
Nature Medicine

nature medicine

https://doi.org/10.1038/s41591-022-02016-6Article
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To test the hypothesis that the gut microbiota of individuals with 
nonalcoholic fatty liver disease (NAFLD) produce enough ethanol to 
be a driving force in the development and progression of this complex 
disease, we performed one prospective clinical study and one intervention 
study. Ethanol was measured while fasting and 120 min after a mixed 
meal test (MMT) in 146 individuals. In a subset of 37 individuals and in an 
external validation cohort, ethanol was measured in portal vein blood. 
In an intervention study, ten individuals with NAFLD and ten overweight 
but otherwise healthy controls were infused with a selective alcohol 
dehydrogenase (ADH) inhibitor before an MMT. When compared to fasted 
peripheral blood, median portal vein ethanol concentrations were 187 
(interquartile range (IQR), 17–516) times higher and increased with disease 
progression from 2.1 mM in individuals without steatosis to 8.0 mM in NAFL 
21.0 mM in nonalcoholic steatohepatitis. Inhibition of ADH induced a 15-fold 
(IQR,1.6- to 20-fold) increase in peripheral blood ethanol concentrations in 
individuals with NAFLD, although this effect was abolished after antibiotic 
treatment. Specifically, Lactobacillaceae correlated with postprandial 
peripheral ethanol concentrations (Spearman’s rho, 0.42; P < 10−5) in the 
prospective study. Our data show that the first-pass effect obscures the levels 
of endogenous ethanol production, suggesting that microbial ethanol could 
be considered in the pathogenesis of this highly prevalent liver disease.

The gut microbiome has the capacity to produce clinically relevant 
amounts of ethanol, which might contribute to the development of 
nonalcoholic fatty liver disease (NAFLD)1,2. Globally, NAFLD is the most 
frequent chronic liver disease, affecting one in four individuals in the 
general population3, and comprises a spectrum of clinical and his-
topathological abnormalities4. It is well known that individuals with 

NAFLD and alcoholic fatty liver disease (ALD) share histologic features 
including hepatic steatosis and a large number and size of Mallory 
bodies, suggesting common pathophysiology5–7.

High levels of circulating microbial ethanol have been thought 
to result from functional impairment of hepatic insulin-dependent 
alcohol dehydrogenase (ADH)8. Overt microbial ethanol production 
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been demonstrated unequivocally. We here overcome methodological 
challenges and report on gut microbial ethanol production in individu-
als with and without NAFLD.

Results
Study overview and baseline characteristics
We designed and performed one prospective clinical study and one 
intervention study. In addition, we used samples from an external obser-
vational study as a validation cohort. In the design of the studies, we did 
not account for differences in sex due to the nature of the studies per-
formed. In the prospective study, we enrolled 146 individuals from our 
bariatric surgery cohort, with a mean age of 45 years, a body mass index 
(BMI) of 39 ± 4 kg m-2, and a female to male ratio of 108:38 (Table 1)15.  
In a subset of the prospective study, 37 individuals, samples from portal 
blood, were drawn on the day of surgery (Supplementary Table 1). The 
external validation cohort consisted of 51 individuals for whom both 
portal vein blood and liver biopsies obtained during bariatric surgery 
were available (Supplementary Table 2). In the intervention study, we 

in NAFLD per se has, however, also been postulated1,2,9–11. If produced 
chronically in relevant amounts, microbially produced ethanol could 
have the ability to alter lipid and glucose metabolism and induce stea-
tosis and inflammation in the liver12. Yet, reported peripheral blood 
concentrations of microbially derived ethanol are generally very low, 
which calls into question its clinical relevance in NAFLD pathogenesis. 
The liver has a massive capacity to metabolize ethanol via the ADH 
and cytochrome P450 (CYP) 2E1 pathways (~3.5 mg kg-1 per day)13. This 
likely results in a substantial first-pass effect, leading to low circulating 
levels of ethanol and explaining the lack of systemic alcohol misuse 
symptoms14. However, there are exceptions, such as patients with 
auto-brewery syndrome or end-stage liver disease, where microbial 
ethanol production exceeds the liver’s capacity to clear ethanol from 
the portal circulation2. Besides these exceptions, insight into the pro-
duction of gut microbial ethanol has stagnated because portal vein 
blood, which is enriched in microbial metabolites and has not been 
subjected to this first-pass effect, is difficult to obtain in humans. The 
putative role of microbial ethanol in human disease has therefore not 

Table 1 | Patient characteristics for the prospective cohort

Characteristics No steatosis (n = 58) NAFL (n = 73) NASH (n = 15) P value

Demographic

 Age (years) 43.5 (38.2–50) 50 (42–55) 48 (45–54) 0.0153

 Female 51/58 48/73 9/15 0.0069

Anthropometric

 BMI (kg m-2) 39 (36.5–40.7) 38.7 (36.1–40.7) 39.1 (37.6–40.3) 0.9200

 Type 2 diabetes mellitus (n) 7/58 24/73 5/15 0.0165

Clinical lab values (normal range)

 ALP (30–135 U L-1) 82 (66–97) 82 (67.5–100.2) 70 (66.5–79) 0.3110

 g-GT (10–40 IU L-1) 22 (18–30) 29.5 (22.8–41.2) 20 (17.5–36.5) 0.0108

 ALT (0–50 IU L-1) 25.5 (19–36) 30 (22–42) 37 (26–42.5) 0.0158

 AST (0–35 IU L-1) 23 (20–25) 23.5 (20.2–28) 27 (26–32.5) 0.0330

 FPG (<5.6 mM) 5.6 (5.2–6) 6 (5.5–7.2) 6.1 (6–6.9) 0.0002

 HbA1c (%) 5.5 (5.3–5.7) 5.8 (5.5–6.4) 6.0 (5.8–6.3) <0.0001

 HbA1c (mmol mol-1) 37 (34–39) 40 (37–46) 42 (40–45)

 Insulin fasted (pM) 72 (48.5–101.5) 99.5 (69.6–156) 120.2 (90–151.7) 0.0005

 Insulin postprandial (pM) 366 (248–581.6) 538 (334.6–769.5) 737.9 (670.7–927.5) 0.0007

 Triglycerides (<1.7 mM) 1.2 (0.9–1.5) 1.4 (1.1–1.9) 1.6 (1.2–2.2) 0.0148

 HDL cholesterol (>1.0 mM) 1.2 (1–1.4) 1.1 (1–1.4) 1.2 (0.9–1.4) 0.3271

 LDL cholesterol (< 3.0 mM) 3 (2.4–3.7) 3 (2.4–3.7) 3.4 (3–3.8) 0.2557

 Total cholesterol (1.5–6.5 mM) 4.7 (4.3–5.6) 4.8 (3.8–5.6) 5.1 (4.4–5.6) 0.4935

 Fat-free mass (%) 58.5 (53.9–62.1) 62.2 (56.8–76.5) 62.7 (58–70) 0.0115

 Total body water (L) 42.9 (39.2–47.5) 45.1 (41.3–56.4) 46.4 (43.5–52) 0.0140

 Extracellular water (L) 19.1 (17.2–20.8) 20.3 (18.5–26) 20.6 (19.2–23.6) 0.0060

 Intracellular water (L) 23.9 (22–26.4) 26.1 (23.5–32.1) 25.8 (24–28.4) 0.0056

Histological parameters (n)

 Steatosis grade score (0/1/2/3) 58/0/0/0 0/60/11/2 0/6/7/2 <0.0001

 Lobular inflammation score (0/1/2) 25/30/3 12/55/6 0/8/7 <0.0001

 Hepatocyte ballooning score (0/1/2) 57/1/0 72/0/0 0/9/6 <0.0001

 Fibrosis state (0/1/2/3/4) 7/42/9/0/0 3/55/15/0/0 0/9/6/0/0 0.0394

 SAF activity (0/1/2/3/4) 25/29/4/0/0 12/55/6/0/0 0/0/4/9/2 <0.0001

 NAFLD activity score 1 (0-1) 2 (2-2) 4 (4-5) <0.0001

Values are denoted as median (IQR1, IQR3). Continuous variables were tested using the Kruskal–Wallis test. Categorical variables were tested using the chi-squared test. ALP, alkaline 
phosphatase; g-GT, gamma-glutamyl transferase; ALT, alanine transaminase; AST, aspartate aminotransferase; FPG, fasting plasma glucose.
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enrolled ten individuals with biopsy-proven noncirrhotic nonalcoholic 
steatohepatitis (NASH) and ten overweight but otherwise healthy indi-
viduals (Table 2). In both cohorts as well as in the intervention study, 
NAFLD was assessed according to the Steatosis, Activity and Fibrosis 
(SAF) score16.

Portal and peripheral vein ethanol concentrations
Gut microbial-produced ethanol was detected in portal vein plasma 
in the subset of 37 individuals from the prospective cohort in three 
biopsy-proven NAFLD classifications (14 without steatosis, 18 with 
NAFL and 5 with NASH). Portal vein ethanol levels were higher in indi-
viduals with NAFLD than in individuals without steatosis (medians: no 
steatosis, 2.1 mM; NAFL, 8.0 mM; NASH, 21.0 mM) (Fig. 1a). Assuming a 
minimal portal flow of 0.3 L min-1, the median hepatic load of ethanol in 
individuals with NAFL and NASH would amount to 92 and 241 mg min-1, 
respectively. To validate these findings, we repeated portal vein ethanol 
measurements in 51 individuals (22 without steatosis, 12 with NAFL 
and 17 with NASH) in the Antwerp bariatric surgery cohort. Indeed, 
portal vein microbial ethanol concentrations in the NASH group were 
in a comparably high range although ethanol concentrations were 

not increased in the NAFL group (no steatosis, 1.7 mM; NAFL, 1.7 mM; 
NASH, 11.6 mM; Fig. 1b). The differences in the results between cohorts 
are mainly driven by the association between ethanol and steatosis 
grades (Extended Data Fig. 1).

We hypothesized that ethanol levels in the fasted state could be an 
underestimate and levels would spike a few hours postprandially. In a 
larger cohort (146 individuals, including 58 without steatosis, 73 with 
NAFL and 15 with NASH; Table 1), we linked peripheral fasting and post-
prandial (that is, after a mixed meal test (MMT)) ethanol concentrations 
to NAFLD classifications, histological scores, hepatic transcriptomics 
and gut microbiome characteristics.

Peripheral ethanol concentrations were lowest in fasting condi-
tions (means, 0.051 mM, 0.064 mM and 0.098 mM) and increased 
120 min after intake of a mixed meal in 101 of 109 individuals (Fig. 1c).  
Although fasting ethanol concentrations differed among the 
no-steatosis, NAFL and NASH groups, the postprandial increase in 
plasma ethanol was more profound in the NAFL (increase of 0.039 mM; 
P < 0.01) and NASH (increase of 0.073 mM; P < 0.001) groups as com-
pared to the no-steatosis group (increase of 0.020; P < 0.0001). 
Ethanol in both fasting and postprandial conditions increased in a 
dose-dependent manner with an increase in hepatic steatosis score, 
hepatic ballooning score and fibrosis score but not with lobular inflam-
mation (Extended Data Fig. 2). Fasting ethanol concentrations signifi-
cantly correlated with fasting insulin levels (R = 0.23, P = 0.0064). In 
addition, postprandial insulin concentrations correlated significantly 
with portal vein ethanol (R = 0.43, P = 0.016) and with ethanol in the 
fasting state (R = 0.21, P = 0.013) (Extended Data Fig. 3).

Together, our data show that the liver has a large capacity to metab-
olize ethanol, as reflected by the concentration difference between 
peripheral and portal vein blood. In individuals with NAFLD, ethanol 
concentrations were 187 (interquartile range (IQR),17−516) times lower 
in peripheral as compared to portal vein blood (Fig. 1). Although taken 
weeks apart, portal and peripheral blood ethanol concentrations cor-
related significantly (Extended Data Fig. 4).

Transcriptomic analyses of the liver showed differences between 
NAFLD classes in processes including one-carbon metabolism, PPAR 
signaling and apoptosis, as reported in the literature6,17,18. In addition, 
significant associations were observed between postprandial etha-
nol concentrations and increased levels of mitochondrially encoded 
cytochrome B, and ethanol-induced epigenetic changes of the liver 
were observed (Supplementary Table 3 and Extended Data Fig. 5). 
Transcripts for ADH1A and CYP2E1 were very highly expressed among 
all individuals and did not differ between groups. ADH1A and CYP2E1 
expression was not associated with ethanol concentrations, suggest-
ing constitutive expression and post-transcriptional regulation of 
these genes.

Intervention with 4-methylpyrazole and broad-spectrum 
antibiotics
To determine whether microbial ethanol production is increased in 
patients with NAFLD, we designed an intervention study in which we 
bypassed the first-pass effect of the liver for ethanol using the selective 
ADH inhibitor 4-methylpyrazole. Twenty individuals were included (ten 
with NASH and ten age-, BMI- and sex-matched controls without NAFLD; 
Table 2) who, in line with the findings of the prospective study, showed 
increased ethanol levels 120 minutes postprandially (0.050 ± 0.025; 
P = 0.06). Ethanol levels were significantly higher in the NASH group 
(0.136 ± 0.064 higher; P = 0.047) than in the control group (Fig. 1d).

Infusion with 4-methylpyrazole before the MMT strongly increased 
peripheral microbial ethanol levels (Fig. 1e). In individuals without stea-
tosis, ethanol concentrations increased at a rate of 0.09 (0.02–0.17) 
mM per hour and at a rate of 0.9 (0.07–1.70) mM per hour in the NASH 
group in the first 120 min after the start of the infusion (Fig. 1e). The 
decrease in microbial ethanol concentrations in the second half of the 
experiment is assumed to be a result of decreasing 4-methylpyrazole 

Table 2 | Patient characteristics for the intervention study

Characteristics No steatosis 
(n = 10)

NASH (n = 10) P value

Demographic

 Age (years) 39 (37.2–47) 51 (48.8–51.8) 0.1385

 Female 2/10 2/10 1

Anthropometric

 BMI (kg m-2) 29.9 (27.6–31.8) 32 (29.9–34.3) 0.1509

 Type 2 diabetes mellitus (n) 0/10 5/10 0.0389

Clinical lab values (normal range)

 ALP (30–135 U L-1) 65 (61–73) 91 (71–114.5) 0.0190

 g-GT (10–40 IU L-1) 24 (16–31.2) 51.5 (42.2–57) 0.0002

 ALT (0–50 IU L-1) 30 (20.5–35.5) 73.5 
(54.5–104.5)

0.0002

 AST (0–35 IU L-1) 25 (21–26) 47 (38–57.8) 0.0011

 FPG (<5.6 mM) 5 (4.8–5.3) 6.5 (5.6–8.2) 0.0015

 HbA1c (%) 5.4 (5.3–5.5) 6.2 (5.9–7.6) 0.0099

 HbA1c (mmol mol-1) 36 (34–37) 44 (41–60) 0.0099

 Triglycerides (<1.7 mM) 1.4 (1–2) 1.5 (1.3–3) 0.2729

 HDL cholesterol (>1.0 mM) 1.2 (1–1.3) 1.2 (1–1.3) 0.8797

 LDL cholesterol (< 3.0 mM) 3 (2.6–3.3) 3.3 (2.7–3.9) 0.4961

 Total cholesterol 
(1.5–6.5 mM)

4.8 (4.5–5.6) 5.5 (4.9–5.8) 0.3644

Histological parameters (n)

 Steatosis grade score 
(0/1/2/3)

0/4/6/0 n/a

 Lobular inflammation 
score (0/1/2)

0/6/4 n/a

 Hepatocyte ballooning 
score (0/1/2)

0/8/2 n/a

 Fibrosis state (0/1/2/3/4) 0/2/6/2/0 n/a

 SAF activity (0/1/2/3/4) 0/0/5/4/1 n/a

 NAFLD activity score 4 (3.2–5) n/a

Values are denoted as median (IQR1, IQR3). Continuous variables were tested using the 
Kruskal–Wallis test. Categorical variables were tested using the chi-squared test.
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concentrations because the peak effect of 4-methylpryazole was 
between 1.5 and 2 hours after the infusion (Supplementary Table 5).

Next, nine out of the ten individuals with NASH were given 
broad-spectrum oral antibiotics for 1 week to show that ethanol is 
indeed produced by gut bacteria. Antibiotics treatment completely 
depleted the gut microbiome, as evidenced by the fact that fecal micro-
bial DNA could not be isolated (data not shown), which was translated 
into a striking near-complete suppression of detectable ethanol dur-
ing an MMT preceded by 4-methylpyrazole infusion. These findings 
support the idea that overt ethanol production in NASH is likely to be 
driven by the gut microbiome (Fig. 1e).

Gut microbiome analyses
Several bacterial species are known to produce relevant amounts of 
ethanol via the fermentation of dietary and nondietary carbohydrates19. 
To identify the main microbial taxa contributing to overt ethanol pro-
duction in NASH, we performed 16S rRNA gene amplicon sequencing 
on small intestinal tissues from individuals in the prospective cohort. 
The most abundant genus in the biopsies, Streptococcus, tended to be 
positively associated with NAFLD (P = 0.018) (Extended Data Fig. 6a), 
although the associations were not significant after correction for multi-
ple testing. For a subset of 11 samples for which portal ethanol concentra-
tions were available, relative Streptococcus abundance was associated 
with blood ethanol concentrations, but this was not significant after 
multiple-testing correction (R = 0.53, P = 0.078) (Extended Data Fig. 6).

Fecal microbial alpha- and beta-diversity metrics (shotgun 
metagenomics) did not differ among the NAFLD classes in the 
prospective cohort nor did these metrics associate with ethanol 

levels (Extended Data Figs. 7 and 8). Nevertheless, differential taxon 
abundance and correlation analyses revealed strong specific taxon 
associations with NAFLD classes (Fig. 2a), and postprandial ethanol 
concentrations (Fig. 2b), with the strongest positive correlations 
observed for Streptococcus and especially Lactobacillus species, 
both belonging to the order of lactic acid bacteria. Although fasting 
ethanol concentrations did not correlate with the fecal proportions 
of Lactobacillaceae (R = 0.097, P = 0.29) (Fig. 2c), postprandial etha-
nol concentrations correlated with this bacterial family (R = 0.42, 
P = 5.6 × 10-6) (Fig. 2d and Supplementary Table 4). The associations 
between lactic acid bacteria and postprandial ethanol remained 
significant when correcting for the use of microbiome-altering 
drugs including metformin, proton pump inhibitors and statins 
(P = 0.0003). Proton pump inhibitor use, a known risk factor for 
NAFLD20, was associated with postprandial ethanol concentra-
tions (increase of 0.030 ± 0.011; P = 0.008), and the association 
was mediated by lactic acid bacteria (P < 10−16). We also assessed the 
abundance of fungi in the metagenomes in the prospective cohort 
but detected only low abundance of Saccharomyces cerevisiae (able 
to produce ethanol19) that was slightly higher in the NAFL group but 
did not correlate with portal (R = 0.13, P = 0.52), fasted (R = 0.098, 
P = 0.3) or postprandial (R = 0.14, P = 0.17) ethanol concentrations 
(Extended Data Fig. 9). No significant associations could be made 
between KEGG orthologous functions and observed ethanol levels 
(Supplementary Table 5).

Diversity and dissimilarity measures in shotgun metagenomics 
data from fecal samples of individuals in the intervention cohort did 
not significantly differ between groups (Extended Data Fig. 10a,b). 
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The microbiome composition and the rates of ethanol accumulation 
after 4-methylpyrazole infusion also did not correlate. Differential 
abundance analysis, however, revealed that several taxa from the order 
Clostridiales had decreased abundance in the NASH group (Extended 
Data Fig. 10d and Supplementary Table 6). Various taxa from multiple 
families had increased abundance in the NASH group, including Lac-
tobacillaceae and Streptococcaceae (Extended Data Fig. 10d). These 
results are in line with the microbiome data obtained from our prospec-
tive cohort and support our hypothesis that lactic acid bacteria might 
be implicated in NAFLD etiology via production of ethanol.

Discussion
The putative role of ethanol microbially produced in the gut in the etiol-
ogy of NAFLD has been proposed previously1,2,9–11. Gut microbial produc-
tion of ethanol per se, however, has not been convincingly measured in 
individuals with and without NAFLD. Here, we show in two independent 
cohorts that ethanol concentrations in portal vein blood were signifi-
cantly higher in individuals with NAFL and NASH than in individuals 
with no hepatic steatosis. Peripheral ethanol concentrations could 
be induced during a standardized MMT in all participants, with the 
highest concentrations in those with more advanced disease (that is, 
NASH). Inhibition of hepatic ethanol clearance using 4-methylpyrazole 
infusion indicated that individuals with NASH may have an increased 
microbial capacity to produce ethanol compared to healthy individuals. 
This finding was further supported by the demonstration of complete 
abrogation of MMT-induced ethanol production in patients with NASH 
following broad-spectrum antibiotics treatment. Our data suggest that 
the livers of some individuals with NAFLD could be chronically exposed 
to increased amounts of ethanol of gut microbial origin.

Blood from the gastrointestinal tract drains directly into the por-
tal vein and is enriched in microbial metabolites21. Because the portal 
circulation can only be sampled under invasive conditions such as 
abdominal surgery, it is rarely studied in diseases associated with the 
gut microbiome including NAFLD. Because the liver clears the vast 
majority of metabolites from the portal circulation (first-pass effect), 
there is a black box in our knowledge of ‘true’ gut microbial metabolite 
load on the liver. This includes microbially produced ethanol.

Median ethanol concentrations in portal vein blood were low in 
individuals with no steatosis (mean, 2.1 mM), whereas in individuals 
with NAFL and NASH, median ethanol concentrations ranged from 
8.0 mM to 21.0 mM, respectively, which is higher than the federal legal 
driving limit in the United States22. The lack of systemic alcohol misuse 
symptoms could be due to the large ethanol clearance capacity of the 
liver, explaining the 187 times lower peripheral ethanol concentrations 
in our cohorts and implying that liver functional capacity to clear the 
portal influx of ethanol is intact. This assertion is supported by our RNA 
sequencing analyses, which did not reveal differences in pathways of 
relevance for ethanol clearance despite the observation that ADH and 
CYP2E1 were among the most abundantly expressed genes in the liver 
in all individuals independently of disease state.

Peripheral ethanol concentrations could be induced by admin-
istration of a standardized mixed meal. The postprandial increase in 
plasma ethanol was most profound in the NAFL and NASH groups, 
which is in line with previous observations1,2,9–11. This suggests that 
ethanol concentrations are strongly linked to dietary stimuli, which 
is of particular relevance for individuals with obesity and who are at 
increased risk to develop NAFLD. Although peripheral ethanol con-
centrations were lower compared to portal ethanol concentrations, 

–1 0 1 2 3 –1 0 1 2 0 2.5 5.0 7.5

0

10

20

30

–log2(fold change)

–l
og

(P
 a

dj
us

te
d)

a

0.01

0.10

1.00

0 0.4 0.8
Spearman’s rho

M
ea

n 
re

la
tiv

e 
ab

un
da

nc
e 

(%
)

b

0

50

100

150

200

1 × 10–5 1 × 10–4 1 × 10–3 1 × 10–2 1 × 10–1

Lactobacillaceae abundance

F
as

te
d 

et
ha

no
l (

µM
)

c

0

50

100

150

200

1 × 10–5 1 × 10–4 1 × 10–3 1 × 10–2 1 × 10–1

P
os

tp
ra

nd
ia

l e
th

an
ol

 (
µM

)

d

No steatosis

NAFL

NASH

Lactobacillaceae abundance

R = 0.097, P = 0.29 R = 0.42, P = 5.6 × 10–6

Lactobacillus fermentum

Streptococcus thermophilus

Lactobacillus johnsonii

Lactobacillus casei

Lactobacillus reuteri
Lactobacillus salivarius

Family
Ruminococcaceae
Lachnospiraceae
Bacteroidaceae
Eubacteriaceae
Bifidobacteriaceae
Clostridiaceae
Coriobacteriaceae
Streptococcaceae
Prevotellaceae
Erysipelotrichaceae
Rikenellaceae
Porphyromonadaceae
Lactobacillaceae

Actinobacteria Bacteroidetes Firmicutes

Fig. 2 | Gut microbiome analyses of the studies. a, Differentially abundant taxa 
between healthy individuals (n = 47) and individuals with NAFLD (n = 75) of the 
prospective cohort represented by a volcano plot. b, Spearman’s rho correlation 
coefficients of postprandial peripheral ethanol concentrations and the most 
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the concentrations in these compartments correlated significantly. We 
therefore speculate that peripheral ethanol concentrations, measured 
in MMT settings, could be used as a proxy for portal ethanol supply to 
the liver.

Microbial ethanol concentrations in plasma were undetectable 
during an MMT (preceded by 4-methylpyrazol infusion) in participants 
with NASH treated with broad-spectrum antibiotics, in whom the gut 
microbiota was completely depleted. This observation indicates a 
causal role for gut bacteria in overt ethanol production in the individu-
als with NASH included in the present study. Both gram-negative and 
gram-positive bacteria are capable of producing ethanol in high concen-
trations23–26. The fecal gut microbiome has been shown to shift toward a 
more gram-negative community with disease progression (for example, 
from NAFL to NASH)26. Bacterial species belonging to the phylum Pro-
teobacteria and family Enterobacteriaceae have been associated with 
fasting ethanol levels in NAFLD1,27. In our cohorts, next to Proteobacteria, 
species belonging to the lactic acid bacteria were higher in abundance in 
NAFLD and correlated significantly with ethanol in each blood compart-
ment. Recently, Klebsiella pneumoniae was identified as a high ethanol 
producer in NAFLD2. In our study, K. pneumoniae contributed only little 
to the overall microbial load signature and was 20 times less abundant 
than the Lactobacillaceae. Furthermore, it did not correlate with ethanol 
levels in any compartment. Contributions of these lineages may vary 
depending on ethnicity, genetics and other demographic factors28,29.

There are several limitations of this study. The prospective study 
was limited by the use of tissue and plasma samples from individuals 
with severe obesity who underwent bariatric surgery, which might 
introduce bias in reproducibility of the findings in cohorts with less 
severe obesity and who have not had bariatric surgery. Furthermore, 
the cohort was sex biased due to the skew toward females seeking 
surgical treatment for severe obesity30. Although ADH is constitu-
tively active, CYP2E1 can be induced by ethanol on the transcriptional 
and protein levels31. Despite varying portal ethanol levels, in our 
study, CYP2E1 expression did not differ between individuals with and 
without NAFLD. We cannot rule out the possibility that the surgical 
procedure, when the liver is subjected to hemodynamics, stress and 
hormonal changes, altered (or blunted) CYP2E1 expression. We used 
an enzyme-based kit to measure ethanol, which is known to have activ-
ity toward other low-molecular-weight alcohols as well. Nevertheless, 
the kinetics of these side reactions are different because the turno-
ver time is much slower when comparing ethanol for instance with 
methanol. In 25% of the portal samples, we used a high-performance 
liquid chromatography (HPLC) approach to show that the alcohol 
detected by the kit is in fact ethanol. In the intervention study, we 
assessed hepatic steatosis in the healthy volunteers using ultrasound 
and not with the gold standard (that is, a liver biopsy), which could 
potentially falsely classify an individual as a healthy control. Although 
we obtained casual evidence that the gut microbiome can produce 
large amounts of ethanol, the impact on the disease course of NAFLD 
was not assessed. Further prospective and intervention studies in 
large human cohorts combined with dedicated mechanistic studies 
are required to obtain causal evidence that microbially produced 
ethanol affects NAFLD development. Also, metagenomic data analy-
sis approaches were limited by multiple-testing burden and were 
not fully exhaustive. In addition, despite the correlations, we have 
not identified the specific bacterial strains that produce ethanol. 
Although it has been shown that a multitude of bacterial strains can 
produce ethanol, including species belonging to lactic acid bacteria, 
the specific conditions that trigger this fundamental but dynamic 
pathway along the human digestive tract require further research.

We conclude that the human gut microbiota produces large 
amounts of ethanol that might be clinically relevant for the patho-
genesis of NAFLD. Ethanol production during an MMT should be con-
sidered as a noninvasive diagnostic approach for the detection of gut 
microbiota producing high levels of ethanol and NAFLD risk. In our 

prospective cohort, high postprandial plasma ethanol concentrations 
correlated particularly with high relative fecal abundance of lactic acid 
bacteria. Clinical trials targeting the gut microbiome have not yielded 
any meaningful outcome in NAFLD thus far. To what extent persistent 
endogenous ethanol production is causally involved in the highly com-
plex pathogenesis of NAFLD, where a combination of environmental 
factors, genetic variants, obesity and disturbed lipid homeostasis inter-
act, remains to be elucidated. Nevertheless, our findings suggest that 
further attention aiming to target the gut microbiota to reduce ethanol 
production and thereby lower additional risk for NAFLD is justified.

Online content
Any methods, additional references, Nature Research reporting 
summaries, source data, extended data, supplementary informa-
tion, acknowledgements, and peer review information; details of 
author contributions and competing interests; and statements of 
data and code availability are available at https://doi.org/10.1038/
s41591-022-02016-6.
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Methods
Study design
We designed and performed one prospective clinical study and one 
intervention study, which were in accordance with the Declaration 
of Helsinki and were approved by the Academic Medical Center Eth-
ics Committee of the Amsterdam UMC (Trialregister BARIA study 
NL8983, ETHANASH study NL7693). All participants provided with 
written informed consent. In addition, we used samples from an exter-
nal observational study as a validation cohort, which was collected 
in accordance with the Declaration of Helsinki and was approved by 
the Ethics Committee of the Antwerp University Hospital (Belgian 
registration number B300201524515) and which also required written 
informed consent of the patients.

In the prospective study, we enrolled 146 individuals (Table 1) from 
our bariatric surgery cohort15. All individuals underwent an extensive 
metabolic workup before their bariatric surgery procedure and did 
not lose more than 3–5% of body weight 3 or 6 months before surgery. 
Within 2 months before surgery, a 2-hour MMT was performed to 
calculate glucose excursions, deduce insulin resistance and measure 
postprandial circulating microbial metabolites. Excessive ethanol 
consumption (>14 units per week) was an exclusion criterion and was 
assessed using an ethanol timeline follow-back assessment during the 
screening and MMT. Participants who had fasted overnight ingested 
two Nutridrink compact drinks at t = 0 (125 ml each, Nutricia®). Caloric 
intake totaled to 23.3 g of fat, 74.3 g of carbohydrates (of which 38.5 g 
was sugar) and 24.0 g of protein. Ethanol was measured during fast-
ing and at t = 120 minutes. In a subset of 37 individuals, samples from 
portal vein blood was drawn on the day of surgery. Fecal sample was 
obtained on the day of surgery and processed as previously described32. 
All samples were stored at −80 °C until further processing.

During the surgery, biopsies from the small intestine were 
obtained from the jejunum. Wedge liver biopsies were obtained from 
the diaphragmatic surface of segment 3 or 5 of the liver. Biopsies were 
snap-frozen in liquid nitrogen, stored at −80 °C until further processing 
and paraffin-embedded for histology. Paraffin-embedded liver sections 
were stained using hematoxylin–eosin and Sirius Red. Members of the 
Dutch Liver Pathology Panel, trained for NAFLD scoring according to 
the SAF score16, reviewed the sections. Borderline cases were discussed 
during pathology consensus meetings. NAFLD was categorized into 
NAFL when solely steatosis was present (in >5% of hepatocytes) or 
when steatosis was present in concert with mild inflammation without 
ballooning. NAFLD was categorized into NASH when steatosis was 
present (in >5% of hepatocytes) in concert with inflammation and bal-
looning. The activity part of the SAF score (SAF-A) that incorporates 
the scores for hepatocellular ballooning and lobular inflammation was 
also assessed. In addition, the Nonalcoholic Fatty Liver Disease Activity 
Score, which is the sum of the scores for steatosis (range, 0 to 3), bal-
looning (range, 0 to 2), and lobular inflammation (range, 0 to 3), with 
higher scores indicating greater disease activity, was assessed33. The 
external validation cohort consisted of 51 individuals for whom both 
portal vein blood and liver biopsies obtained during bariatric surgery 
were available. Liver biopsies were subjected to the same stains and 
were scored according to the same criteria16.

In the intervention study, we enrolled ten individuals with 
biopsy-proven noncirrhotic NASH according to the SAF score34 from 
our outpatient clinic. Ten individuals who were overweight but oth-
erwise healthy were recruited via advertisement and were screened 
for cardiometabolic diseases including hypertension, type 2 diabetes 
and hepatic steatosis using an ultrasonography of the liver before 
inclusion. Ethanol consumption of more than two units was an exclu-
sion criterion that was assessed similarly as in the prospective trial. At 
baseline, all participants underwent a 4-hour MMT consisting of 200 g 
of carbohydrates. This meal differed from the one given in the prospec-
tive trial where a lower amount of carbohydrates was given, ensuring 
that the meal could be repeated during the follow-up (that is, after 

bariatric surgery) without inducing severe dumping syndrome. The 
meal in the intervention study was a better reflection of the oral chal-
lenges routinely encountered daily. Blood was drawn at t = 0, 30, 60, 
90, 120, 180 and 240 minutes. Within 2 weeks after the baseline MMT, 
individuals underwent a second MMT, which was preceded by an infu-
sion with the selective ADH inhibitor 4-methylpyrazole. The first-pass 
effect of the liver for ethanol is thereby blocked. The total amount 
of 4-methylpyrazole (15 mg kg-1) was infused within 1 h immediately 
followed by an MMT as described above. Nine of ten individuals with 
NASH were then given a 1-week oral antibiotics course (metronidazole, 
500 mg two times daily; clindamycin, 300 mg three times daily; and 
ciprofloxacin, 500 mg once daily) to deplete the gut microbiome. 
After the antibiotics course, these individuals underwent a third MMT 
preceded by an infusion with 4-methylpyrazole as described for the 
second MMT. Fecal samples were obtained at every site visit. All MMTs 
were conducted under permanent medical supervision.

Ethanol measurement
Plasma was deproteinized using perchloric acid (5% (vol/vol)) and 
after centrifugation (5 s at 12,000g) neutralized with NaOH (5 M). 
Subsequently, ethanol was assayed using an enzyme-based kit from 
DiaSys (Holzheim, Germany). The presence of ethanol was validated 
by measuring ethanol on HPLC. Separation of ethanol was carried 
out using a Reprogel H column (250 mm × 4.6 mm, 9 µm, Screening 
Devices) usina a Jasco pump (PU4285, Jasco Benelux) in an isocratic 
setting with demineralized water as mobile phase at a flow rate of 0.6 ml 
min-1. After separation, ethanol was detected using a refractive index 
detector at a detection-cell temperature of 30 °C sample (RI 2031, 
Jasco Benelux). During measurements, all samples were kept at 4 °C in 
closed vials in the Jasco autosampler (AS4285, Jasco Benelux). Finally, 
the absolute ethanol concentrations were calculated using ChromNav 
chromatography software (version 2.0, Jasco).

Fecal total genomic DNA isolation and microbiome analyses
Total fecal genomic DNA was extracted from 100 mg of feces using a mod-
ification of the IHMS DNA extraction protocol Q35. Briefly, fecal samples 
were extracted in Lysing Matrix E tubes (MP Biomedicals) containing ASL 
buffer (Qiagen). Lysis was obtained after homogenization by vortexing 
for 2 min, by two cycles of heating at 90 °C for 10 minutes followed by 
three bursts of bead beating at 5.5 m s-1 for 60 s in a FastPrep-24 instru-
ment (MP Biomedicals). After each bead-beating burst, samples were 
placed on ice for 5 minutes. The supernatants containing fecal DNA were 
collected after the two cycles by centrifugation at 4 °C. Supernatants 
from the two centrifugation steps were pooled, and a 600-µL aliquot 
from each sample was purified using the QIAamp DNA Mini kit (QIAGEN) 
in the QIAcube instrument (QIAGEN) using the procedure for human 
DNA analysis. Samples were eluted in 200 µl of AE buffer (10 mM Tris-Cl, 
0.5 mM EDTA, pH 9.0). Libraries for shotgun metagenomic sequencing 
were prepared by a PCR-free method; library preparation and sequencing 
were performed at Novogene (Cambridge, UK) on a HiSeq instrument 
(Illumina) with 150-bp paired-end reads and 6 G data per sample.

The Metagenomic Data Utilization and Analysis (MEDUSA)36 
pipeline was used for pre-processing of raw shotgun metagenomics 
sequence data. MEDUSA is an integrated pipeline for analysis of short 
metagenomic reads, which maps reads to reference databases, com-
bines output from several sequencing runs and manipulates tables of 
read counts. The input number of total reads from the metagenome 
analysis was on average 23.4 ± 2.2 million reads per sample and that for 
total aligned reads was 16.6 ± 1.8 million reads per sample. The sequenc-
ing runs had high quality with almost 98% of the reads passing the qual-
ity cut-off. Of the high-quality reads, on average 0.04% aligned to the 
human genome, although the data had been cleaned for human reads. 
Of the high-quality nonhuman reads, 78.4% aligned to MEDUSA’s gene 
catalogue. Quality-filtered reads were mapped to a genome catalogue 
and gene catalogue using Bowtie2 (ref. 37). The taxon IDs were input 
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to the taxize package38, so as to get full taxonomic information and 
ranking for the species. Fungal composition was determined using the 
human mycobiome scan39. KEGG orthologs K00001, K00121, K04072, 
K11440, K13951, K13953, K13954, K00132, K04072 and K04073 were 
taken to assess the metagenomic potential for ADH (EC:1.1.1.1) and 
acetaldehyde dehydrogenase (EC:1.2.1.10).

Small intestinal total genomic DNA isolation and microbiome 
analyses
Small intestinal biopsies were expected to be rich in host DNA, and 
therefore a bacterial 16S targeted method was applied. Small intes-
tinal biopsies were lysed using repeated bead beating in STAR buffer 
(Roche Diagnostics) following proteinase K treatment. Total genomic 
DNA was isolated from the lysates using a Maxwell device (RSC Blood 
Kit, Qiagen). Bacterial 16S rRNA was amplified using the V3–V4 341F 
forward primer and the 805R reverse primer. The PCR was performed 
in a total volume of 30 µl containing 1× High-Fidelity Buffer (Thermo 
Fisher Scientific), 1 µl deoxynucleoside triphosphate (dNTP) mix 
(10 mM; Promega), 1 U of Phusion Green High-Fidelity DNA Polymer-
ase (Thermo Fisher Scientific), 500 nM of the forward 8-nucleotide (nt) 
sample-specific barcode primer containing the Illumina adaptor, pad 
and link (341F, 5′-CCTACGGGNGGCWGCAG-3′), 500 nM of the reverse 
8-nt sample-specific barcode primer containing the Illumina adaptor, 
pad and link (805R, 5′-GACTACHVGGGTATCTAATCC-3′), 100 ng µl-1 of 
template DNA and nuclease-free water. The amplification program was 
as follows: an initial denaturation step at 98 °C for 30 s; 30 cycles of 
denaturation at 98 °C for 10 s, annealing at 55 °C for 20 s and elongation 
at 72 °C for 90 s; and an extension step at 72 °C for 10 min.

PCR products (∼540 bp) were checked on an agarose gel (1% (wt/
vol) containing ethidium bromide, AppliChem). Bacterial PCR prod-
ucts were purified using AMPure XP beads (Beckman Coulter). Ampli-
con DNA concentration was measured using Qubit (Thermo Fisher 
Scientific), and DNA quality was assessed on an Agilent Bioanalyzer. 
The purified products were equimolarly pooled, and libraries were 
sequenced on an Illumina MiSeq platform (paired-end run, 251 cycles) 
using V3 chemistry.

Forward and reverse reads were truncated to 240 and 210 bases, 
respectively, and merged40. Merged reads that did not pass the Illumina 
chastity filter, that had an expected error rate higher than 2 or that were 
shorter than 380 bases were filtered out. Amplicon sequencing vari-
ants (ASVs) were inferred for each sample individually with a minimum 
abundance of 4 reads with UNOISE3 (ref. 41). Unfiltered reads were then 
mapped against the collective ASV set to determine the abundance. 
Bacterial taxonomy was assigned using the RDP classifier42 and SILVA 
16S rRNA gene database V132 (ref. 43). Datasets were rarified down to 
500 reads before further analysis.

RNA extraction and transcriptomics analyses
RNA was extracted from liver biopsies using TriPure Isolation Reagent 
(Roche) and Lysing Matrix D, 2-mL tubes (MP Biomedical) in a FastPrep-24 
instrument (MP Biomedical) with homogenization for 20 s at 4.0 m s-1, 
with repeated bursts until no tissue was visible. Homogenates were 
kept on ice for 5 min between homogenization bursts if multiple cycles 
were needed. RNA was purified with chloroform (Merck) in phase lock 
gel tubes (5PRIME) with centrifugations at 4 °C and further purified and 
concentrated using the RNeasy MinElute Kit (Qiagen). The quality of RNA 
was analyzed on a BioAnalyzer instrument (Agilent), with quantification 
on Nanodrop (Thermo Fisher Scientific). Due to degradation of the 
RNA, libraries for RNA-seq were prepared by rRNA depletion; library 
preparation and sequencing were performed at Novogene on a HiSeq 
instrument (Illumina) with 150-bp paired-end reads and 10 G data per 
sample. The average read count per sample was 42 ± 15 million. Obtained 
reads were quality trimmed using Trimmomatic44 with sliding_window_
threshold_q_score of 15. Quality-trimmed reads of at least 36 nt in length 
were pseudo-aligned against Homo sapiens GRCh38 transcriptome 

release 97 using kallisto45 (0.46.1). One sample was excluded from the 
analysis as it did not conform to the expression profile of the liver.

Statistical analysis
All statistical analyses were performed in R version 4.0.5 (ref. 46). Differ-
ences in patient characteristics were tested using the Kruskal–Wallis 
rank-sum test (two sided) or Pearson’s chi-squared test where appro-
priate. Differences in ethanol concentrations were assessed using 
the Wilcoxon test, and correlations were tested using Spearman’s 
rank correlation coefficient. The postprandial ethanol increase was 
tested using a linear mixed model. Differential liver gene expression 
analysis for individuals with and without NAFLD, NAFL and NASH was 
performed with the DESeq2 (ref. 47) package (1.30.1); log normalization 
was based on gene count geometric distribution. The statistical analysis 
method used for calculating differential expression rates is the Wald 
test. After false discovery rate (FDR) correction for multiple-hypothesis 
testing regarding these differentially significant co-expressed genes, 
we performed gene enrichment with the Enrichr platform41 using GO 
terms (2021), KEGG human pathways42 (2021) and WikiPathways Human 
(2019). Statistical analysis for the fecal microbiome was performed on 
rarefied count, (20 million reads per sample). Associations with micro-
biome alpha-diversity metrics were determined using the Wilcoxon 
test, while beta-diversity associations were tested using PERMANOVA 
as implemented in the vegan48 package. Effects of microbiome-altering 
medication on ethanol levels were tested using linear models. To test 
for differentially abundant taxa, DESeq2 (ref. 47), packages were used 
while Spearman’s rho correlations were calculated for ethanol concen-
trations. Similar to the BARIA transcriptomics counts, log normaliza-
tion based on gene count geometric distribution has been conducted 
with it. The statistical analysis method for calculating differential 
expression rates was the Wald test. The obtained P values were cor-
rected per comparison using the Benjamini–Hochberg procedure49.

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

Data availability
Fecal metagenomics and liver transcriptomics data have been depos-
ited in the European Nucleotide Archive (ENA; PRJEB47902) and Euro-
pean Genome-Phenome Archive (EGAS00001005704), respectively. 
A comprehensive data analysis report can be found at https://amcmc.
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Extended Data Fig. 1 | Portal ethanol concentrations linked to NAFLD disease 
markers in two independent cohorts. Portal ethanol concentrations linked 
to histological scores for NAFLD (a–d). Portal vein ethanol in individuals with 
NAFL and NASH compared to those without steatosis (e). Ethanol concentrations 
between different SAF-Activity scores (f) and Nonalcoholic Fatty Liver Disease 

Activity Scores (g). Box plots feature the median (center line), upper and lower 
quartiles (box limits), 1.5× the interquartile range (whiskers), points outside of 
boxplot range are outliers. Significant differences were determined by two-tailed 
Mann–Whitney test (** **P  < 0.0001;* **P  < 0.001; **P <  0.01; *P  < 0.05).
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Extended Data Fig. 2 | Peripheral ethanol concentrations linked to NAFLD 
disease markers in fasted and post prandial state. Peripheral ethanol 
concentrations in relation with histological scores for NAFLD (a–d). Ethanol 
concentrations in individuals with NAFL and NASH compared to those without 
steatosis (e). Peripheral ethanol concentrations between different SAF-Activity 

scores (f) and Nonalcoholic Fatty Liver Disease Activity Scores (g). Box plots 
feature the median (center line), upper and lower quartiles (box limits), 1.5× 
the interquartile range (whiskers), points outside of boxplot range are outliers. 
Significant differences were determined by two-tailed Mann–Whitney test 
(****P < 0.0001;***P < 0.001; **P < 0.01; *P < 0.05).
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Extended Data Fig. 3 | Correlations between portal, fasted and post-prandial peripheral ethanol levels and insulin levels. Spearman’s Rho correlations are given, 
and lines represent an overall linear fit, with grey areas the standard error with a 0.95 confidence interval.
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Extended Data Fig. 4 | Correlations between portal and peripheral ethanol levels. Correlations between portal and fasting peripheral ethanol (a) and post prandial 
peripheral ethanol (b) concentrations. Correlation strength was tested with Spearman’s rank correlation. Colored lines represent a linear fit for each of the NAFLD 
classes while black represents the overall fit.
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Extended Data Fig. 5 | MA plots of liver gene expression in association with NAFLD and ethanol concentrations. MA plots for fasted peripheral (a), post prandial 
peripheral (b) and portal (c) ethanol concentrations, between No Steatosis and NAFL (d) and NASH (e). Significant differentially abundant genes are highlighted in 
blue. NADH2A and CYB2E1 specifically are highlighted in red.
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Extended Data Fig. 6 | Small intestinal Streptococcus abundance associates 
with NAFLD and ethanol concentrations. Relative abundance is increased 
in NAFL and NASH (a) and correlates with fasted (b) and post-prandial (c) 
peripheral and portal (d) ethanol concentrations. Difference in abundance 
was tested with two-tailed Mann–Whitney test Line represents a linear fit with 

grey areas the standard error with a 0.95 confidence interval. Spearman’s Rho 
correlation coefficients are shown. Box plots feature the median (center line), 
upper and lower quartiles (box limits), 1.5× the interquartile range (whiskers), 
points outside of boxplot range are outliers.
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Extended Data Fig. 7 | Prospective cohort microbiome alpha diversity analysis. Shannon’s diversity Index with NAFLD classes (a) shown with violin plots, portal 
ethanol concentrations (b), fasted peripheral ethanol concentrations (c), post prandial ethanol concentrations (d). Differences in alpha diversity between NAFLD 
classes were determined by Kruskal-Wallis test. Correlations were tested using spearman’s rank correlation.
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Extended Data Fig. 8 | Prospective cohort microbiome beta diversity analysis. NAFLD classes (a), portal ethanol concentrations (b), fasted peripheral ethanol 
concentrations (c), post prandial ethanol concentrations (d). Bray-Curtis was used as a distance metrics and dissimilarity was tested using permanova using 1000 
permutations.
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Extended Data Fig. 9 | Prospective cohort microbiome associations. S. cerevisiae abundance associations with NAFLD classes (a), portal ethanol concentrations (b), 
fasted peripheral ethanol concentrations (c), post prandial ethanol concentrations (d). Significant differences in abundance were determined by two-tailed Mann–
Whitney test (*P < 0.05). Correlations were tested using spearman’s rank correlation.
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Extended Data Fig. 10 | Microbiome characteristics of the intervention study. 
Alpha- diversity in NASH (a), PCoA of Bray-Curtis dissimilarity between NAFLD 
class (b), PCoA of Bray Curtis dissimilarity with rate of ethanol accumulation after 
4-methylpyrazole infusion (c), Volcano plot with differential taxa abundance 
analysis (d). Alpha diversity metrics was compared using a two-tailed Mann–

Whitney test. Box plots feature the median (center line), upper and lower 
quartiles (box limits), 1.5× the interquartile range (whiskers), points outside 
of boxplot range are outliers. Beta diversity was tested using permanova using 
1000 permutations. Differential taxa abundance was tested using deSeq2 and 
observed p values were Benjamini & Hochberg corrected.
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