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Abstract
Background: Frequent binge drinking is a known contributor to alcohol- related harm, 
but its impact on systemic and hepatic inflammation is not fully understood. We hy-
pothesize that changes in immune markers play a central role in adverse effects of 
acute alcohol intake, especially in patients with early liver disease.
Aim: To investigate the effects of acute alcohol intoxication on inflammation- related 
markers in hepatic and systemic venous plasma in people with alcohol- related liver 
disease (ArLD), non- alcoholic fatty liver disease (NAFLD) and healthy controls.
Methods: Thirty- eight participants (13 with ArLD, 15 with NAFLD and 10 healthy 
controls) received 2.5 mL of 40% ethanol per kg body weight via a nasogastric tube. 
Seventy- two inflammation- related markers were quantified in plasma from hepatic 
and systemic venous blood, at baseline, 60 and 180 min after intervention.
Results: Alcohol intervention altered the levels of 31 of 72 and 14 of 72 markers in 
the systemic and hepatic circulation. All changes observed in the hepatic circulation 
were also identified in the systemic circulation after 180 min. Only FGF21 and IL6 
were increased after alcohol intervention, while the remaining 29 markers decreased. 
Differences in response to acute alcohol between the groups were observed for 8 
markers, and FGF21 response was blunted in individuals with steatosis.
Conclusion: Acute alcohol intoxication induced changes in multiple inflammation- 
related markers, implicated in alcohol metabolism and hepatocellular damage. 
Differences identified between marker response to binge drinking in ArLD, NAFLD 
and healthy controls may provide important clues to disease mechanisms and poten-
tial targets for treatment.
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1  |  INTRODUC TION

Liver diseases represent a large global healthcare burden. Multiple 
factors contribute to the progression from healthy to diseased 
liver with alcohol consumption being the most common cause for 
the development of chronic liver disease.1 More than half of all 
liver- related deaths are attributed to alcohol- related liver disease 
(ArLD).2 Alcohol intake in various stages of ArLD increases the 
risk of disease progression from asymptomatic steatosis via in-
flammation and fibrosis to irreversible decompensated liver cir-
rhosis.3 The effect of moderate alcohol intake in non- alcoholic 
fatty liver disease (NAFLD) is debated4 with more recent findings 
suggesting that even low amounts of alcohol associated with in-
creased risks of alcohol- related liver harm.5 Generally, interaction 
between multiple risk factors and disease mechanisms, often, a 
combination of alcohol overuse and obesity, leads to an even 
greater risk of developing liver- related complications.5 However, 
liver- related complications and mortality are higher among the 
ArLD patients.6

Mechanistically, alcohol overuse leads to gut mucosal alter-
ations and suppressed expression of intestinal tight junction pro-
teins, increasing gut permeability.7 Once this barrier is disrupted, 
the translocation of bacteria and their metabolites from the gut 
to the portal circulation increases, enabling pathogens to interact 
with the liver cells and circulating immune cells.8 When these pat-
terns are recognized by intrahepatic cells via toll- like receptors, 
a sequence of inflammatory responses is initiated. This leads to 
the generation of pro- inflammatory markers, and infiltration of 
monocytes and neutrophils, ultimately resulting in hepatocellu-
lar damage.9,10 The effect of alcohol on circulating inflammation- 
related markers depends on the alcohol consumption pattern. 
Acute alcohol intoxication is shown to suppress the release of 
pro- inflammatory immune mediators in mice and humans.11,12 
In contrast, chronic alcohol consumption is linked to increased 
systemic inflammation and upregulation of pro- inflammatory 
response.13– 16 However, the impact of acute alcohol consump-
tion in people with early chronic liver disease remains largely 
unexplored.

With this study, we aimed to understand how acute alcohol con-
sumption affects a broad range of immune mediators and whether 
the differences between acute alcohol effect across healthy, ArLD 
and NAFLD groups could point to disease- specific mechanisms. 
Knowledge generated from this study contributes to advances in the 
development of potential biomarkers and hepatic pharmacological 
treatments of alcohol overuse.

2  |  MATERIAL S AND METHODS

2.1  |  Study overview

To investigate the effects of acute alcohol intoxication on inflamma-
tory markers we quantified the hepatic and systemic venous plasma 
levels of 72 inflammation- related markers in 38 individuals from 
three distinct groups –  ArLD (N = 13), NAFLD (N = 15) and healthy 
controls (N = 10), before and after (60, 180 min) an alcohol interven-
tion (Figure 1).

2.2  |  Study population

All recruited participants provided a informed written consent under 
the study protocol, approved by the Ethical Committee of Southern 
Denmark (S- 20160083). The study was registered at Clini calTr ials.
gov (NCT03018990) and was conducted in compliance with the 
Declaration of Helsinki –  Ethical Principles for Medical Research 
Involving Human Subjects.

Three groups of age- matched individuals were recruited: 
healthy controls, individuals with ArLD, and NAFLD, as described 
earlier.17 In brief, participants were recruited through Odense Liver 
Research Centre, seeking individuals aged 18– 75 years, with body 
weight >50 kg and capable to abstain from alcohol for 48 h be-
fore the investigations. Inclusion criteria for individuals with ArLD 
were prior and/or current heavy alcohol intake (defined by >36 
and >24 g alcohol/day for males and females, respectively), liver 
fibrosis, proven on a prior liver biopsy in keeping with histologi-
cal features of ArLD and no intention of becoming abstinent from 

Clinical trial number: NCT03018990

K E Y W O R D S
alcohol, inflammation, liver disease, proteomics

Key points

Our study shows that a binge of alcohol (drinking 4– 5 al-
coholic beverages in a short period) causes disruption of 
the normal inflammatory processes in the body: Most in-
flammation products went down, while interleukine- 6 and 
the liver hormone FGF- 21 went up. This disruption was 
different in healthy individuals compared to people with 
non- alcoholic fatty liver disease and people with alcohol- 
related liver disease. Our results may help to understand 
how alcohol harms the liver and how binge drinking can be 
even more harmful for people with existing liver disease.
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alcohol. There were no signs of malnutrition in the ArLD group. 
Inclusion criteria for individuals with NAFLD were liver fibrosis, 
proven on a prior liver biopsy in keeping with histological features 
of NAFLD and no history of heavy alcohol intake. Lastly, inclusion 
criteria for healthy controls were normal liver stiffness (defined by 
<6 kPa as measured by transient elastography), body mass index 
(BMI) <30 kg/m2, normal broad blood biochemistry at baseline and 
no history of heavy alcohol intake. Participants were not included 
if they were diagnosed with liver cirrhosis at a prior liver biopsy, 
were suffering from liver disease of another aetiology, insulin- 
dependent diabetes mellitus or any type of cancer, were pregnant, 
breastfeeding or were using antibiotics within 4 weeks prior to the 
investigations.

One participant with ArLD was excluded due to lack of adher-
ence to baseline requirements (48 h of abstinence from alcohol), 
and one participant with ArLD was excluded due to all measured 
inflammation- related markers failing internal quality control, equal-
ling to N = 38 study participants.

All participants filled out food frequency questionnaire 
daily, 7 days before the intervention day, and a structured self- 
reported alcohol intake questionnaire. The participants were 
informed not to change their dietary habits and alcohol intake 
during this period. It was a requirement for all study participants 
to be abstinent from alcohol for 48 h before the intervention day, 
confirmed by quantifying blood ethanol levels on the interven-
tion day.18

2.3  |  Clinical examination

Clinical examinations were performed after 8 h of fasting. A cath-
eter was placed under local anaesthesia in the hepatic vein via 
the right jugular vein and inferior vena cava for sampling hepatic 
venous plasma.19 An additional catheter was placed in the jugu-
lar vein for sampling systemic venous plasma. Radiographic X- ray 
evaluation ensured that the catheters were placed correctly before 
sampling.

Hepatic and systemic venous plasma was simultaneously sampled 
at baseline, and 60 and 180 min after alcohol intervention. Routine 
biochemistry was performed according to standard operating pro-
cedures at the Department of Biochemistry and Pharmacology at 
Odense University Hospital. After processing, blood samples for 
targeted plasma proteomics were collected in lithium heparin tubes 
and stored at −80°C.

2.4  |  Alcohol intervention

Alcohol intervention was performed by instilling hospital pharmacy- 
produced 40% pure ethanol in 9 mg/mL NaCl through a nasogas-
tric tube. A dose of 2.5 mL of 40% ethanol per kg body weight was 
instilled over 30 min by infusion pump. The dose was decreased 
from 2.5 to 0.5 mL for each kg body weight above the BMI of 25 kg/
m2 to avoid severe intoxication in participants with high body fat 
percentage.

2.5  |  Targeted plasma proteomics

Ninety- two inflammation- related proteins were quantified from he-
patic and systemic venous plasma using the Target- 96 Inflammation 
panel from Olink Proteomics. The proteomics Target- 96 assay is 
based on the proximity extension assay technology, quantifying ar-
bitrary Normalized Protein eXpression (NPX) values on log2 scale.20 
The samples were randomized across 96 well plates, normalized 
using internal and inter- plate controls and analysed in one batch. 
Twenty proteins were excluded from the analysis due to >75% of 
measurements being below the limit of detection. The samples are 
flagged during QC if internal control samples deviate from the me-
dian of all samples on the plate by a pre- determined value of ±0.3. 
The assumption of normal distribution of the outcome has been 
evaluated and described in more detail in Appendix S1, along with 
an abbreviation list for marker names.

2.6  |  Statistical analyses

Statistical analyses and data visualization were performed in R ver-
sion 4.1.2 with Rstudio (IDE version 2022.02.3). Data are reported as 
mean and standard deviation (SD) for normally distributed variables, 

F I G U R E  1  Study overview. Systemic and hepatic venous plasma 
levels of 72 inflammation- related markers were quantified in 13 
individuals with ArLD, 15 individuals with NAFLD and 10 healthy 
controls before (0 min) and after (60; 180 min) alcohol intervention. 
Figure was created with BioRender.com.
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as median and interquartile range (IQR) for non- normally distributed 
variables and frequencies and percentages for categorical variables.

Linear mixed models using generalized least squares (gls function 
from the R package nlme21) were used to investigate changes in circulat-
ing inflammation- related proteins after alcohol intake. Corresponding 
interaction models were fitted as follows: (1) (time × site) to investigate 
the effect of alcohol intervention on the difference between protein 
levels in hepatic and systemic venous plasma and (2) (time × group) to 
investigate if the liver disease status had an effect on the changes in 
protein levels due to alcohol intervention.

The results were reported as effect size estimates on log2 scale 
and 95% CI and False Discovery Rate (FDR)- adjusted p- values.22 p- 
values were considered significant below .05 after FDR adjustment.

As a post hoc analysis, we compared the effect of alcohol on 
FGF21 between healthy controls and individuals with chronic fatty 
liver disease by pooling ArLD and NAFLD into one group (N = 28). 
Additionally, we stratified the study participants (N = 38) based on 
the degree of steatosis and hepatic inflammation. Lastly, we strat-
ified the liver disease group with the chronic fatty liver disease ac-
cording to its severity: mild fibrosis (F0– F1, N = 13) vs significant 
fibrosis (≥F2, N = 15). p- values presented were derived from an un-
paired t test.

A detailed description of statistical modelling within main anal-
yses, stratification and testing in post hoc analyses is provided in 
Appendix S1 section.

3  |  RESULTS

3.1  |  Study participants

Thirty- eight participants were included in our study. The baseline 
characteristics of ArLD (N = 13), NAFLD (N = 15) and healthy con-
trols (N = 10) are summarized in Table 1. Participants with ArLD had 
higher daily alcohol consumption compared to NAFLD and healthy 
controls. Significant fibrosis (F ≥ 2) was seen in 46.2% of participants 
in the ArLD group and in 60.1% of participants in the NAFLD group. 
All healthy controls had normal liver stiffness measurements (tran-
sient elastography <6 kPa).

3.2  |  Acute alcohol consumption alters the levels of 
multiple circulating inflammation- related markers

In the systemic circulation, the alcohol intervention significantly al-
tered the levels of 31 out of 72 (43%) inflammation- related markers 
of which 29 decreased and 2 (FGF21 and IL6) increased. The levels of 
6 markers were significantly changed 60 min after acute alcohol in-
tervention, while a more pronounced effect was seen after 180 min, 
where the levels of all 31 affected markers were significantly altered 
(Figure 2A and Table S1).

Similarly, in hepatic circulation, alcohol intervention signifi-
cantly affected the levels of 14 out of 72 (19%) inflammation- related 

markers of which 11 decreased and 3 (FGF21, IL6 and ADA) in-
creased. The levels of 3 markers were significantly altered after 
60 min while the levels of 13 markers were significantly changed 
after 180 min (Figure 2B and Table S2).

The variance explained by the differences between the three 
groups accounted for a median of 9.0% (IQR [0.3– 16.8]) of the 
variation across the dataset, while intervention and sample site ac-
counted for <5% of the variation across the dataset each (Figure S2).

The effect of alcohol on all 72 markers in systemic and hepatic 
venous plasma is summarized in Appendix S1, including the un-
corrected p- values, and the results of the same models applied on 
inverse- normal rank transformed protein levels (Figures S3 and S4, 
Tables S1 and S2).

3.3  |  Differences between marker profile in 
systemic and hepatic circulation

All 13 markers that changed in the hepatic circulation, were also al-
tered in the systemic venous plasma 180 min after alcohol interven-
tion (Figure 2C). The levels of 12 markers were higher in the systemic 
compared to the hepatic venous plasma at baseline (Figure 2D). No 
significant interaction between the sample site and alcohol inter-
vention was observed (Table S3). Differences between hepatic and 
systemic venous plasma levels of quantified inflammation- related 
markers 60 and 180 min after alcohol intervention are provided in 
Figure S7 and Table S3.

3.4  |  The response to alcohol intervention is 
different between ArLD, NAFLD and healthy controls

In systemic venous plasma, 7 inflammation- related markers dis-
played different response to alcohol intervention between the 
groups (Figure 3A). Primarily, the ArLD and NAFLD groups had a 
lower increase in FGF21 compared to healthy controls. The ArLD 
group had a larger decrease in HFG and OSM, compared to the 
healthy control group. Furthermore, FGF23 decreased in response 
to alcohol intervention only in the ArLD group.

In hepatic venous plasma, 2 inflammation- related markers dis-
played differential response to alcohol intervention between the 
groups (Figure 3B). After 60 min OSM and CXCL1 increased in the 
NAFLD group while both inflammation- related markers decreased 
in the ArLD and healthy controls (Figure 3B).

The results from all analysed inflammation- related markers are 
summarized in Tables S1 and S2.

3.5  |  Impact of binge alcohol on FGF21, implicated 
in alcohol craving

Between- individual variation, liver group, alcohol intervention and 
sample site could explain 91% of the total variation in FGF21 levels 
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    |  5STANKEVIC et al.

(Figure S5), of which 43% of the variation was explained by the al-
cohol intervention alone (Figure S6). The individual differences be-
tween participants in the levels of FGF21 could explain 30% and 
differences across groups could explain 18% of the variation in 
FGF21 levels.

We found that the increase in systemic FGF21 was significantly 
higher in the healthy control group compared to liver disease group, 
with pooled ArLD and NAFLD groups (Figure 4A). The late FGF21 
response (60– 180 min after alcohol intervention) in participants 
with steatosis was lower compared to individuals without steatosis 
(Figure 4B). We show that the change in FGF21 after 60 and 180 min 

negatively associates with baseline cholesterol and LDL- cholesterol 
levels (Figure S8). There were no differences in FGF21 response to 
the alcohol intervention between participants with and without he-
patic inflammation (Figure 4C) and groups with mild and significant 
fibrosis (Figure 4D).

4  |  DISCUSSION

We demonstrate that acute alcohol intervention affects a wide 
range of circulating inflammation- related markers involved in several 

TA B L E  1  Descriptive characteristics of study participants at baseline.

Overall Healthy NAFLD ArLD

Participants, n 38 10 15 13

Age, years 53.2 (10.8) 53.4 (10.1) 52.9 (12.1) 53.3 (10.4)

Sex, female n (%) 14 (36.8) 5 (50.0) 8 (53.3) 1 (7.7)

Daily alcohol consumption, g 6.0 [0.0– 48.0] 12.0 [0.0– 12.0] 0.0 [0.0– 0.0] 60.0 [48.0– 108.0]

Anthropometrics

Weight, kg 88.8 [73.7– 103.6] 72.8 [67.9– 83.0] 99.1 [89.1– 106.0] 86.6 [73.5– 104.0]

BMI, kg/m2 28.8 [25.3– 32.2] 25.3 [23.3– 27.0] 32.2 [30.7– 40.3] 27.6 [23.3– 30.9]

Waist circumference, cm 105.0 [91.0– 118.0] 88.0 [87.0– 102.0] 113.0 [106.0– 118.0] 105.0 [91.0– 120.0]

Handgrip strength, kg 80.93 (30.13) 74.47 (31.87) 84.41 (34.39) 82.15 (25.09)

Liver parameters

Fibrosis stage (0/1/2/3/4), n 3/10/11/2/2 a 1/5/7/1/1 2/5/4/1/1

Steatosis grade (0/1/2/3), n 3/11/7/7 a 0/7/5/3 3/4/2/4

CAP1, dB/m 303.7 (72.9) 229.6 (49.2) 340.5 (35.2) 318.3 (81.2)

Liver stiffness by TE, kPa 8.8 [4.9– 10.5] 4.5 [3.9– 5.0] 10.4 [9.6– 11.4] 8.9 [5.9– 10.1]

ALT, U/L 37.0 [25.2– 57.8] 26.0 [17.8– 34.5] 44.0 [27.5– 61.5] 45.0 [28.0– 71.0]

AST, U/L 29.5 [24.8– 58.8] 23.0 [22.0– 28.0] 29.0 [24.5– 54.5] 53.5 [30.5– 82.8]

AST/ALT ratio 1.1 (0.5) 1.0 (0.3) 0.9 (0.3) 1.4 (0.8)

Bilirubin, μmol/L 10.0 [7.2– 13.0] 10.0 [9.0– 12.2] 10.0 [7.0– 12.5] 12.0 [7.0– 19.0]

INR 1.0 [0.9– 1.1] 1.1 [1.0– 1.1] 1.0 [0.9– 1.0] 1.0 [0.9– 1.1]

GGT, U/L 63.5 [26.0– 131.5] 21.5 [15.8– 25.2] 65.0 [47.0– 83.5] 255.0 [103.0– 634.0]

Blood biochemistry

Albumin, g/L 45.0 [42.0– 47.0] 46.5 [41.0– 47.8] 45.0 [43.5– 48.0] 44.0 [41.0– 46.0]

Fasting plasma glucose, mmol/L 6.2 [5.5– 6.8] 5.7 [5.5– 6.0] 6.7 [6.2– 7.5] 6.5 [5.6– 6.8]

HOMA- IR 4.9 [1.9– 8.7] 1.9 [1.3– 2.0] 8.1 [6.7– 10.4] 3.0 [1.9– 8.8]

Insulin, pmol/L 92.5 [44.8– 178.6] 43.2 [34.0– 47.3] 170.5 [130.3– 185.9] 63.5 [46.0– 182.9]

HbA1C, mmol/L 38.0 [34.2– 45.0] 35.0 [31.5– 36.8] 46.0 [41.0– 52.5] 36.0 [31.0– 40.0]

HDL cholesterol, mmol/L 1.2 [1.1– 1.6] 1.5 [1.1– 1.9] 1.1 [0.9– 1.2] 1.5 [1.2– 1.6]

LDL cholesterol, mmol/L 2.6 [2.2– 3.6] 3.1 [2.6– 4.2] 2.6 [1.3– 3.4] 2.3 [2.2– 3.1]

Total cholesterol, mmol/L 4.9 [4.2– 6.0] 5.3 [4.6– 6.0] 4.4 [3.9– 5.3] 4.9 [4.4– 6.2]

Triglycerides, mmol/L 1.3 [0.8– 2.1] 0.8 [0.7– 1.1] 1.5 [0.8– 3.3] 1.5 [0.9– 2.5]

Platelet count, 109/L 223.5 [191.5– 265.5] 209.5 [174.2– 227.5] 252.0 [202.5– 297.5] 221.0 [206.0– 244.0]

Note: Data are shown as means and standard deviations (SD), medians and interquartile ranges [IQR] and frequencies (%). Daily alcohol consumption 
is shown as grams of ethanol per day.
Abbreviations: ALT, alanine aminotransferase; AST, aspartate aminotransferase; BMI, body mass index; CAP1, controlled attenuation parameter 1; 
GGT, gamma- glutamyl transferase; HbA1c, haemoglobin A1c; HDL, high- density lipoprotein; HOMA- IR, homeostasis model assessment of insulin 
resistance; INR, international normalized ratio; LDL, low- density lipoprotein; TE, transient elastography.
aFibrosis stage and steatosis grade were not evaluated in the healthy control group.
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functional pathways (Figure 5). Despite few inflammation- related 
markers (FGF21 and IL6), the general trend was that alcohol reduced 
marker levels and this effect was more pronounced in the systemic 
circulation. Notably, the FGF21 response was significantly reduced 
in individuals with hepatic steatosis.

Acute alcohol intervention alters the levels of circulating sys-
temic and hepatic members of the ‘FGF19 superfamily’: FGF19, 
FGF21 and FGF23, which play an important role in alcohol metab-
olism.23 Circulating FGF21 is primarily produced by the liver24 and 
regulates nutrient and energy homeostasis through pleiotropic 

F I G U R E  2  (A– D) Marker levels in systemic and hepatic venous plasma after alcohol intervention. (A, B) Forest plot showing upregulated 
(red) and downregulated (blue) inflammation- related markers in (A) systemic and (B) hepatic venous plasma 60 and 180 min after alcohol 
instillation. Only significant changes in marker levels are shown. (C) Venn diagram visualizing the overlap of significant changes in marker 
levels between hepatic (blue) and systemic (golden) venous plasma after 60 min (I.) and 180 min (II.). (D) Volcano plot visualizing marker levels 
in systemic versus hepatic venous plasma at baseline. Inflammation- related markers coloured in orange were significantly higher and in blue 
were lower in systemic versus hepatic venous plasma after FDR correction. Figure 2C was created with BioRender.com.
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    |  7STANKEVIC et al.

actions on multiple tissues.25 Previous work has shown that alcohol 
induces a rapid increase of FGF21 in young healthy men.26– 28 Here 
we expand the knowledge by showing that the increase of FGF21 
is driven by the hepatic release as indicated by the higher levels 
of FGF21 in hepatic venous plasma compared to systemic venous 
plasma 60 min after alcohol intake (Figure S7, Table S3A).

Genome- wide association studies have identified single nucleo-
tide polymorphisms in FGF21 and KLB, encoding FGF19 and FGF21 
co- receptor, β- klotho, to associate with increased alcohol consump-
tion.29 Furthermore, in their recent work in non- human primates 
Flippo et al30 identify a liver- to- brain pathway where FGF21 signal-
ling enhances excitability of KLB- expressing neurons in basolateral 
amygdala, which, in turn, suppresses alcohol consumption suggest-
ing a potential pharmacological target to reduce alcohol intake. Also, 
most recently, FGF21 has been shown to protect mice against ef-
fects of ethanol toxicity.31 In line with this, we show that alcohol 
induces a lower increase of systemic FGF21 in individuals with ArLD 

compared to healthy. Interestingly, individuals with NAFLD also had 
a lower FGF21 response compared to healthy. Earlier studies show 
that fasting serum FGF21 is positively correlated with lipid fea-
tures, including triglycerides and LDL- cholesterol, as well as insulin 
and HOMA- IR.32 Our data show that stimulated FGF21 negatively 
associates with LDL- cholesterol and total cholesterol, indicating a 
blunted acute FGF21 response to acute alcohol intake in connec-
tion with hypercholesterolemia. Stimulated FGF21 did not associ-
ate with HOMA- IR or fasting insulin (Figure S8). Importantly, we 
also show that individuals with steatosis have a blunted increase in 
FGF21, compared to those without steatosis. We found no signifi-
cant differences in FGF21 response to the alcohol intervention be-
tween varying degrees of hepatic inflammation, as well as those with 
mild and significant fibrosis. This indicates that the lower response 
in FGF21 is not a result of reduced liver function in relation to he-
patic inflammation or fibrosis. Thus, instead, we speculate, that the 
factors influencing FGF21 response in ArLD and NAFLD (excessive 

F I G U R E  3  (A, B) Group- specific changes in inflammatory marker levels after alcohol intervention. Line plots displaying significantly 
different temporal trajectories between healthy, NAFLD and ArLD individuals in (A) systemic and (B) hepatic venous plasma. The line 
plots are coloured by group. The dot represents the mean level of marker in the respective group at baseline, 60 and 180 min after alcohol 
intervention. The error bars represent the 95% confidence intervals.
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alcohol intake, obesity and insulin resistance) may all be linked to 
liver steatosis, and the same imbalance in the liver- to- brain feedback 
loop that controls the intake of alcohol and sugar.

Evidence from observational studies support that FGF21 plays 
a role in the development and pathogenesis of liver diseases. 
Elevated FGF21 levels have found to be independent predictors of 
the presence and development of acute- on- chronic liver failure.33 In 
a different disease group, FGF21 was identified as an independent 
predictor of liver steatosis.34 In two separate randomized clinical 
trials, modified human FGF21analogs Efruxifermin and Pegbelfermin 
have shown beneficial effects, namely reduction of hepatic fat 
fraction, in the treatment of non- alcoholic steatohepatitis.35,36 In a 
phase 2b randomized controlled trial, treatment with the FGF21 an-
alogue Pegozafermin led to significant improvements in liver fibrosis, 
and secondary endpoints, including reduction in liver fat, markers 
reflecting liver injury and liver inflammation. The results from the 
trial also indicate that treatment with an FGF21 analogue may posi-
tively affect some of the classical traits of metabolic derangements, 
including adiponectin, serum triglyceride and HDL cholesterol 
levels.37 The results from the outlined trials support the idea that 
treatments targeting the FGF21 pathway may have dual beneficial 

effect for the many people with ArLD who also carry metabolic risk 
factors.38

Our results demonstrate a decrease in systemic levels of FGF23 
in the ArLD group, but not in healthy controls or the NAFLD group. 
FGF23 has previously been suggested as a cardiovascular risk factor 
among alcohol abusers,39 strongly tied to liver function, but func-
tional studies of FGF23 in liver disease remain to be explored.40 Our 
study replicated a previous finding of decrease in FGF19 levels27 
in the systemic circulation and demonstrated that the decrease in 
FGF19 is also evident in hepatic circulation. FGF19 is secreted from 
the enterocytes and regulates bile acid homeostasis and metabo-
lism,29,41 and its inhibition after alcohol consumption partly contrib-
utes to rise in plasma triglyceride concentrations.27 In a previous 
work, we have also demonstrated a rise in triglyceride concentra-
tions after acute alcohol intervention, in healthy control individuals 
and ArLD patients, but not in the NAFLD group.17

Many of the immune mediators, contributing to liver damage via 
sustained hepatic inflammation either activate or are activated by 
nuclear factor- κB (NF- κB) –  a key signalling cascade playing an im-
portant role in hepatic inflammation.42 In contrast to the increased 
activation of NF- κB and its targets as a result of chronic alcohol 

F I G U R E  4  (A– D) Change in systemic FGF21 after alcohol intervention. Box plots displaying temporal trajectories of change of FGF21 
levels in systemic venous plasma between participants (A) from healthy control group and with liver disease (ArLD and NAFLD combined), 
(B) with and without steatosis, (C) with and without hepatic inflammation and (D) with fatty liver disease, stratified by liver fibrosis score. 
Plots are coloured by respective strata. The boxes represent the two middle quartiles (50%) of the change in FGF21 in the respective group 
at 60 and 180 min after alcohol intervention. Whiskers represent lower and upper quartiles, and the dots represent each observation.  
p- values were estimated by a t test.
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intake, acute alcohol treatment inhibits NF- κB activation.43 Reduced 
NF- kB activation consequently results in decreased downstream 
activation of its targets,44 including chemokines, which play an im-
portant role in the activation of immune cells during inflammation 
in the liver.45 Our study indeed demonstrates a decrease in several 
inflammation- related markers, known to activate NF- κB pathway, in-
cluding TNF, IFN- gamma, HGF and subsequent depression of NF- κB 
targets, including a number of chemokines, compromising key immu-
noregulatory functions.46– 48

Previous research shows that HGF can activate the expres-
sion of MMP- 1 in hepatic stellate cells, contributing to repair and 
regeneration of the liver,49 therefore, acute alcohol- induced inhibi-
tion of MMP1, evident in our study, may be a downstream effect of 
decreased levels of HGF. Moreover, participants with NAFLD and 
those with ArLD had a steeper decrease in the systemic HGF during 
the first 60 min after alcohol binge, compared to healthy controls. In 
a previous work from the same intervention study, Torp et al18 show 
a transient inhibition of hepatic fibrogenesis marker PRO- C3 during 
the first hours of acute alcohol intervention, followed by activation 
of fibrogenesis from 180 min after the binge episode in participants 
with significant liver fibrosis (F ≥ 2). Taken together, these results in-
dicate that binge alcohol inhibits the turnover of hepatic extracellu-
lar matrix, in the first hours after alcohol intoxication.

We replicate the previous findings of plasma concentrations of 
IL6 rise as a consequence of acute alcohol intake in heavy- drinking 

individuals,50 as well as after binge drinking.51 OSM, a member of 
IL6 family, did not fluctuate with alcohol intake in healthy individuals 
in the systemic circulation, but the trajectories of OSM response to 
alcohol intervention were different in both ArLD and NAFLD groups. 
One of the explanations for the differential response to alcohol in-
tervention between the three groups might be due to the develop-
ment of leaky gut, as OSM downregulates the expression of tight 
junction proteins52 and is consistently increased in inflamed intes-
tinal tissue.53 In a recent study, acute alcohol intervention induced 
transient increase in circulating microbial DNA quantity in ArLD 
patients, but not those with NAFLD or healthy controls, support-
ing that an acute alcohol intervention induces leaky gut in patients 
with ArLD.54 Targeting gut- liver axis is already showing promising 
effects in ArLD, with results from a randomized, double- blinded 
phase 2 trial demonstrating, that locally acting gut- specific antibiotic 
Rifaximin- alpha halts the progression of hepatic injury in ArLD.55

Study limitations should be taken into consideration. The sample size 
was fairly small; therefore, the study might have limited power to capture 
all fluctuations in marker responses to alcohol and differences between 
the study groups. Moreover, ArLD patients often exhibit metabolic co-
morbidities. Components of metabolic syndrome and overweight may 
lead to worsened liver disease progression in individuals with ArLD.56 
Due to small sample size, sensitivity analyses stratifying the participants 
by weight have not been performed. The quantified circulating systemic 
and hepatic inflammation- related markers might not reflect hepatic 

F I G U R E  5  Overview of acute alcohol effect on inflammation- related markers and suggestive functional pathways. Acute alcohol 
intervention in ArLD, NAFLD and healthy controls leads to acute alterations to marker profiles in hepatic and systemic circulation. The 
affected markers include markers of cell death, chemokines, growth factors, interleukins and other inflammation- related markers. Based on 
their known functions identified in literature by previous studies, inflammatory markers are coloured by the suggestive functional pathways. 
Figure was created with BioRender.com.
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protein expression profiles, and we did not investigate the direct effect 
of these proteins on the liver tissue; therefore, further mechanistic stud-
ies are warranted. In this study, we aimed to recruit balanced number 
of individuals from both genders; however, it was more challenging to 
reach balanced distribution of both genders in the ArLD group. Higher 
proportion of men drink heavily compared to women, however, alco-
hol consumption in women is increasing at alarming rates,57 and even 
with lesser exposure, women are at higher risk of development of liver- 
related complications.58 Further studies investigating the acute alcohol 
effects in women with ArLD are highly warranted.

However, our study expands current knowledge on how cir-
culating inflammation- related markers respond to acute alco-
hol intervention in ArLD, NAFLD and in health. Many of these 
inflammation- related markers are novel with respect to the effect 
of binge drinking, and their response to alcohol intervention has 
not been analysed in liver diseases. We provide evidence for liver 
disease status- specific responses of several circulating markers to 
acute alcohol intervention. These are of particular interest for the 
development of potential biomarkers for liver disease, as fluctua-
tions with alcohol intake might hinder the use of these inflammation- 
related markers as diagnostic and/or prognostic biomarkers. On the 
other hand, it might also suggest potential mechanisms of immune 
response changes with respect to chronic alcohol intake and meta-
bolic disturbances.

In conclusion, we show that acute alcohol intervention alters the 
levels of circulating systemic and hepatic inflammatory markers. The 
identified markers are implicated in pathways that are involved in 
alcohol metabolism and hepatocellular damage (Figure 5). Results 
from our study may be informative of mechanisms of early liver dis-
ease and potential targets for treatment.
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