MZmine2°, followed by normal-
ization to internal standard and log transformation. Subsequently, the
data were cross-matched with an in-house library.s.

Animal experimentation

A total of 11 specific pathogen-free male wild-type (WT, C57BI6/J) mice,
aged 12 weeks, were used in this study. The mice were obtained from
Charles River Laboratories Research Model and Services, Sulzfeld,
Germany. They were housed at 22 °C with a 12-h light/dark cycle in
individually ventilated cages. ALD was induced by administering
intraperitoneal CCl, injections twice weekly for 7 weeks. In addition to
CCl, the mice received phenobarbital (0.33 g/l) in their drinking water
to stimulate cytochrome P-450 metabolic activity. Ethanol was added
to their drinking water (4% in week 1, 8% in week 2, and 16% until
euthanasia). Water and chow were available ad libitum, and further
details about the diet are provided in Table S7. The intervention
groups received twice daily oral gavage (0.3 mL) of Fresubin® or
ReFerm® for 1 week prior to sacrifice. Age-matched, untreated mice
(N=23) served as controls for all experiments. The experimental design
is visualized in Fig. S8. Before euthanasia, the mice were anesthetized
with an intraperitoneal injection of ketamine-xylazine (100 mg keta-
mine/kg body weight and 10 mg xylazine/kg body weight). Cervical
dislocation was used for euthanasia. At organ harvest, liver and serum
samples were collected. Liver samples were snap-frozen and stored at
-80 °C. Blood samples were allowed to clot for 30 min at room tem-
perature and aliquoted after centrifugation at 2000 x g for 10 min.
Serum aliquots were immediately stored at -80°C. All animals
received human care in accordance with the criteria outlined in the EU
regulations on animal research (2010/63/EU). All experiments were
performed in accordance with the German animal protection and
welfare law and the guidelines of the animal care facility at the Hospital
of the Goethe University Frankfurt and were approved by the
responsible local authorities, the Darmstadt regional council (File
reference number: FK/2005).

Quantitative PCR and enzyme-linked immunosorbent

assay (ELISA)

Total RNA was extracted using a standard TRIzol-based protocol
(TRIzol Reagent, Ambion, Carlsbad, CA, USA). cDNA synthesis and

gPCR were performed as described previously™. TagMan gene
expression assays (Thermo Fisher Scientific, Waltham, MA, USA) were
used for gPCR according to the manufacturer’s protocol on a 7300
Real-Time PCR System (Applied Biosystems, Foster City, CA). Each
qPCR analysis included duplicate wells, and appropriate control reac-
tions were performed in all samples. The expression of each gene was
calculated by the 2 method by Schmittgen and Livak®. Gene
amplification results were standardized against 18S rRNA expression in
each sample, and expression levels were presented as x-fold changes
relative to the corresponding control group. A full list of the gene
expression assays used is provided in Table S8.

Sandwich enzyme-linked immunosorbent assays for I-FABP
(EM1144, FineTest, Wuhan, China) and SIRT2 (A77325, Anti-
bodies.com, Stockholm, Sweden) were performed with murine serum
samples. Serum samples were thawed and diluted 1:2 with sample
dilution buffer, and all buffers and standards were prepared according
to the respective assay protocols. The ELISA protocols were applied in
accordance with the manufacturer’s specifications. The final step of
the protocol is a color change, which is detected at 450 nm on a
microplate reader. The concentrations of SIRT2 and I-FABP were cal-
culated referring to the standard curve by applying a four-parameter
logistic curve and multiplication of the dilution ratio.

Statistical analysis

The sample size calculation was based on a 6-month RCT drug trial
using candesartan cilexetil in patients with ALD and significant liver
fibrosis. Here, an absolute reduction of 5% (£7%) in a-SMA expres-
sion was reported in the intervention group, equivalent to a relative
decrease of 17% as described in the protocol®>. Due to the standard
deviation of +7%, we decided to consider an absolute reduction in a-
SMA of >10% as a clinically relevant response. Anticipating a clini-
cally relevant difference in the proportion of responders (=10%
absolute reduction in a-SMA), we anticipated that 15% of partici-
pants treated with Fresubin® would achieve a clinically relevant a-
SMA response, while 60% of participants treated with ReFerm®
would achieve the response. Accounting for an expected dropout
rate of 20%, a of 5%, and a power of 80%, 40 patients were needed in
the study. However, amid the COVID-19 pandemic, patients were
hesitant to visit hospitals due to safety concerns, resulting in a
higher dropout rate. Furthermore, the level of advanced liver
fibrosis led to two index liver biopsies failing quality criteria. Con-
sequently, on September 15, 2020, the steering committee raised
the target number of patients to at least 40 to ensure trial
completion.

Baseline data are reported in counts (proportion), median
(interquartile range), or mean (SD) for continuous, non-normally dis-
tributed, and normally distributed data, respectively. Primary outcome
analyses were conducted applying ITT and PP analyses. ITT analysis
included all randomized patients, and patients who did not complete
the study, resulting in missing outcome data, were categorized as
having no effect of treatment, consistent with a prior study”~’. The PP
population included all randomized patients who completed the trial
with paired liver biopsies meeting quality criteria. Secondary outcome
analyses were performed using PP-analyses, reporting odds ratios (OR)
with 95% confidence intervals (CI) for binary outcomes and mean
change from baseline with SD for continuous normally distributed
outcomes. In assessing liver stiffness changes, we considered a 20%
reduction as clinically significant since such a decrease has been pre-
viously linked to a reduced risk of hepatic decompensation®. Results
were presented as PP analysis without adjustment for covariates unless
specified. Adjusting for baseline confounders is generally recom-
mended, but these should be prospectively specified in the statistical
analysis plan®®. In the statistical analysis plan of our study, it was spe-
cified that primary analyses would be done unadjusted. However,
alcohol abstinence at baseline must be considered the most important
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potential confounder, which is why stratification was based on this
parameter. At inclusion, there was balance between the groups; no
further adjustments were made. To assess treatment effects over time,
a general linear model was applied, and Cohen’s d was used to stan-
dardize the estimated treatment effect, adjusted for multiple testing. A
two-sided P< 0.05 was considered statistically significant for the clin-
ical data. For omics analysis, the Benjamini-Hochberg procedure was
applied with an FDR < 0.2 for multiple testing correction. STATA 18 and
R 4.3.1 were used for statistics.

Reporting summary
Further information on research design is available in the Nature
Portfolio Reporting Summary linked to this article.

Data availability

All results from statistical and bioinformatics analysis are provided in
the source data file. Average levels of proteins have been deposited in
the Zenodo repository at https://zenodo.org/records/15083400. The
Shotgun metagenomic data sequenced are publicly available in the
European Nucleotide Archive under the accession number
PRJEB76668, https://www.ebi.ac.uk/ena/browser/view/PRJEB76668. In
line with the current regulation of the General Data Protection Reg-
ulation (https://gdpr-info.eu/) to maintain patient confidentiality,
individual-level clinical and further omics data generated in this study
cannot be made publicly available. Clinical and molecular datasets are
available from the authors upon request by contacting J.K.H. at
Johanne.kragh.hansen@rsyd.dk. Access to the data can be granted
through the Danish Data Protection Agency and the ethics committee
for the Region of Southern Denmark by obtaining proper approvals
and in accordance with patient information and processing agree-
ments. The time frame for response to requests from the authors is
within 1 month. When applying and processing data, restrictions apply:
(1) a data-processing agreement must be signed between the data
controller and processor; (2) data must not be processed for purposes
other than statistical and scientific studies; (3) personal data must be
deleted, anonymized and destroyed at the end of investigation; and (4)
data must not be passed on to a third party or individuals who are not
authorized to access the data. Source data are provided with
this paper.
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