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Abstract
Purpose  Results of some epidemiological studies suggest that moderate alcohol consumption may be associated with a 
decreased risk to develop NAFLD. Here, the effect of the consumption of moderate beer and diluted ethanol, respectively, 
on the development of NAFLD were assessed.
Methods  Female C57BL/6J mice were fed a control diet (C-D) or a diet rich in fructose, fat and cholesterol (FFC) enriched 
isocalorically and isoalcoholically with beer (FFC + B) or plain ethanol (FFC + E) (2.5 g ethanol/kg body weight/day) for 7 
weeks. Liver damage was assessed by histology using NAFLD activity score. Markers of inflammation, insulin resistance 
and adiponectin signaling were measured at mRNA and protein levels. Using J774A.1 cells as a model of Kupffer cells, the 
effect of alcoholic beverages on adiponectin receptor 1 (Adipor1) was assessed.
Results  Hepatic triglyceride concentration, neutrophil granulocytes, iNOS protein concentrations and early signs of insulin 
resistance found in FFC-fed mice were significantly attenuated in FFC+ B-fed mice (P < 0.05 for all). These findings were 
associated with a super-induction of Adipor1 mRNA expression (+ ~ 18-fold compared to all other groups) and a decrease 
of markers of lipid peroxidation in liver tissue of FFC + B-fed mice when compared to FFC-fed animals. Similar differences 
were not found between FFC– and FFC+ E-fed mice. Expression of Adipor1 was also super-induced (7.5-fold) in J774A.1 
cells treated with beer (equivalent to 2 mmol/L ethanol).
Conclusions  These data suggest that moderate intake of fermented alcoholic beverages such as beer at least partially attenu-
ates NAFLD development through mechanisms associated with hepatic AdipoR1 expression.
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Introduction

As prevalence of overweight and insulin resistance has 
increased markedly throughout the world in the last decades, 
number of individuals affected by metabolic diseases such 
as non-alcoholic fatty liver disease (NAFLD) has increased, 
too (for overview see [1]). Indeed, NAFLD, comprising a 
wide spectrum of liver diseases ranging from simple stea-
tosis through steatohepatitis, fibrosis and even cirrhosis and 
hepatocellular carcinoma is by now the most common liver 
disease among the global adult population [2]. Several risk 
factors such as genetic predisposition, gender, age and sed-
entary life-style as well as nutritional intake have been iden-
tified that may influence disease development (for overview 
see [3, 4]). Among the latter, drinking habits and herein 
especially intake of alcoholic beverages are also discussed 
as possible critical factors of disease development (for over-
view see [3]); however, data are still contradictory. Indeed, 
results from a systematic analysis for the Global Burden 
of Disease Study 2017 suggest that alcohol consumption 
regardless of the amounts consumed bears no health ben-
efits; however, data were not stratified according to type of 
beverage consumed [5]. A prospective study in the UK fur-
ther showed that alcohol consumption and the presence of 
obesity (BMI > 30 kg/m2) increase the relative risk of liver 
disease related mortality and morbidity by a factor of 5–19 
when compared to normal weight men, when 1–14 and > 15 
units of ethanol per week (1 unit being equivalent to 8 g 
ethanol), respectively, were consumed [6]. In overweight 
men (BMI 25.0–29.9 kg/m2) these associations were also 
present; however, less pronounced [6]. Contrasting these 
findings, Dunn et al. 2012 and Moriya et al. 2011 reported 
that alcohol consumption at moderate amounts (< 20 g etha-
nol per day for men; < 10 g ethanol per day for women) is 
associated with a decreased prevalence of steatohepatitis in 
NAFLD patients [7, 8]. Furthermore, in a recently published 
study it was shown that light to moderate alcohol intake 
(light drinkers consuming < 20 g/day and moderate drink-
ers ingesting > 20 g/day for any period) in diabetic patients 
with NAFLD was not associated with liver fibrosis [9]. Rea-
sons for these contradictory findings have not yet been fully 
understood; however, so far, in most of the studies partici-
pants were not stratified according to their consumption of 

fermented and distilled alcoholic drinks. Indeed, results of 
studies in patients suffering from liver cirrhosis consuming 
alcohol but also animal studies using high concentrations of 
alcohol (6.5 g EtOH/kg/bw) suggest that the kind of alco-
holic drink might be critically affecting the progression of 
liver disease [10–12]. For instance, it has been shown that 
secondary plant compounds such as xanthohumol and iso-
α-acids found in hop or resveratrol found in grapes at least 
in experimental settings may beneficially affect the devel-
opment of liver diseases of various etiologies including 
NAFLD [13–15]. Whether these or other compounds found 
in fermented but not distilled alcoholic drinks are at least in 
part involved in the conflicting results of epidemiological 
studies has not yet been clarified.

Starting from this background, using a mouse model, the 
primary focus of the present study was to assess whether 
the effects of moderate consumption of a fermented alco-
holic drink such as beer on the development of diet-induced 
NAFLD and insulin resistance differ from those of diluted 
ethanol and if so to determine molecular mechanisms under-
lying these differences.

Methods

Animals and treatment

All procedures were approved by the local Institutional Ani-
mal Care and Use Committee (Jena, 02–019/14) and were 
carried out with female C57BL/6J mice (Janvier SAS) as it 
was shown before that female mice are more susceptible to 
both, fructose-induced NAFLD and alcohol-induced liver 
damage when compared to male mice [16, 17]. Animals were 
housed in a specific-pathogen-free barrier facility accred-
ited by the Association for Assessment and Accreditation 
of Laboratory Animal Care. After an adaptation to the liq-
uid control diet (15.7 MJ/kg diet: 69% of energy (E%) from 
carbohydrates, 12 E% fat, 19 E% protein, Ssniff®, Germany) 
for 7 days, 48 mice were randomly assigned to the following 
6 different feeding groups (8 mice per group): control diet 
(C-D); control diet + ethanol (C-D + E); control diet + beer 
(C-D + B); fructose-, fat- and cholesterol-rich diet (FFC); 
fructose-, fat- and cholesterol-diet + ethanol (FFC + E) and 
fructose-, fat- and cholesterol-rich diet + beer (FFC + B). 
Caloric content and macronutrient composition of the FFC, 
which was obtained from Ssniff®, Germany was as follows: 
17.8 MJ/kg diet: 60 E% carbohydrates, 25 E% fat, 15 E% 
protein with 50% wt/wt fructose and 0.16% wt/wt choles-
terol. Further details of the composition of the two diets are 
summarized in Online Resource 2. Animals were pair-fed 
the different diets for 7 weeks as detailed previously [18]. 
In brief, in the four groups fed ethanol or beer, the liquid 
diet was iso-alcoholically enriched with either pilsner beer 
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(alcohol by volume: 4.9%) or plain ethanol (2.5 g EtOH/kg 
body weight) (VWR International). To ensure equal caloric 
intake, mean daily caloric intake of each group was assessed. 
The group with the lowest intake had ad libitum access to 
their respective diet whereas all other groups received the 
amount of diet consumed by the ad libitum group the day 
before. Body weight of each mouse was assessed weekly. 
Beer or plain ethanol additions to the diets were adjusted 
daily in accordance with dietary intake and development of 
body weight to ensure sufficient and equal ethanol uptake. 
The mice had free access to tap water throughout the whole 
experiment. In the 5th week of feeding a glucose tolerance 
test (GTT) was performed as detailed previously [19]. In 
brief, the mice were fastened for 6 h and narcotized before 
a glucose solution was injected (2 g/kg body weight; i.p.). 
Blood glucose levels were measured by blood sampling from 
tail vein at 15, 30, 60, 90 and 120 min with a standard glu-
cometer (Bayer Vital GmbH, Germany) after glucose injec-
tion. In week seven mice were killed after being anesthetized 
with a mixture of ketamine and xylazine (100 mg/kg body 
weight ketamine, 16 mg/kg body weight xylazine, Sigma 
Aldrich Chemie GmbH, Germany) by cervical dislocation 
(see Online Resource 1 for an overview of the study design). 
Blood samples were taken from the portal vein just prior to 
killing and liver and adipose tissue were fixed in 4% neutral 
buffered formalin, immediately deep frozen at − 80 °C.

Cell culture

J774A.1 cells (DSMZ, Germany) were cultured at 37 °C in 
a humidified, 5% carbon dioxide atmosphere with Dulbecco 
Modified Eagle Medium (DMEM; Pan Biotech, Germany) 
enriched with 1% penicillin–streptomycin (Pan Biotech, 
Germany) and 10% fetal bovine serum (Pan-Biotech). At 
90% confluence cells were incubated with DMEM contain-
ing 2 mmol/L plain ethanol (alcohol by volume: 99.9%, 
VWR International) or beer for 2 and 6 h in a modified alco-
hol vapor chamber as described by others [20]. Cells were 
then harvested with peqGOLD TriFast (VWR, Germany) 
and stored at − 80 °C for subsequent RNA isolation.

Parameters of liver damage

Hepatic lipid accumulation was measured as previously 
described [21]. In brief, triglycerides were extracted using 
the method of Folch et al. [22]. Triglyceride concentrations 
were then determined by spectrophotometry using a com-
mercially available kit (Randox, UK). Paraffin-embedded 
liver samples were cut into 4 µm sections, stained with 
hematoxylin and eosin (H&E) and NAFLD activity score 
(NAS) was evaluated (Leica DM 6B, Leica, Wetzlar, Ger-
many) according to Kleiner et al. [23]. Alanine aminotrans-
ferase (ALT) and aspartate aminotransferase (AST) activities 

were measured in heparinized plasma in the routine labora-
tory at the University Hospital of Jena (Architect®, Abbott, 
Germany).

Plasminogen activator inhibitor 1 (PAI‑1) ELISA

Deep frozen liver tissue was homogenized in TBS buffer 
(TRIS base: 40 mmol/L, NaCl: 140 mmol/L) and PAI-1 
protein concentration was measured using a commercially 
available ELISA kit following the manufacturer instructions 
(Loxo GmbH, Germany).

RNA isolation and real time RT‑PCR

As results of other groups suggest that ethanol intake can 
modulate adiponectin expression in visceral adipose tis-
sue and thereby at least in part affect the development of 
liver disease [24, 25], expression of genes involved in the 
regulation of adiponectin were determined in visceral adi-
pose tissue and liver. Therefore, total RNA was isolated as 
previously described [26] and cDNA was synthesized with 
a commercial available kit (Promega GmbH, Germany). 
Integrity of RNA was assessed using gel electrophoresis 
and only samples without the signs of degradation were 
used for further measurements (liver tissue: n = 7–8, adi-
pose tissue: n = 4–6). PCR mix was prepared using iTaq™ 
Universal SYBR® Green Supermix (Bio-Rad Ges.m.b.H., 
Austria). Reactions were carried out with a CFX Connect™ 
Real-Time PCR Detection System (Bio-Rad Ges.m.b.H, 
Austria). Primer sequences used for RT-PCR are listed in 
Online Resource 3.

Immunohistochemical staining of inducible nitric 
oxide synthase, 4‑hydroxynonenal protein adducts 
and 3‑nitrotyrosine protein adducts in liver tissue

Paraffin-embedded liver samples were cut into 4 µm sec-
tions and stained to detect inducible nitric oxide synthase 
(iNOS), 4-hydroxynonenal protein adducts (4-HNE) and 
3-nitrotyrosine protein adducts (3-NT) using monoclonal 
(3-NT: Santa Cruz, USA) and polyclonal (4-HNE: AG Sci-
entific, USA, iNOS: Affinity BioReagents, USA) antibod-
ies. To detect specific binding of primary antibodies, tissue 
sections were incubated with a peroxidase linked secondary 
antibody and diaminobenzidine (Peroxidase Envision Kit; 
Dako, Hamburg, Germany). Using an image acquisition and 
analysis system incorporated in the microscope, the extent 
of staining in liver sections was defined as percent of the 
field area within the default color range determined by the 
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software. To determine means, data from eight fields of each 
tissue section (200× magnification) were used.

Statistical analyses

Data are presented as means ± standard error of the means 
(SEMs). Grubb’s test was performed before statistical analy-
sis to identify outliers (GraphPad Prism Software, USA). In 
cases of unequal variances raw data were logarithmically 
transformed. Homogeneity of variance was tested using 
Bartlett’s test. One-way ANOVA with Tukey’s post-hoc 
test was used to determine statistically significant differ-
ences between treatment groups (GraphPad Prism Software, 
USA). P ≤ 0.05 was selected as the level of significance, NS, 
P > 0.05.

Results

Effect of moderate alcohol and beer consumption 
on body weight and liver status

Despite receiving 2.5 g EtOH/kg body weight for 7 weeks, 
neither controls fed beer or plain ethanol showed any signs 
of liver damage (e.g. fat accumulation or inflammation) 
as assessed by liver histology and transaminase activity 
in plasma or impairments of glucose tolerance (data not 
shown). Therefore, data from C-D are shown as represent-
ative for all three control groups. In accordance with the 
pair-feeding model used, body weight and absolute body 
weight gain were similar between groups (Table 1). How-
ever, in line with previous experiments of our group [19], 
isocaloric long-term intake of a FFC was associated with 
the development of manifest steatosis and beginning signs 
of inflammation in liver (Fig. 1a). Indeed, NAS, hepatic 

triglyceride concentration and number of neutrophil granu-
locytes in liver tissue were all significantly higher in FFC-
fed mice when compared with C-D-fed animals (P ≤ 0.05) 
and significantly lower in FFC + B-fed mice compared to 
animals fed FFC and FFC + E (P ≤ 0.05). While these 
markers did not differ between FFC + E-fed mice and those 
only fed the FFC, hepatic triglyceride levels (P = 0.28) and 
number of neutrophil granulocytes (P = 0.43) were almost 
at the level of controls in livers of animals fed FFC + B 
(Fig. 1). In contrast, absolute liver weight and liver to body 
weight ratio were both significantly higher in all FFC-fed 
mice regardless of additional treatments when compared to 
controls (P ≤ 0.05) (Table 1). Activities of AST and ALT 
did not differ between groups (Table 1).

Effect of moderate alcohol and beer consumption, 
respectively, on fasting blood glucose levels, 
glucose tolerance and markers of insulin signaling 
in liver tissue

While fasting blood glucose levels did not differ between 
groups, area under the curves (AUC) of the GTT of FFC- 
and FFC + E-fed mice were significantly higher than those 
of C-D-fed mice (P ≤ 0.05) (Fig. 2a, b). Similar differ-
ences were not found when comparing AUC of C-D- and 
FFC + B-fed mice (P = 0.07). In livers of FFC + E- and 
FFC + B-fed mice, expressions of insulin receptor (Insr) 
and insulin receptor substrate 2 (Irs2), shown to be indica-
tive of hepatic insulin resistance [27], were significantly 
higher than in those of C-D-fed mice (P ≤ 0.05). In addi-
tion, Insr mRNA expression was significantly higher in 
livers of FFC-fed mice compared to FFC + E and FFC + B 
mice (P ≤ 0.05), whereas expression of Irs1 mRNA did 
not differ between groups. Neither expression of Insr 

Table 1   The effect of moderate 
consumption of fermented and 
non-fermented beverages on 
body weight, weight gain and 
parameters of liver damage 
in mice with FFC-induced 
NAFLD

Values are mean ± SEMs, n = 7–8
ALT alanine aminotransferase, AST aspartate aminotransferase, B beer, C-D control diet, E ethanol, FFC 
fructose-, fat- and cholesterol-rich diet
a P ≤ 0.05 compared to C-D
b P ≤ 0.05 compared to FFC + B; NS, P > 0.05

Diet groups

C-D FFC FFC + E FFC + B

Daily energy intake (kJ) 38.1 ± 0.9 37.4 ± 0.9 36.8 ± 1.0 39.7 ± 1.5
Alcohol intake (g/kg body weight) – – 2.5 ± 0.1 2.5 ± 0.1
Absolute body weight (g) 21.9 ± 0.5 22.3 ± 0.5 22.0 ± 0.2 22.5 ± 0.3
Absolute weight gain (g) 3.3 ± 0.3 3.5 ± 0.4 3.6 ± 0.3 3.9 ± 0.2
Liver weight (g) 1.1 ± 0.04 1.5 ± 0.03a,b 1.4 ± 0.03a 1.3 ± 0.1a

Liver:body weight ratio (%) 5.0 ± 0.1 6.7 ± 0.1a,b 6.5 ± 0.1a,b 5.9 ± 0.2a

ALT (U/L) 21.0 ± 2.0 46.0 ± 11.9 50.7 ± 9.2 21.7 ± 3.5
AST (U/L) 41.7 ± 2.4 73.7 ± 17.2 87.1 ± 15.0 43.7 ± 2.9
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Fig. 1   Indices of liver damage 
in mice fed a C-D or FFC diet 
isocalorically enriched with 
ethanol or beer for 7 weeks. 
a Representative pictures of 
hematoxylin and eosin staining 
of liver sections (200×), b 
evaluation of liver histology 
using NAS [23], c hepatic 
triglyceride concentrations and 
d number of neutrophil granu-
locytes in liver tissue. Values 
are means ± SEMs, n = 7–8. 
*= P ≤ 0.05, NS, P > 0.05. 
B beer, C-D control diet, E 
ethanol, FFC fructose-, fat- 
and cholesterol-rich diet, NAS 
NAFLD activity score
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Fig. 2   Markers of glucose 
metabolism and insulin signal-
ing in C-D- and FFC-fed mice. 
a Blood glucose levels after 
oral administration of a glucose 
solution shown as b area under 
the curve. c Insr, d Irs1 and e 
Irs2 mRNA expression normal-
ized to 18 s mRNA. Values are 
means ± SEMs, n = 7–8. *= 
P ≤ 0.05, NS, P > 0.05. AUC​ 
area under the curve, B beer, 
C-D control diet, E ethanol, 
FFC fructose-, fat- and cho-
lesterol-rich diet, Insr insulin 
receptor, Irs1 insulin receptor 
substrate 1, Irs2 insulin receptor 
substrate 2
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Table 2   Effect of moderate 
consumption of fermented 
and non-fermented beverages 
on markers of adiponectin 
production in mice with FFC-
induced NAFLD

Values are mean ± SEMs, n = 4–6
Adipoq adiponectin, B beer, C-D control diet, E ethanol, FFC fructose-, fat- and cholesterol-rich diet, 
Foxo1 forkhead box protein O1, Pparγ1 peroxisome proliferator-activated receptor γ1, Sirt1 Sirtuin 1
a P ≤ 0.05 compared to C-D
b P ≤ 0.05 compared to FFC + E; NS, P > 0.05

Diet groups

C-D FFC FFC + E FFC + B

Pparγ1 mRNA expression (% of control) 100.0 ± 16.5 102.4 ± 30.6 99.6 ± 13.2 101.9 ± 10.4
Foxo1 mRNA expression (% of control) 100.0 ± 26.5 143.6 ± 26.0 111.0 ± 13.6 118.3 ± 34.9
Sirt1 mRNA expression (% of control) 100.0 ± 16.5 140.8 ± 36.8 99.6 ± 16.7 310.6 ± 98.1a,b

Adipoq mRNA expression (% of control) 100.0 ± 20.0 51.8 ± 10.8 76.6 ± 14.5 166.7 ± 47.0

Fig. 3   Expression of Adipor1 
and 2 mRNA in liver tissue of 
C-D- and FFC-fed mice and 
in J774A.1 cells treated with 
ethanol and beer for 2 and 6 h. a 
Adipor1 and b Adipor2 mRNA 
expression normalized to 18 s 
mRNA in liver tissue of mice 
(n = 7–8) and c Adipor1 and d 
Adipor2 mRNA expression in 
J774A.1 cells (n = 5–7) chal-
lenged with 2 mmol/L ethanol 
or isoalcoholic doses of beer for 
2 and 6 h, respectively. Values 
are means ± SEMs. *= P ≤ 0.05, 
NS, P > 0.05. Adipor adiponec-
tin receptor, B beer, C-D control 
diet, E ethanol, FFC fructose-, 
fat- and cholesterol-rich diet



794	 European Journal of Nutrition (2020) 59:787–799

1 3

nor of Irs1 or 2 in liver differed between FFC + B and 
FFC + E-fed mice (Fig. 2c–e).

Effect of moderate alcohol and beer consumption, 
respectively, on genes involved in regulating 
adiponectin (Adipoq) expression in visceral adipose 
tissue and adiponectin receptor 1 and 2 (Adipor1 
and 2) mRNA expression in liver tissue

In visceral adipose tissue expression of Adipoq mRNA 
was higher in FFC + B-fed mice when compared to all 
other groups; however, as data varied considerably within 

some groups, differences did not reach the level of sig-
nificance. In line with these finding, expression of Sir-
tuin 1 (Sirt1), being critical in the regulation of Adipoq 
mRNA expression [28], was significantly higher in vis-
ceral adipose tissue of FFC + B-fed mice when compared 
to controls and FFC + E-fed mice (P ≤ 0.05). Similar dif-
ferences between groups were not found for peroxisome 
proliferator-activated receptor 1 (Pparγ1) and forkhead 
box protein 1 (Foxo1) expression, respectively (Table 2). 
In liver tissue, expression of Adipor1 was significantly 
higher in livers of FFC + B-fed mice in comparison to all 
other groups (+ ~ 18-fold). Similar differences were not 

Fig. 4   Markers of inflammation and lipid peroxidation in liver tis-
sue of mice fed a C-D or FFC-diet enriched with beer or ethanol 
for 7 weeks. a PAI-1 protein concentrations in liver tissue, den-
sitometric analysis of the protein staining of b 4-HNE and c iNOS 
with d representative pictures of the respective stainings. Values are 

means ± SEMs, n = 7–8. *= P ≤ 0.05; NS, P > 0.05. 4-HNE 4-hydrox-
ynonenal protein adducts, B beer, C-D control diet, E ethanol, FFC 
fructose-, fat- and cholesterol-rich diet, iNOS inducible nitric oxide 
synthase, NAS NAFLD activity score, PAI-1 plasminogen activator 
inhibitor 1
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found for Adipor2 mRNA expression (Fig. 3a, b), which 
was similar between groups.

Effect of ethanol and beer on Adipor1 and Adipor2 
mRNA expression of murine monocytes (J774A.1)

To further delineate the effects of beer on adiponectin sign-
aling murine monocytes (J774A.1 cells), employed as a 
model of Kupffer cells, were incubated with a concentra-
tion of 2 mmol/L ethanol or beer for 2 and 6 h. No changes 
in Adipor1 mRNA expression were found between naïve 
control cells and cells incubated with ethanol or beer for 
2 h. In contrast, in cells incubated with beer for 6 h, Adipor1 
mRNA expression was super-induced being ~ threefold and 
~ sevenfold higher than in ethanol-treated and naïve cells, 
respectively. In line with the findings in liver tissue of mice, 
expression of Adipor2 remained unchanged throughout all 
treatments and time points (Fig. 3c, d).

Effect of moderate alcohol and beer consumption, 
respectively, on iNOS and 4‑HNE protein adduct 
concentration and on markers of lipogenesis in liver 
tissue

As results of others suggest that adiponectin is critical in 
the regulation of inflammation and lipogenesis [29] and that 
especially AdipoR1 may modulate inflammation [30], mark-
ers of inflammation and lipid peroxidation were determined 
in livers of mice fed the different diets. Protein levels of 
PAI-1 were significantly higher in mice fed the FFC diet 
than in C-D-fed animals (P ≤ 0.05) while no differences were 
found between FFC + E- and FFC + B-fed mice and controls 
(Fig. 4a). Concentration of 4-HNE protein adducts was also 
significantly higher in FFC- and FFC + E-fed mice when 
compared to controls (P ≤ 0.05), while levels of 4-HNE 
protein adducts in livers of FFC + B-fed mice were almost 
at the level controls (Fig. 4b). In line with these findings, 
iNOS protein concentration in livers of FFC-fed mice was 
significantly higher than in livers of C-D and FFC + B-fed 
mice (P ≤ 0.05) while the latter did not differ (Fig. 4c). 
In addition, markers of lipogenesis were also assessed. 
Expressions of fatty acid synthase (Fas), sterol regulatory 

element-binding protein 1c (Srebp-1c) and peroxisomal 
acyl-coenzyme A oxidase 1 (Acox1) mRNA were similar 
between groups (Table 3).

Discussion

Results from some human studies suggest that moderate 
alcohol consumption may dampen cardiovascular and liver-
associated diseases [8]; however, which molecular mecha-
nisms are involved and whether this is an effect of ethanol 
as such or bound to non-alcoholic components found in 
some alcoholic has not yet been fully understood. Using a 
pair-feeding model of diet-induced NAFLD shown before to 
induce severe steatosis with beginning inflammation within 
6–8 weeks in mice [31], we assessed the effect of moder-
ate consumption of fermented and non-fermented bever-
ages (2.5 g EtOH/kg body weight for 7 weeks derived from 
plain ethanol or beer) on diet-induced NAFLD in mice [24]. 
While this dose of ethanol would cause significant health 
impairments associated with severe signs of drunkenness 
in humans [32], in mice having an ~ 5 times higher ethanol 
elimination rate compared to humans [33], this dose of etha-
nol does not lead to the development of any obvious signs 
of liver damage (data not shown) or drunkenness. This dose 
of ethanol was, therefore, selected for the present study as 
a moderate ethanol dose for mice. Chronic intake of beer 
markedly attenuated the development of NAFLD as assessed 
by NAS, hepatic triglyceride levels and number of neutro-
phils while isoalcoholic doses of plain ethanol had no effects 
on these markers of liver damage. However, as mice did not 
show any obvious signs of severe liver disease and data var-
ied considerably within groups, activities of transaminases 
did not differ between groups. Data from others also suggest 
that ALT activities are not always elevated in settings of 
NAFLD [34]. The results of the present study are somewhat 
in contrast to previous results, showing that in standard chow 
fed ob/ob mice similar doses of ethanol markedly attenu-
ated the development of fatty liver disease [24]. Difference 
between the present study and the findings of others might 
have resulted from differences in study design. Indeed, 
while in the present study female C57BL/6J mice were fed 

Table 3   Effect of moderate 
consumption of fermented and 
non-fermented beverages on 
markers of lipid metabolism 
in mice with FFC-induced 
NAFLD

Values are mean ± SEMs, n = 7–8. NS, P > 0.05
Acox1 Acyl-Coenzyme A oxidase 1, B beer, C-D control diet, E ethanol, Fas fatty acid synthase, FFC fruc-
tose-, fat- and cholesterol-rich diet, Srebp-1c sterol regulato ry element-binding protein 1c

Diet groups

C-D FFC FFC + E FFC + B

Fas mRNA expression (% of control) 100.0 ± 24.8 132.9 ± 29.3 115.6 ± 26.2 136.0 ± 24.7
Srebp-1c mRNA expression (% of control) 100.0 ± 17.7 151.1 ± 18.3 171.8 ± 28.1 155.2 ± 16.8
Acox1 mRNA expression (% of control) 100.0 ± 11.4 117.3 ± 14.2 141.4 ± 10.5 131.4 ± 5.1
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a fructose-, fat- and cholesterol-rich diet being enriched with 
plain ethanol or beer to study the effects of moderate ethanol 
intake on liver disease, in the study of Kanuri et al. male ob/
ob mice were fed standard chow and plain ethanol in drink-
ing water [24].

The amelioration of beer on markers of NAFLD were 
associated with an improvement of glucose tolerance, shown 
to be a key risk factor in the development of NAFLD (for 
overview see [35]). Interestingly, while AUCs of GTT were 
similar between FFC- and FFC + E-fed mice and higher than 
in C-D- and FFC + B-fed mice, hepatic markers of insulin 
signaling such as Insr and Irs2 were increased in livers of 
both FFC + E- and FFC + B-fed mice. The findings on the 
effects of alcohol consumption and in particular of moderate 
alcohol intake on insulin signaling and glucose tolerance are 
rather contradictory. Indeed, while in some human studies 
low and moderate alcohol and beer intake, respectively, were 
associated with impaired fasting glucose and higher risk for 
metabolic syndrome [36, 37], others reported that moder-
ate intake (14–27 units/week) is associated with a reduced 
risk to develop type 2 diabetes with no difference between 
alcoholic drinks [38]. Furthermore, results of Yokoyama 
et al. suggest that body weight may be critical in regards to 
the latter findings with overweight and/or insulin resistant 
subjects not showing an improvement [39]. Supporting these 
findings from human studies, Kanuri et al. showed that in 
heavily overweight ob/ob mice moderate doses of ethanol 
had no effects on markers related to hepatic insulin signaling 
[24], while in the present study markers of insulin signaling 
in livers of normal weight FFC + E- and even more so in 
FFC + B-fed mice were markedly induced, which was sug-
gested before by others [40]. The markedly better glucose 
tolerance found in FFC + B-fed mice might have resulted 
from other compounds found in beer such as hop. Indeed, 
results of experimental studies suggest that secondary plant 
compounds found in hop may improve glucose tolerance 
[41–43]; however, which compound or mix of compounds 
found in beer is critical in the beneficial effects found on 
glucose tolerance in the present study needs to be clarified 
in future studies. While the doses of beer fed to mice in the 
present study are within the range of a moderate alcohol con-
sumption of a human (equivalent to 1.0 L beer in a human, 
considering higher ethanol elimination in mice), our finding 
by no means should be used to encourage anyone to drink 
beer to prevent the development of liver related diseases. 
Taken together, results of the present study suggest that in 
settings of diet-induced NAFLD chronic intake of moderate 
amounts of plain ethanol has no impact of the development 
of NAFLD in mice while intake of isoalcoholic and -caloric 
amounts of fermented beverages such as beer seem to mark-
edly attenuate the development of this liver disease. These 
data by no means preclude that consumption of similar doses 
of ethanol or beer for a longer period of time than the one 

used in the present study may be associated with an abol-
ishment of the lessening effects of beer found in the present 
study and rather be associated with an exacerbation of the 
liver disease. This needs to be assessed in future studies.

The amelioration of moderate beer intake 
on the development of NAFLD are associated 
with a super‑induction of Adipor1 in liver tissue 
and a protection from lipid peroxidation

Several studies suggest that moderate and even high alcohol 
intake apparently irrespective of the type of alcoholic drink 
ingested [44] is associated with higher levels of circulating 
adiponectin in healthy humans [25, 45] and an induction of 
Adipoq mRNA expression in adipose tissue in rodents [24, 
46]. However, results of other studies found no association 
or even an inverse association of alcohol consumption and 
circulating adiponectin levels [47–49]. Reasons for these 
contradictory findings have not yet been fully understood 
but results of Maeda et al. suggest that aldehyde dehydroge-
nase 2 (ALDH2) and alcohol dehydrogenase 1B (ADH1B) 
genotype [50] but also the availability of the redox equiva-
lent nicotinamide adenine dinucleotide (NAD+), which was 
shown to be the limiting factor for alcohol metabolism by 
ADH and ALDH, might be critical [33]. Indeed, the latter 
studies were mainly allocated in Asia where the ALDH2/*2 
genotype associated with a markedly altered ethanol metabo-
lism is highly prevalent [51]. In support, results of in vitro 
studies suggest that ethanol induces Adipoq mRNA in an 
alcohol dehydrogenase-dependent manner [24]. In the 
present study, moderate beer but not ethanol consumption 
slightly induced Adipoq mRNA expression in adipose tissue. 
However, Sirt1 mRNA expression shown to be involved in 
the regulation of Adipoq mRNA expression [28, 52] was 
significantly induced but neither mRNA expression of Foxo1 
nor Pparγ1 were markedly altered in the present study in 
visceral adipose tissue of FFC + E- or + B-fed mice. It could 
be that the apparent discrepancy of the results of the present 
study and those of others may have resulted from the feeding 
model. Indeed, the diet used in the present study has been 
shown to induce severe impairments of glucose tolerance but 
also non-alcoholic steatohepatitis associated with a marked 
induction of proinflammatory cytokines such as tumor 
necrosis factor α and interleukin 6 both shown to attenuate 
the induction of Adipoq mRNA in adipocytes (for overview 
see [53]). It is well described that adiponectin mediates its 
anti-inflammatory and insulin-sensitizing effects via its 
respective receptors AdipoR1 and AdipoR2 (for overview 
see [54]). While results from knock-out experiments in mice 
suggest that AdipoR2-signaling affects fatty acid metabolism 
via AMPK and PPARα target genes, overexpression of Adi-
por1 in macrophages has been shown to be associated with 
a reduced production of proinflammatory cytokines [30, 
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55]. In the present study, the less pronounced liver damage 
in FFC + B-fed mice was associated with a super-induction 
of Adipor1 in liver tissue, while Adipor2 expression was 
unchanged. Adipor1 but not Adipor2 was also super-induced 
in J774A.1 cells treated with beer whereas similar to the 
findings in vivo ethanol had no effects on the expression of 
Adipor1 and 2. The super-induction of Adipor1 was associ-
ated with an attenuation of lipid peroxidation as assessed by 
determining 4-HNE protein adducts as well as lower iNOS 
and PAI-1 protein concentrations in livers of FFC + B-fed 
mice while in livers of FFC + E-fed mice these markers were 
at the level of FFC-fed animals. This is in line with find-
ings of others investigating immunomodulatory effects of 
beer constituents suggesting that bitter compounds such as 
xanthohumol have strong anti-inflammatory, anti-oxidative 
and chemopreventive effects [56, 57]. If changes in Adipor1 
mRNA expression are playing a causal role in the lessening 
effects of beer on the development of NAFLD needs to be 
clarified in further studies. Furthermore, in line with the 
finding that Adipor2 was unchanged throughout all groups, 
markers of lipogenesis were also not altered. Neither Srebp-
1c nor Acox1 or Fas differed between groups which is some-
what contrasting to previous findings employing the feeding 
model used in the present study [31]. The lack of induction 
of these markers might in part have resulted e.g. from dif-
ferent diet compositions.

Taken together, results of the present study suggest that 
moderate intake of beer may dampen the development of 
NAFLD and that this is associated with a super-induction 
of Adipor1 in liver tissue and subsequent attenuation of 
inflammatory processes accompanying the disease devel-
opment. Our data further suggest that immune cells such as 
macrophages may be critical herein. However, molecular 
mechanisms as well as compounds in beer involved remain 
to be determined.

Conclusion

In summary, our data support findings of previous stud-
ies showing that the consumption of moderate amounts of 
ethanol may decelerate the development of early stages of 
NAFLD in rodents [24] and that this effect is even enforced 
when ethanol is ingested as a fermented alcoholic drink 
such as beer. Our data also suggest that these effects are 
closely related to an activation of the AdipoR1-dependent 
signaling cascade and subsequently a protection against lipid 
peroxidation and inflammation in liver tissue. Furthermore, 
results of the present study also indicate that compounds 
found in fermented alcoholic drinks such as beer even may 
exert health effects when consumed in rather small amounts 
(here: 2.5 g EtOH/kg bw/day). Since ethanol metabolism in 

mice is ~ 5 times higher compared to men the amount given 
would be equivalent to an intake of ~ 1.0 L/day in a human. 
Still, our findings should not encourage alcohol consumption 
but rather could provide a basis for further study aiming at 
the identification of compounds involved. Our data also by 
no means preclude that when consumed over an extended 
period of time and especially when ingested in larger doses 
that ethanol, be it consumed as hard liquor or beer, may lead 
to the development of health impairments including liver 
disease. Further studies are warrant to determine whether 
some of the `beneficial´ effects reported in previous epi-
demiological studies [7] are related to the consumption of 
fermented alcoholic beverages rather than ethanol per se as 
well as to identify compounds responsible for the effects 
found on hepatic adiponectin signaling in the present study.
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