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ABSTRACT Metabolic dysfunction-associated steatotic liver disease
(MASLD), formerly referred to non-alcoholic fatty liver disease (NAFLD),
has become a global health concern with a still increasing prevalence.
One of the major contributing factors to its pathogenesis is overnutrition. In
recent years, a discussion has been started that not only general overnutri-
tion but also specific dietary patterns like the so-called ‘Western diet’ com-
posed of foods rich in saturated fats, cholesterol, and sugar (especially
fructose) but low in fiber and polyunsaturated fats, may contribute to the
development of MASLD. Evidence from human (intervention) studies re-
garding the effects of sugar and especially fructose intake is limited and
contradictory with respect to the development of MASLD. Still, some sci-
entific liver societies have incorporated a reduction of sugar-sweetened
beverages (SSBs) being rich in fructose in their life-style advice for the
treatment of MASLD. Being metabolized independently of insulin, fructose
has been proposed to be processed more rapidly than glucose, leading to
increased lipogenesis and subsequently to hepatic lipid accumulation.
Results of more recent experimental studies suggest that an elevated in-
take of fructose may also affect gut microbiota composition, alter small
intestinal morphology and impair intestinal barrier function subsequently
leading to an increased translocation of pathogen-associated molecular
patterns (PAMPs) into the portal circulation. In this narrative review we
summarize recent findings related to the relationship of fructose intake
and MASLD, herein focusing on the gut-liver axis and the discrepancy be-
tween studies in humans and model organisms.
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Abbreviatons:

ALT - alanine amino transferase; AMP -
adenosine mono phosphate; AMPD - AMP
deaminase; ATP - adenosine triphosphate;
DNL - de novo lipogenesis; DHAP - dihy-
droxyacetone phosphate; F1P - fructose-1-
phosphate; GLUT - glucose transporter;
HFCS - high fructose corn syrup; HFD - high
fructose diet; INOS - inducible NO synthase;
KHK - ketohexokinase; MASH - metabolic
dysfunction-associated steatohepatitis;
MASLD - metabolic dysfunction-associated
steatotic liver disease; MLCK - myosin light
chain kinase; NO - nitric oxide; PAMP -
pathogen-associated molecular pattern; SSB
- sugar sweetened beverage; T2DM - diabe-
tes mellitus type 2; TLR - Toll-like receptor;
WSD - Western style diet; ZO-1 - zonula oc-
cludens-1.

INTRODUCTION

By now metabolic dysfunction-associated steatotic liver dis-
ease (MASLD), formerly referred to as non-alcoholic fatty liver
disease (NAFLD) [1], is thought to be the most common liver
disease worldwide. Indeed, results of epidemiological studies
suggest that ~30% of the general world population are affected
with incidences still increasing [2]. MASLD represents a spec-
trum of liver pathology ranging from simple steatosis to meta-
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bolic dysfunction-associated steatohepatitis (MASH), fibrosis,
and even cirrhosis as well as hepatocellular carcinoma (HCC)
(see Figure 1). In addition to the presence of steatosis (fat ac-
cumulation in hepatocytes), MASLD is diagnosed when at least
one of the following five cardiometabolic risk factors is present:
(pre-) diabetes, obesity, high blood pressure/hypertension,
dyslipidemia (elevated triglycerides and low HDL cholesterol).
While steatosis is considered mostly benign, it increases the
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FIGURE 1 @ Schematic overview of the classification of steatotic liver disease (SLD) and the development and progression of metabolic dysfunc-
tion-associated steatotic liver disease (MASLD). SLD encompasses distinct subtypes, including metabolic dysfunction-associated steatotic liver dis-
ease (MASLD), alcohol-related liver disease (ALD), metabolic and alcohol-related liver disease (MetALD), and other less common etiologies. MASLD is
defined by the presence of hepatic steatosis in combination with at least one cardiometabolic risk factor and encompasses a broad spectrum of stages,
ranging from simple hepatic steatosis and metabolic dysfunction-associated steatohepatitis (MASH) to fibrosis and cirrhosis, which in some cases can
progress to hepatocellular carcinoma. Modified according to [1, 3, 12]. Created with BioRender. ALD, alcohol-related liver disease; MASL, metabolic
dysfunction-associated steatotic liver; MASH, metabolic dysfunction-associated steatohepatitis; MetALD, metabolic and alcohol-related liver disease;

HCC, hepatocellular carcinoma.

odds to develop more progressed forms of the disease [3].
MASH is associated with hepatocellular injury and inflamma-
tion. Fibrosis develops in a subset of patients and can lead to
end-stage liver diseases [3, 4].

Results of epidemiological studies further suggest that be-
sides a genetic predisposition, an increased body weight with
a predominant visceral fat accumulation and insulin resistance
are critical in the development of MASLD [5-7]. In more recent
years, studies have suggested that not only the total amount of
calories but also the source e.g., the foods and beverages they
are derived through, may be critical with respect to the devel-
opment of metabolic diseases such as MASLD [8, 9]. Indeed,
results of epidemiological studies suggest that the consump-
tion of a so-called "Western diet” being rich in saturated fats,
cholesterol and also sugar stemming often from highly pro-
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cessed foods may be associated with higher odds to develop
MASLD than the intake of a prudent or Mediterranean diet [10,
111

Results of epidemiological and animal studies also suggest
that herein the sugar and especially fructose content of the
"Western diet” may be critical [13-15]. In contrast, results of
human intervention studies employing diets enriched with
fructose in healthy and overweight subjects often showed no
or only limited effects of this sugar type with respect to the
development of MASLD [16]. Despite the apparent discrepan-
cy between human intervention studies and animal as well as
epidemiological studies, a reduction of sugar and especially
fructose intake had highlighted in guidelines of several scien-
tific liver societies as a key measure in the therapy and preven-
tion of MASLD. In more recent guidelines, these recommenda-

Cell Stress | Vol. 9



K. Burger et al. (2025

tions were altered due to limited evidence ([4, 17-19] and see
Table 1). In the present narrative review, we summarized re-
cent findings assessing the effect of fructose intake on the
development of MASLD, focusing on the gut-liver axis, and
aimed to tackle reasons for the discrepancy between studies in
humans and model organisms.

FRUCTOSE: CONSUMPTION, UPTAKE AND ME-
TABOLISM

Dietary fructose sources and consumption in different popu-
lations

Fructose is a naturally occurring simple sugar found in fruits,
vegetables, and honey where it contributes to their sweetness
and flavor. In its free form, as part of high fructose corn syrup

Fructose and MASLD pathogenesis

(HFCS) and as sucrose (disaccharide composed of equal parts
of fructose and glucose), fructose is also widely used to sweet-
en processed foods and beverages, such as soft drinks, can-
dies, and desserts. While there have been numerous public
health efforts in all parts of the world, dietary consumption of
free/added sugar is still higher than recommended by the
World Health Organization (max. 10% of total energy intake) in
many countries which subsequently also leads to a high intake
of fructose [20, 21]. Indeed, epidemiological studies indicate
that the mean total sugar intake in the US is 95 g/d [21]. Euro-
pean surveys report that total sugar (=sucrose) intake in adults
accounts for ~15-21% of total energy intake [22]. Until now,
studies assessing fructose intake rather than sugar consump-

TABLE 1 @ Summary of dietary recommendations for MASLD from scientific liver societies.

EASL-EASD-EASO 2024

ESPEN 2020

AASLD 2023

APASL 2020

Weight loss and
energy restriction

sustained weight loss in
overweight MASLD pa-
tients:

-) 25% to reduce liver fat
-) 7-10% to improve liver
inflammation
-) 210% to improve fibro-
sis in normal-weight
adults
-) diet and exercise inter-
ventions are recom-
mended to reduce liver
fat

-) 7-10% weight loss to
improve steatosis and liver
biochemistry in overweight

and obese patients
-) >10% weight loss to im-
prove fibrosis

-) hypocaloric diet

-) weight loss of 3-6%
improves steatosis
-) >10% weight loss is
required to improve
MASH and fibrosis

-) overweight and
obese patients should
be prescribed a diet
that leads to a caloric
deficit

-) hypocaloric diet (500-
1000 kcal deficit)
-) weight loss (up to 1
kg/week)

Nutritional factors
(diet composition
and food in-
take/specific nutri-
ents)

-) improving diet quality
(similar to the Mediterra-
nean dietary pattern)
-) limiting the consump-
tion of ultra-processed
food (richin sugars and
saturated fat)

-) avoiding sugar-
sweetened beverages

-) Mediterranean diet to
improve steatosis and insu-
lin sensitivity
-) evidence is not sufficient
to draw conclusions re-
garding MASLD promoting
effects specific to fructose
when consumed as ingre-
dient of a ‘normocaloric’
diet

-) diets with limited
carbohydrates and
saturated fat enriched
with high fiber and
unsaturated fats (e.g.
Mediterranean diet)
should be encouraged

-) no strong evidence to
recommend a particular
dietary strategy
-) encouragement for low-
carbohydrate, low-fat and
Mediterranean-type diets
-) exclusion of MASLD
mediating components
(processed food, food
and beverages high in
added fructose)

Physical activi-
ty/exercise

-) > 150 min/week of
moderate or 75 min/week
of vigorous-intensity
physical activity

-) not specified
-) patients shall be advised
to exercise to reduce hepat-
ic fat content, also in nor-
mal-weight patients

-) increasing the activi-
ty level to the extent
possible

-) aerobic exercise and
resistance training effec-
tively reduce liver fat

Alcohol intake

-) discouraged or avoid-
ance in advanced fibrosis
or cirrhosis

-) patients shall be encour-
aged to abstain from alco-
hol

-) alcohol can be a
cofactor for liver dis-
ease progression
-) patients with hepatic
fibrosis =F2 should
abstain from alcohol
use

-) avoidance of alcohol or
to consume its lowest
amount
-) cutoff value of alcohol
intake should be lower
than ‘threshold levels’

EASL - European Association for the Study of the Liver; EASD - European Association for the Study of Diabetes; EASO - European Association for the
Study of Obesity; ESPEN - The European Society for Clinical Nutrition and Metabolism; AASLD - American Association for the Study of liver diseases;
APASL - The Asian Pacific Association for the Study of the Liver.
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tion are quite rare. Findings from smaller studies indicate that
the typical fructose intake, be it part of a natural matrix (e.g., in
whole fruit and vegetables or fruit juices containing other com-
pounds like fiber and polyphenols) or as free fructose or su-
crose among adults in Germany and Austria ranges between
~40 g/d to 49 g/d [15, 23-25]. Findings from the Dutch National
Food Consumption Survey 2007-2010 showed comparable
daily fructose intake among the Dutch population (aged 7-69
years), with an average intake of approximately 46 g/d. Of this
intake, 67% of fructose was consumed as sucrose, while 33%
was consumed as free fructose. The primary sources of fruc-
tose were soft drinks, juices, cakes and cookies [26]. In Leba-
non, the average daily fructose intake appears to be around
51 g/d. Furthermore, in this study it was estimated that the con-
sumption of added fructose from HFCS was three times higher
than the intake of naturally occurring fructose found in fruits
and vegetables [27]. Taken together, when interpreting data
from human studies, especially epidemiological studies, it
needs to be considered that mostly sugar but not specifically
free or added fructose has been assessed, which may lead to
certain miscalculations [21]. Moreover, HFCS and fructose-
glucose syrup can vary in their fructose content [28].

Intestinal uptake and metabolism of fructose

Intestinal uptake

Fructose is either ingested as free fructose (monosaccharide),
sucrose (disaccharide) or to a lesser extent as fructans being
fructose-based oligo- and polysaccharides. As fructans can be
used as a substrate by intestinal microbiota, they are often ac-
counted to dietary prebiotics [29]. It is widely acknowledged
that despite having the same molecular formula (CsH120s), the
uptake of fructose and glucose in the intestine varies consider-
ably. As differences in the uptake of the two monosaccharides
has been reviewed in great detail by others [30, 31], in the fol-
lowing, we only summarize key differences. In brief, glucose is
actively taken up into enterocytes through the so-called sodi-
um-dependent glucose transporter 1 (SGLT1), whereas fruc-
tose is taken up at the apical side of the enterocyte through the
energy-independent transporter glucose transporter 5 (GLUT5;
with a high affinity for fructose Km=6.0 mM) shown to be specif-
ic for fructose (for overview see [32, 33]). In the presence of
high luminal glucose concentrations results of in vivo and ex
vivo studies suggest that fructose uptake into the enterocyte
may also be facilitated through GLUT2 [34-36]. Moreover, the
fructose-dependent induction of GLUT5S expression and the
recruitment to the apical membrane of enterocytes found in
settings of high luminal fructose concentrations seems to be at
least in parts regulated by phosphoinositide-3-kinase/Akt-
dependent signaling pathways [37]. Results of other studies
suggest that the thioredoxin-interacting protein may be critical
herein and facilitate the translocation of GLUT5 to the apical
surface of the enterocytes [38, 39]. At the basolateral side of
the enterocytes, the transport for both, glucose and fructose,
into the portal circulation is mediated by GLUT2 with a low
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affinity for fructose (Km=66 mM) [32]. Bode et al. found that
fructose intake, compared to glucose or starch, lead to adap-
tive enzyme changes in the jejunal mucosa of rats, supporting
the idea that fructose, at least in part, is metabolized by entero-
cytes [40]. Moreover, studies have shown that after an oral
administration of isotope-labelled fructose to healthy volun-
teers, only ~4 g of the 30 g dose reached the systemic circula-
tion without being metabolized in the splanchnic organs [41].
Jang et al. showed that low doses of fructose in mice adminis-
tered per gavage (0.5 g fructose/per kg body weight) were
almost completely metabolized by the enterocyte (~90%) via
fructokinase. The same study also showed that when con-
sumed at doses >1 g fructose/kg body weight only ~30% of
fructose reaches the liver while the remaining fructose is either
metabolized in small intestinal enterocytes or by colonic mi-
crobiota [42]. Mice lacking intestinal ketohexokinase (KHK)-C
exhibit increased fructose spillover to the liver, leading to en-
hanced hepatic lipogenesis and fat accumulation supporting
the concept that the small intestine serves as a metabolic
“shield” protecting the liver from fructose overload [43]. Also,
even when consumed in large doses e.g., ~30 g fructose, con-
centrations in the blood tend to be low with peaks ~1 mM in
the portal vein and peripheral blood levels of ~0.1 mM (com-
pared to fasting glucose levels: ~6 mM; postprandial glucose
levels: ~7.5 mM) [30, 41]. Recently, it was shown that the differ-
ence in intestinal fructose metabolism found between genet-
ically divergent mouse strains may be critical in the different
susceptibility toward fructose-induced MASLD and that this
could be related to circulating glycerate. Moreover, in this
study it was also hypothesised that glycerate measurements
following a fructose tolerance test may be suitable as predic-
tors of MASLD [44]. However, further studies are needed to
determine the role of intestinal fructose metabolism in the de-
velopment of MASLD.

Metabolism

Cellular fructose and glucose metabolism also differ, which has
also been reviewed in detail by others (for overview see [30,
45] and Figure 2) and is therefore only briefly highlighted in the
following. Studies have shown that in hepatocytes but also in
other cells like enterocytes and proximal tubular cells, fructose
is phosphorylated by fructokinase/KHK to fructose-1-
phosphate (F1P) using adenosine triphosphate (ATP) as a co-
substrate [46]. F1P is further metabolized to dihydroxyacetone
phosphate (DHAP) and glyceraldehyde by aldolase. Glycer-
aldehyde is converted to glyceraldehyde-3-phosphate. From
this point onwards, fructose and glucose are metabolized in
the same way [30.

In contrast to the glucose metabolism, which is tightly regu-
lated, the conversion of fructose to F1P occurs without any
feedback control [45]. Moreover, glyceraldehyde-3-phosphate
and DHAP are also produced without regulation bypassing the
control of phosphofructokinase, which is the major regulatory
enzyme in the glycolysis [47]. As converting fructose to F1P
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FIGURE 2 @ Fructose and glucose transport and metabolism. Glucose is taken up via the SGLT1 transporter at the apical side of the enterocytes,
whereas fructose is taken up via GLUT5. GLUT2 may also contribute to the apical uptake of glucose and fructose into enterocytes at high concentra-
tions. Glucose is metabolized to fructose-6-phosphate via G6PI and through PFK1 to fructose-1,6-bisphosphate. Fructose is metabolized to F1P via KHK.
Both, F1P and frutose-1,6-bisphosphate can be converted to dihydroxyacetone phosphate and glyceraldehyde-3-phosphate, the latter being further
processed to pyruvate being a key molecule for the production of lactate, citrate, ATP or VLDL. Both sugars are released into the portal blood via GLUT2
on the basolateral side of the enterocyte, further transported into the liver and taken up into hepatocytes via GLUT2 and 5. Modified according to [31]
and created with BioRender. ALDO B, aldolase B; ATP, adenosine triphosphate; GLUT, glucose transporter; G6PI, glucose-6-phosphate isomerase; F1P,
fructose-1-phosphat; KHK, Ketohexokinase; SGLT1, sodium-dependent glucose transporter 1; PFK1, phosphofructokinase-1; VLDL, very low-density

lipoprotein.
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requires ATP as a co-substrate, studies have shown that high
fructose intake can by depletion of ATP subsequently lead to
an activation of adenosine monophosphate (AMP) deaminase
(AMPD) and uric acid production. Van den Berghe et al. de-
monstrated further that ATP at concentrations of 3 mM can
activate hepatic AMPD by more than 200-fold; however, kinetic
data indicate that, after a fructose load, AMPD activation in vivo
is mainly driven by the rapid decrease of the physiological in-
hibitors inorganic phosphate (Pi) and GTP, while ATP levels
simultaneously decline during fructose-induced ATP depletion
[48]. Furthermore, Abdelmalek et al. showed that high fructose
intake leads to an increased depletion of hepatic ATP and im-
pairs the recovery of ATP levels after intravenous fructose chal-
lenge in overweight subjects with diabetes mellitus type 2
(T2DM). Additionally, elevated uric acid levels were associated
with a more significant reduction in hepatic ATP, suggesting
that both high fructose intake and hyperuricemia may be risk
factors for the development and progression of MASLD [49].

FRUCTOSE CONSUMPTION AS POSSIBLE TRIG-
GER OF MASLD: STUDIES IN ANIMALS AND HU-
MANS

There is still a debate as to whether fructose is more harmful for
liver health than other sugars. Moreover, mechanisms underly-
ing the metabolic changes associated with high fructose con-
sumption and in particular the development of insulin re-
sistance and related diseases such as MASLD are not yet fully
understood. In the following findings in model organisms in-
cluding rodents and non-primates as well as results of human
studies assessing the effects of fructose on the development of
MASLD are summarized.

Fructose and MASLD: experiments in animals

Studies in rodents

Employing different routes of application e.g., in drinking water
or pelleted chow, the effects of enriching the diet with fructose,
be it as free fructose, HFCS or sucrose, on the development of
MASLD has been assessed in mice, rats and hamsters as well
as guinea pigs [60]. In most of these studies, enriching the diet
with fructose resulted in an accumulation of fat in the liver
which over time, especially when diets were also enriched with
saturated fats, progressed to MASH. For instance, employing
Cb57BL/6 mice, it has been shown that the chronic ad libitum
intake of a 30% fructose drinking solution results in the devel-
opment of steatosis without additional weight gain but being
accompanied by increased bacterial endotoxin in the portal
vein and the induction of its receptor, Toll-like receptor (TLR) 4,
in liver tissue. Despite a significant higher caloric intake and
body weight gain, alterations alike were not found when mice
were fed a 30% glucose solution. In the same study, a concomi-
tant treatment of fructose-fed mice with non-resorbable antibi-
otics (polymyxin B and neomycin), resulting in a reduction of
fecal bacteria of >99%, attenuated the development of liver
steatosis and inflammatory alterations in mice [51], suggesting
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that mechanism underlying the effects of fructose with respect
to MASLD development may go beyond the insulin independ-
ent (and somewhat faster) metabolism of the monosaccharide
(see below). Somewhat in line with these studies in mice, ham-
sters fed a high fat/high cholesterol diet with fructose in the
drinking water (10% wtvol) for 20 weeks developed elevated
plasma alanine amino transferase (ALT), triglycerides and total
cholesterol as well as LDL cholesterol levels accompanied with
signs of fibrosis and microvesicular steatosis [52]. The combi-
nation of fructose, be it in drinking water or as part of a liquid
diet or pellet with different especially animal derived fats, e.g.,
pork lard, cattle tallow, or butter fat, has repeatedly been shown
to exacerbate the development of MASLD, insulin resistance
and weight gain caused by ‘plain’ fructose-rich diet in mice and
rats [60, 53]. For instance, Softic et al. showed that mice fed a
high fructose diet (HFD) with fructose in the drinking water
(30% wtvol) developed more pronounced obesity, glucose
intolerance, and hepatomegaly compared to mice fed
isocalorically with glucose. While both sugars contributed to
hepatic lipid accumulation, fructose consumption upregulated
expression of sterol regulatory element binding protein
(SREBP) 1c and lipogenic genes, exacerbating hepatic insulin
resistance [54]. Interestingly, even in the absence of overnutri-
tion and overweight, the administration of isocaloric diets rich
in fructose + saturated fat has been shown to contribute to the
development of MASLD in rodents [50].

Studies in pigs and non-human-primates

Due to their closer genetic and physiological similarities to
humans, in recent years, pigs and non-human primates are
more widely used in MASLD research. To the best of our
knowledge there are no studies employing pigs where fructose
was fed by itself but rather, free fructose or sucrose were mostly
added to fat-rich diets (obesogenic diets). Interestingly, when
exposing Gottingen mini pigs to an obesogenic diet enriched
with different carbohydrates (20% glucose or fructose), no dif-
ferences with respect to liver volume or lipid content were
found [565]. Moreover, employing the Ossabaw miniature swine,
Lee et al. reported that while a diet being fructose-rich (20% of
energy (%E) derived through fructose and 10.5 E% fat) caused
weight gain, insulin resistance and hypertension, no overt signs
of MASLD were found. When fructose was combined with a so-
called atherogenic (20 E% fructose and 46% E% fat and 2 E%
cholesterol and 0.7% cholate by weight) or modified athero-
genic diet (different fat source and higher protein but lower
choline content) being rich in fat and/or cholesterol, pigs
showed abnormal liver histology, e.g., macro-and microvesicu-
lar fat, extensive hepatocyte ballooning and pericellular/ peris-
inusoidal fibrosis [66]. However, based on the available data, it
cannot be ruled out that in pigs, contrasting the findings in
rodents, fructose by itself may not induce MASLD or may exac-
erbate MASLD development beyond that seen when glucose
is added to the diet.
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In Cynomologus monkeys the intake of a HFD, in which
fructose accounted for 24% of total energy intake (24 E%), for
up to seven years (mean 2.75y, 0.27-6.6 y) was related to the
development of hepatic steatosis (specifically microvesicular
steatosis) with counted hepatic lipid vacuoles being elevated
already after three months of feeding compared to controls
(control diet: similar carbohydrate content (69 E%) but mainly
starch derived from grains). Moreover, higher incidences of
T2DM and an increased collagen deposition in liver tissue, the
latter being indicative for liver fibrosis, were observed [57, 58].
Moreover, Cynomologus monkeys fed with a HFD (24 E%) ad
libitum for six weeks developed significant inflammation ac-
companied with higher total plasma cholesterol levels as well
as endotoxemia and microbial translocation, but no hepatic
steatosis [58].

Taken together, while studies conducted in pigs reveal
contradictory results with respect to the effects of dietary fruc-
tose on the liver, studies in monkeys suggest that a chronic
elevated intake of fructose may add to the development of
MASLD and, similar to the findings in rodents, may not be ex-
clusively related to the insulin-independent metabolism of
sugar. However, when interpreting the data from animal studies
it requires consideration that not all studies included control
groups that were pair-fed with glucose (received the same
amount of calories from glucose and total calories), so it could
very well be that effects similar to those described above could
also be found when animals are exposed to other mono- or
disaccharides.

Fructose and MASLD: studies in humans

Besides several epidemiological studies assessing sugar con-
sumption and extrapolating fructose or HFCS intake from these
data, several intervention studies have been conducted to
assess the effect of fructose on liver in healthy subjects and
overweight individuals. In the following, we summarized results
of epidemiological and intervention studies assessing the in-
take of fructose, be it derived through the intake of fruits, vege-
tables or added sugar (sucrose or HFCS) (1) in MASLD patients
and (2) its relation to the development of MASLD. Studies only
assessing the relation of the consumption of sugar-sweetened
beverages (SSBs) in relation to MASLD development were not
included, unless fructose intake was calculated.

Case-control studies, surveys, and cohort studies

Results of several early case-control studies reported fructose
intake in children and adults with various stages of MALSD (e.g.,
simple steatosis, MASH and MASH with beginning fibrosis) to
be higher than in controls [59]. For instance, in a small case-
control study conducted in Germany, it was reported that fruc-
tose intake was ~10 g/d (mean + SEM: 41 + 3 vs. 52 + 5) higher
in MASLD patients than in controls, whereas glucose and su-
crose consumption didn't show any differences [15]. In a larger
study assessing nutritional intake of children and adolescents
with MASLD in Canada, the average daily fructose intake was
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31 + 19 g/d while in controls fructose intake was 18 + 10 g/d
[60]. In a study conducted in Egypt, the average fructose intake
of children and adolescence with MASLD was 24 g/d while
fructose intake in disease free children was 20 g/d [61]. Moreo-
ver, in a study in lItalian children with MASLD, fructose intake
was 20 + 12 g/d while controls consumed 11 + 9 g/d [62].
Mosca et al. reported higher fructose intake in children with
MASH (NAS = 5: 70 g/d) compared to those without (NAS <5;
53 g/d) [63]. Moreover, fructose intake in some of these studies
correlated in a dose-dependent manner with the severity of
hepatic fibrosis [61, 63]. Interestingly, in a study of Abdelmalek,
daily fructose intake (=7 servings/week) was associated with
lower steatosis grade but higher fibrosis stage [64]. In a study
conducted in Australia, O'Sullivan et al. found that a lower fruc-
tose intake in 14-year-old overweight adolescents (mean + SD:
39 + 20 g/d vs. 56 + 14 g/d) was related with a lower risk of
developing MASLD at the age of 17. Results of this study also
suggest that total fructose intake may be more relevant with
respect to MASLD development than overall sugar intake [65].
Somewhat contrasting the latter findings, an epidemiological
study from Finland reported an inverse relationship between
fructose intake and MASLD. However, in this study fructose
intake was predominantly derived through fruits and less than
10% of participants consumed soft drinks [66]. Also, these data
suggest the hypothesis that maybe a ‘matrix’ effect may affect
the impact of fructose on the development of MASLD, howev-
er, data need to be interpreted with caution as the study was
observational bearing a risk of confounding. Still, it could be
that compounds found in fruits may affect the metabolism and
subsequently the effect of fructose. This needs to be clarified in
further studies. Still, results of a meta-analysis including 15
studies with 65,149 participants of the general adult population
suggest that the prevalence of MASLD was higher in individu-
als consuming regularly sugar-/fructose-rich foods (= 1 food
source of e.g., biscuits and cookies, cake, SSBs, sweets, can-
dies, chocolate, or ice cream) than in those not reporting to
consume highly processed foods containing added sug-
ar/fructose (OR=1.31, 95% Cl = 1.17-1.48) [67]. Additionally,
data from the Maastricht study, conducted in 3,981 individuals,
showed no association between energy-adjusted total fructose
intake and fructose derived through fruits with intrahepatic lipid
content. In contrast energy-adjusted intake of fructose from
fruit juice and SSBs was associated with higher intrahepatic
lipid content [68].

Intervention studies: studies employing high doses of fructose

In a systematic review and meta-analysis of controlled dietary
intervention trials including 13 trials and 260 healthy partici-
pants, an isocaloric exchange of fructose for other carbohy-
drates showed no effect on MASLD. In trials where fructose
was added to the diet leading to a hypercaloric diet, intrahepat-
ic lipids and levels of the transaminase ALT, used as an early
marker of liver injury, were increased; however, in these studies
it was unclear, if effects found may be more attributable to ex-
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cess intake of energy than to the intake of fructose [16]. More-
over, most human intervention studies comparing the effects of
glucose and fructose on intrahepatic triglyceride content re-
ported no differences [69]. For example, in a study with 20
healthy subjects (parallel design), neither the isocaloric incor-
poration of 160 g/d fructose nor 150 g/d glucose in the diet for
four weeks had an effect on liver fat, visceral fat, subcutaneous
abdominal fat and intramyocellular lipids [70]. Furthermore, a
study in which ten healthy subjects consumed a HFD (150 g/d
in addition to their ordinary diet) for eight weeks, no alterations
in ectopic lipid deposition and postprandial glycogen storage
in the liver and skeletal muscle were found [71]. In contrast,
individuals with abdominal obesity consuming 75 g of fructose
daily (~13 E%) for twelve weeks had significantly higher liver fat
content, with only a modest rise in body weight and waist cir-
cumference. Additionally, visceral fat accumulation was strong-
ly correlated with liver fat accumulation; notably, there were
substantial individual differences in susceptibility to both vis-
ceral adiposity and hepatic fat accumulation [72]. Another
intervention study in which overweight and obese subjects
consumed fructose- or glucose-sweetened beverages (25% of
daily energy requirement, parallel design) for ten weeks report-
ed a significant increase in visceral adiposity, de novo lipogen-
esis (DNL), hepatic lipid accumulation, and fasting triglyceride
levels after the fructose intake, while the intake of glucose did
not elicit these effects [73]. In a recent double-blind, random-
ized study, a total of 94 healthy men were asked to consume
SSBs containing moderate amount of fructose, sucrose or glu-
cose (80 g/d) in addition to their usual diet or abstain from SSBs
as control group for seven weeks. In this study, it was shown
that beverages sweetened with fructose and sucrose respec-
tively, but not glucose increased the liver's ability to produce
lipids [74]. Moreover, Nier et al. showed that an increased die-
tary fructose intake for only three days is associated with a
slightly but significant increase in ALT activities in healthy
young adults. Similar effects were not found when the same
participants consumed glucose at concentrations alike [23].
Simons et al. investigated the effects of a six-week fructose
restricted diet in obese patients with MASLD. In this study all
patients were instructed to reduce their fructose intake to <7.5
g/meal and <10 g/d. Patients in the control group were asked
to supplement their diet with fructose while in the intervention
group patients were asked to consume glucose (isocaloric to
fructose). Intrahepatic lipid content decreased in both groups,
but the reduction was more pronounced in the glucose-
supplemented (= fructose-restricted) group. No significant
changes in glucose tolerance or serum lipid concentrations
were observed in either group [75]. In obese children aged 9-
19 years with metabolic syndrome, a short term (nine days)
isocaloric fructose restriction resulted in decreased hepatic fat,
visceral fat and DNL as well as improved insulin kinetics [76].
Taken together, results from model organism-based stud-
ies suggest that a chronic intake of high doses of free fructose
as additive to a standard or fat and/or cholesterol rich diet re-
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sults in the development of MASLD. Moreover, this seems to be
independent of excess overnutrition and weight gain. Some-
what in line with these findings, results of case-control and
cohort studies in children and adolescence and to a lesser
extend adults also suggest, that a diet rich in (free) fructose is
related to a greater risk of developing MASLD. In contrast, re-
sults of intervention studies in humans assessing the effects of
a short- to medium-term exposure to fructose-rich diets (up to
150 g/day) generally show limited effects on liver fat accumula-
tion when the diets are isocaloric and/or administered under
standardized, tightly controlled conditions. In studies employ-
ing a hypercaloric design—i.e., when fructose is consumed in
addition to a normal diet resulting in an increase of total energy
intake—hepatic lipid content and liver enzymes tend to in-
crease [16,69-71].

Reasons for the discrepancy between studies could be re-
lated to differences in the duration of studies, additional life-
style factors present in MASLD patients e.g., a lack of physical
activity but also a genetic predisposition. Indeed, as discussed
above, results of a recent study by Ramirez et al. suggest that in
patients with MASLD fructose metabolism may differ from that
of disease-free individuals [44]. This needs to be addressed in
further studies.

HOW COULD FRUCTOSE INTAKE LEAD TO THE
DEVELOPMENT OF MASLD? THE INTERACTION
OF FRUCTOSE WITH THE GUT-LIVER AXIS

Both, in vitro and in vivo studies suggest that due to its insulin
independent metabolism fructose may affect hepatic metabo-
lism quite differently when compared to glucose. Moreover, as
reviewed in great depth by others, these differences in metabo-
lism of the two monosaccharides has been attributed to their
different impact with respect to MASLD development (for over-
view see [47, 77]). In addition to direct effects on hepatic me-
tabolism, both, changes of intestinal microbiota and alterations
of the intestinal barrier function have repeatedly been related
to the development of MASLD over the past decades (for over-
view see [78, 79)).

Structure and functions of the intestinal barrier

The intestinal barrier consists of a complex structure of several
interacting layers, thereby serving not only as a gatekeeper for
nutrient digestion and absorption but also forming a physical
barrier preventing the entry of pathogens and pathogen-
associated molecular patterns (PAMPs) and intestinal microbio-
ta from the intestinal lumen into circulation [80]. In the small
intestine a mucus layer covers the intestinal epithelium, which
is typically ‘non-attached'’ to the epithelial cells. Studies in cystic
fibrosis patients suggest that mucus in this part of the gastroin-
testinal tract possess antimicrobial properties and is critical in
cellular ion channel regulation [81]. In contrast to the small
intestine, in the large intestine mucus is structured as double
layer. The outer layer is composed of mucins (mainly MUC?2),
soluble immunoglobulin A (IgA) and antimicrobial peptides.
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The inner layer of the mucus in colon primarily consisting of
also densely packed MUC2 and the enterocyte surface gly-
cocalyx (composed by transmembrane mucins e.g, MUC3,
MUC12, MUC17), which is firmly attached to the epithelium
providing a dense barrier to microbial permeation [81]. The
importance of an intact mucus layer has been demonstrated in
animal studies with Muc2 knock-out mice, in which the genetic
deletion resulted in a disrupted intestinal barrier and, subse-
quently the spontaneous development of colitis [82]. The epi-
thelial monolayer consists of absorptive enterocytes and secre-
tory Paneth cells, Goblet cells, enterochromaffin cells and Mi-
crofold cells (M cells) which differentiate from pluripotent intes-
tinal stem cells [83, 84]. Paneth cells, being specific to the small
intestine, and enterocytes both produce antimicrobial peptides
and proteins such as defensins and secretory immunoglobulin
A (slgA) [85]. At the luminal, apical side, enterocytes are con-
nected through junctional complexes consisting of tight junc-
tion proteins. At the basolateral side they are connected
through adherence junctions and desmosomes [86]. Here, the
so called ‘leak’ and ‘pore’ pathways are the two different routes
across tight junctions of an intact epithelial monolayer [87].
Specifically, permeability via the ‘pore’ pathway appears to
mainly depend on a subset of claudins. The ‘leak’ pathway is
thought to be related to changes in two tight junction proteins,
zonula occludens-1 (ZO-1) and occludin, as well as the myosin
light chain kinase (MLCK) [88, 89]. Furthermore, Shen et al.
have shown that MLCK activity regulates paracellular permea-
bility by reorganizing perijunctional F-actin and modulating the
structure of occludin and ZO-1 [90]. Moreover, studies have
indicated that posttranslational modifications, such as changes
in the phosphorylation of occludin and ZO-1, may alter intesti-
nal barrier function [91]. In addition to enterocytes and goblet
cells, the latter being the primary source of intestinal mucins,
Paneth cells play a crucial role in maintaining intestinal homeo-
stasis and barrier function by secreting antimicrobial peptides
like defensins. The latter are discussed to counteract bacterial
overgrowth and gut dysbiosis [81]. Also, studies suggest that
the epithelial-vascular barrier which is located beneath the
intestinal epithelium and builds the innermost layer of the intes-
tinal wall defense system, may also be important for the intesti-
nal barrier function (for overview see [81, 92]).

Fructose-rich diets and their effect on intestinal microbiota

The intake of a diet rich in free fructose has been discussed to
promote alterations of gut microbiota compositions, impair
intestinal barrier function and lead to an increased transloca-
tion of PAMPs like bacterial endotoxin [93, 94]. Specially, in
animal experiments, the development of fructose-induced
MASLD was associated with an increase in the relative abun-
dance of Proteobacteria and Firmicutes in feces, two bacterial
genera implicated in the development of metabolic diseases,
including obesity and insulin resistance [95]. Somewhat in line
with these findings, C57BL/6J mice fed a sugar- and fat-rich
Western style diet (WSD) + fructose-enriched drinking water for
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twelve weeks showed a shift in the ratio of Firmicu-
tes:Bacteriodetes compared to the WSD-fed mice fed plain
water, whereas the relative abundance of Bifidobacterium was
higher in both of these groups compared to controls [96]. Fur-
thermore, the genetic deletion of GLUT2 (GLUT22) in intesti-
nal mucosa in mice fed standard chow has been shown to be
accompanied by an overexpression of GLUTS in small intesti-
nal tissue. Moreover, these mice also showed a higher relative
abundance of Clostridium and Enterococcus sp. in feces. The
latter bacteria are both accounted to the phylum Firmicutes
[97]. These data suggest that alterations/impairments in intes-
tinal sugar (fructose) uptake even in the absence of a sugar or
fructose rich diet may be related to changes in transporter ex-
pression and the relative abundance of specific bacteria. Ani-
mal studies employing fructose-rich diets also suggest that the
alterations in gut bacterial pattern inflicted by such diets vary
from study to study. Fructose ingestion is related to an increase
in the relative abundance of Gram-negative, anaerobic Bac-
teroides fragilis belonging to the phylum Bacteroidetes in mice
[98]. In rats the development of fructose-induced MASLD has
been related with an increase in the relative abundance of the
Gram-positive anaerobic bacteria Coprococcus, Ruminococ-
cus, and Clostridium also belonging to Firmicutes [99]. Fur-
thermore, in several studies the development of MASLD in-
duced by a fructose- and fat- rich diet has been related to a
decrease in the relative abundance of Bifidobacterium and
Lactobacillus in feces of rats [100, 101]. Zhao et al. showed,
that the chronic consumption of a 30% fructose solution to
induce MASLD in Kunming mice was associated with a de-
crease in relative abundance of Bacteroidetes and an increase
in Firmicutes. In the same study an increase in the ratio of Fir-
micutes to Bacteroidetes in feces was reported in fructose-fed
mice [102]. Consistent with these findings, recent research
employing piglets with fructose-induced MASLD reported an
increased Firmicutes to Bacteroidetes ratio in the colon, sug-
gesting that these alterations in the prevalence of microbiota
may be independent of species [103]. Additionally, in the same
study, higher relative abundances of Blautia and Clostridium
sensu stricto 1 in piglets fed the fructose diet compared to
those on control diet were reported.

In a human intervention study, the short-term intake of two
different high-fructose formulations in the absence of MASLD
development suggested, that the intake of fructose from fruits
(fructose 100 g/d, accounting to 20 E%, total fiber intake 36-39
g/d additional fiber as well as not further specified fruit com-
pounds) resulted in an increased relative abundance of Firmic-
utes, including butyrate-producing bacteria such as Anaerosti-
pes, Faecalibacterium, and Erysipelatoclostridium, while reduc-
ing the diversity of Bacteroidetes, including the pathogenic
genus Parabacteroides. In contrast, when similar amounts of
fructose were consumed through HFCS (fructose 100 g/d, total
fiber intake 12-19 g/d fiber) this resulted in a decrease in abun-
dance of Faecalibacterium and Erysipelatoclostridium, while
the relative abundance of Bacteroidetes was increased.
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Whether differences found in this study were related to the
additional fiber intake derived through the fruits consumed or
other fruit derived compounds remains to be determined. Still,
results of these findings add to the hypothesis that effects of
fructose may at least in part be related to the “matrix” or dietary
pattern a person follows [104]. Moreover, in a randomized con-
trolled study with obese but otherwise healthy subjects, the
intake of 75 g free fructose or free glucose added to the indi-
vidual diet for 14 days, showed no effects on the fecal microbi-
ota composition (including Akkermansia muciniphilia) or fecal
metabolites as well as intestinal permeability, indices of endo-
toxemia, gut damage or inflammation [105].

In summary, most animal studies suggest an association
between chronic high fructose intake and the shifts in the ratio
of Firmicutes to Bacteroidetes as well as changes in the relative
abundance of bacterial species in the ileum, colon and feces.
However, changes regarding the relative abundance of specif-
ic bacterial strains are not consistent within and between spe-
cies. It has been shown before in a comparative study con-
ducted in 13 German animal facilities, that intestinal microbiota
composition may vary considerably between animal facilities
and may be affected not only by the composition of the diet
but also by treatment of the diet (e.g., irradiation), bedding used
in cages, and other housing conditions, as well as analytical
methods used (e.g., analysis of DNA or RNA, extraction meth-
ods) [106]. In humans, alterations of intestinal microbiota relat-
ed to the consumption of a fructose rich diet are even less clear
and at times contradictory which might be related to the differ-
ent study locations, ethnicity and age of subjects studied as
well as differences in study design. Further standardized stud-
ies are needed to determine the effects of a diet rich in free
fructose on intestinal microbiota composition. In these studies,
comparable study designs including the collection and analy-

Fructose and MASLD pathogenesis

sis of samples as well as amounts of the monosaccharide used
and participants enrolled (e.g., with respect to age, sex, body
weight or MASLD stage) should be employed.

Fructose-rich diets and their impact on intestinal barrier
function

Besides altering intestinal microbiota composition, a diet rich in
fructose has also been discussed to alter intestinal morphology
and barrier function [31, 107] (also see Figure 3). For instance,
Taylor et al. reported that in mice fed a high fat, high sucrose
diet or HFCS, morphology in small intestinal tissue was altered
with elongated villi. While not assessing the effect on intestinal
permeability and barrier function, it was shown in this study
that an increase of the absorptive surface area enhances nutri-
ent uptake and promotes adiposity as well as intestinal tumour
growth through the inhibition of pyruvate kinase M2 by F1P
[107].

In studies employing animal models (e.g., mice, rats, pig-
lets and non-human primates), it has been shown that when
comparing effects of different mono- and disaccharides admin-
istrated ad libitum in drinking water, fructose plays a distinct
role in disrupting the intestinal barrier and the development of
metabolic endotoxemia even in the absence of the develop-
ment of overweight [51, 58, 96, 103, 108]. Measuring bacterial
endotoxin being a component of the outer wall of Gram-
negative bacteria is often problematic due to the physico-
chemical properties of the toxin and its almost ubiquitous oc-
currence [109, 110]. Indeed, unless using several precautions
including the spiking of samples and determination of recovery
rates, both false negative and positive results can occur.
Somewhat supporting the hypothesis that bacterial toxins may
be critical in the development of fructose-induced MASLD, the
addition of antibiotics to the diet or the drinking water can abol-
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ish the development of MASLD in mice fed a fructose rich diet
[111, 112]. Interestingly, signs of intestinal barrier dysfunction
in small intestine were still present [112]. Moreover, chronic
and acute exposure of small intestinal tissue to a fructose-rich
diet or solution is related to a loss of the tight junction protein
occludin and changes in its phosphorylation status as well as
protein levels of MLCK [13, 108, 113]. Employing an ex vivo
model of small intestinal everted sacs, it was demonstrated that
even in the absence of bacteria, physiological concentrations
of fructose (5 mM) may alter intestinal barrier function as quick-
ly as 30-60 min upon exposure [113]. In line with these results,
Cho et al. showed in mammals that a HFD decreased the pro-
tein expression of several tight junction proteins (e.g., ZO-1,
occludin, claudin-1 and claudin-4) as well as adherent junction
proteins (e.g, B-catenin and E-cadherin, desmosome plako-
globin, and o-tubulin) accompanied by an increased concen-
tration of apoptotic proteins (p-c-Jun N-terminal kinases , Bax,
cleaved caspase-3, and caspase-3 activity) in enterocytes
[108].

While changes in the metabolic status leading to dysmor-
phology may also alter tight junction protein levels, results of
studies employing fructose-rich diets or exposing small intesti-
nal tissue to fructose ex vivo suggest that a fructose-rich envi-
ronment in the gut may impact intestinal barrier function also
by altering nitric oxide (NO) homeostasis. NO being produced
from arginine via different NO synthases (NOS) is critical as
signalling molecule and vasodilator [114]. NO is also produced
through an inducible form of NOS (iNOS) as part of the immune
function. Excessive NO has been shown to disrupt tight junc-
tion integrity and increase epithelial permeability, possibly
through effects on cytoskeletal organisation and phosphoryla-
tion of tight junction proteins [115]. Indeed, chronic fructose
intake induces iINOS and NO synthesis while decreasing ar-
ginase activity in the small intestinal tissue [108, 116]. Moreo-
ver, inhibiting iINOS with aminoguanidine attenuated fructose-
induced intestinal permeability ex vivo [112]. Targeting ar-
ginase activity with its allosteric inhibitors L-arginine or L-
citrulline was related with lower NO production and intestinal
barrier dysfunction (e.g., the loss of tight junction proteins and
increased permeation of xylose) in mice fed a fructose rich diet
[113, 117]. Also, in the same studies the treatment of mice with
the arginase inhibitor Nor-NOHA while feeding them the fruc-
tose rich diet enriched with L-arginine or L-citrulline, attenuated
the protective effects of L-arginine and L-citrulline [113, 117].
Somewhat contrasting these findings, earlier studies employ-
ing fructose-rich drinking water to induce MASLD in iNOS
knock-out mice showed no effects in bacterial endotoxin levels
in portal blood [116]. However, in these studies, neither tight
junction levels in small intestinal tissue nor arginase activity
were assessed. Moreover, chronic fructose intake resulted in
an increased ileal inflammation being related with an increase
macrophage/leukocyte infiltration as well as expression of iN-
OS and nuclear factor kappa-B (NfxB) [118]. Also, in all of these
studies the intestinal alterations were associated with in-
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creased plasma endotoxin levels. Under physiological condi-
tions only limited amounts of fructose reach the colon. In stud-
ies of Todoric et al, it was demonstrated in mice a prolonged
exposure of 30% fructose in drinking water is related with an
induction of ER stress in colonic enterocytes, leading to barrier
breakdown and endotoxemia. The latter has been shown to
trigger Tumor necrosis factor alpha production in liver myeloid
cells subsequently leading to hepatic ER stress and activates
SREBP1 but also the induction of interleukin 6 [119, 120].

While the effect of fructose on the development of MASLD
has been assessed in several human studies, the number of
studies determining the effects of fructose on intestinal barrier
function are limited. When healthy subjects were standardized
to an isocaloric ‘healthy’ diet, it was shown that both, bacterial
endotoxin and ALT levels in blood were significantly de-
creased. In these studies, the acute challenge with sucrose
(110 g once as a beverage) or the exposure to a diet enriched
in free fructose for three days, resulted in an increase of bacte-
rial endotoxin, but also TLR2 ligands as well as ALT levels in
blood. Interestingly, similar effects were not found when sub-
jects consumed isocaloric amounts of glucose or maltodextrin
[23, 121]. In line with the findings in healthy adults, in adoles-
cents with biopsy-proven MASLD, the acute consumption of
fructose but not glucose (33% of total daily energy intake) led
to an increase of bacterial endotoxin levels one, three and five
hours after the intake, while similar alterations were not found
in healthy controls. Moreover, in adolescents with MASLD the
consumption of fructose rich beverages (three servings of 12 fl
oz bottles each day containing 33 g of sugar) for two weeks
(four weeks p=0.088) resulted in higher endotoxin levels com-
pared to a control group consuming glucose [122]. The acute
intake of cloudy apple juice had no effect on bacterial endotox-
in levels in blood whereas the intake of iso-sugared placebo
drinks resulted in a significant increase of TLR ligands in the
peripheral blood of healthy individuals [123]. The latter data
lend further support to the hypothesis, that the effects of fruc-
tose on intestinal barrier, and maybe also on the liver, may be
related to the food matrix in which the sugar is consumed. In
contrast, Aleméan et al. showed in a double-blind, cross-over
design study of ten obese subjects that the isocaloric replace-
ment of complex carbohydrates with 75 g of either fructose or
glucose for two weeks had no effects on fecal microbiota con-
sumption, gut permeability, or indices of endotoxemia [105].
Differences between these studies might have resulted from
the marked differences in study design (standardized nutrition
vs. exchange of parts of complex carbohydrates), the dose of
fructose (25 E% vs. ~20 E%), but also the parameters employed
to assess intestinal permeability (bacterial endotoxin vs. CD14,
intestinal fatty acid binding protein and lipopolysaccharide
binding protein).

CONCLUSION
While results of earlier epidemiological and animal studies
suggest that the intake of large amounts of free fructose e.g.,
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through beverages, candy, and other sweets may add to the
development of MASLD, results of intervention studies in
(healthy) humans are rather contradictory. Moreover, despite
intense research efforts, mechanisms underlying the detri-
mental effects of high (free) fructose intake especially when
derived through highly processed foods, have not yet been
fully understood. Results of animal studies and cell culture
experiments suggest that fructose may not only alter hepatic
metabolism but may also impact intestinal microbiota composi-
tion and barrier function (Figure 4). However, studies assessing
this effect in humans are still limited and contradictory. Moreo-
ver, while results of studies in rodents suggest that the effects
of fructose in intestinal barrier function are related to changes
in morphology and a loss of tight junction proteins as well as a
disbalance in NO-homeostasis, it remains yet to be determined
whether mechanisms alike are also critical in humans. Further
studies employing comparable study designs with respect to
doses of fructose and food matrices used, as well as age, sex
and health status of subjects enrolled are needed to determine
effects of free fructose as well as fructose consumed through
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different matrices on human health, and to explore the underly-
ing mechanisms.

ACKNOWLEDGMENTS
This work was funded in part by the Austrian Science Fund
(FWF, SFB F73 [F7301] (MT)).

CONFLICT OF INTEREST
The authors disclose no conflicts.

COPYRIGHT

© 2025 Burger et al. This is an open-access article released
under the terms of the Creative Commons Attribution (CC BY)
license, which allows the unrestricted use, distribution, and
reproduction in any medium, provided the original author and
source are acknowledged.

Please cite this article as: Katharina Burger, Michael Trauner and Ina
Bergheim (2025). Pathogenic aspects of fructose consumption in met-
abolic dysfunction-associated steatotic liver disease (MASLD): A narra-
tive review. Cell Stress 9: 49-64. doi: 10.15698/cst2025.06.305

Cell Stress | Vol. 9



K. Burger et al. (2025)

REFERENCES

1. Rinella ME, Lazarus JV, Ratziu V, Francque SM, Sanyal AJ, Kanwal F,
Romero D, Abdelmalek MF, Anstee QM, Arab JP, et al (2024). A multisociety
Delphi consensus statement on new fatty liver disease nomenclature. Ann
Hepatol 29: 101133.doi: 10.1016/j.aohep.2023.101133

2. Younossi ZM, Golabi P, Paik JM, Henry A, Van Dongen C, Henry L (2023).
The global epidemiology of nonalcoholic fatty liver disease (NAFLD) and
nonalcoholic steatohepatitis (NASH): a systematic review. Hepatology 77:
1335-1347. doi: 10.1097/HEP.0000000000000004

3. Lekakis V, Papatheodoridis GV (2024). Natural history of metabolic dys-
function-associated steatotic liver disease. Eur J Intern Med 122: 3-10. doi:
10.1016/j.6jim.2023.11.005

4. Rinella ME, Neuschwander-Tetri BA, Siddiqui MS, Abdelmalek MF, Cald-
well S, Barb D, Kleiner DE, Loomba R (2023). AASLD Practice Guidance on
the clinical assessment and management of nonalcoholic fatty liver disease.
Hepatology 77: 1797-1835. doi: 10.1097/HEP.0000000000000323

5. Jakobsen MU, Berentzen T, Sorensen Tl, Overvad K (2007). Abdominal
obesity and fatty liver. Epidemiol Rev 29: 77-87. doi
10.1093/epirev/mxm002

6. Nogueira JP, Cusi K (2024). Role of Insulin Resistance in the Development
of Nonalcoholic Fatty Liver Disease in People With Type 2 Diabetes: From
Bench to Patient Care. Diabetes Spectr 37: 20-28. doi: 10.2337/dsi23-0013

7. McLaughlin T, Lamendola C, Liu A, Abbasi F (2011). Preferential fat depo-
sition in subcutaneous versus visceral depots is associated with insulin
sensitivity. J Clin Endocrinol Metab 96: E1756-1760. doi: 10.1210/jc.2011-
0615

8. Vancells Lujan P, Vinas Esmel E, Sacanella Meseguer E (2021). Overview
of Non-Alcoholic Fatty Liver Disease (NAFLD) and the Role of Sugary Food
Consumption and Other Dietary Components in Its Development. Nutrients
13(5): 1442. doi: 10.3390/nu13051442

9. Zhang J, Powell CA, Kay MK, Sonkar R, Meruvu S, Choudhury M (2021).
Effect of Chronic Western Diets on Non-Alcoholic Fatty Liver of Male Mice
Modifying the PPAR-gamma Pathway via miR-27b-5p Regulation. Int J Mol
Sci 22(4): 1822. doi: 10.3390/jms22041822

10. Akhlaghi M, Ghasemi-Nasab M, Riasatian M (2020). Mediterranean diet
for patients with non-alcoholic fatty liver disease, a systematic review and
meta-analysis of observational and clinical investigations. J Diabetes Metab
Disord 19: 575-584. doi: 10.1007/s40200-019-00475-2

11. Hassani Zadeh S, Mansoori A, Hosseinzadeh M (2021). Relationship
between dietary patterns and non-alcoholic fatty liver disease: A systematic
review and meta-analysis. J Gastroenterol Hepatol 36: 1470-1478. doi:
10.1111/jgh.15363

12. Lee HA (2024). Pathogenesis and management of metabolic dysfunc-
tion-associated steatohepatitis-related hepatocellular carcinoma: a narrative
review. The Ewha Medical Journal 47: €65. doi: 10.12771/emj.2024.e65

13. Brandt A, Jin CJ, Nolte K, Sellmann C, Engstler AJ, Bergheim | (2017).
Short-Term Intake of a Fructose-, Fat- and Cholesterol-Rich Diet Causes
Hepatic Steatosis in Mice: Effect of Antibiotic Treatment. Nutrients 9(9):
1013. doi: 10.3390/nu9091013

14. Sellmann C, Priebs J, Landmann M, Degen C, Engstler AJ, Jin CJ, Gartt-
ner S, Spruss A, Huber O, Bergheim | (2015). Diets rich in fructose, fat or
fructose and fat alter intestinal barrier function and lead to the development
of nonalcoholic fatty liver disease over time. J Nutr Biochem 26: 1183-1192.
doi: 10.1016/j.jnutbio.2015.05.011

156. Thuy S, Ladumner R, Volynets V, Wagner S, Strahl S, Konigsrainer A, Maier
KP, Bischoff SC, Bergheim | (2008). Nonalcoholic fatty liver disease in hu-
mans is associated with increased plasma endotoxin and plasminogen
activator inhibitor 1 concentrations and with fructose intake. J Nutr 138:
1452-1455. doi: 10.1093/jn/138.8.1452

16. Chiu S, Sievenpiper JL, de Souza RJ, Cozma Al, Mirrahimi A, Carleton AJ,
Ha V, Di Buono M, Jenkins AL, Leiter LA, et al (2014). Effect of fructose on
markers of non-alcoholic fatty liver disease (NAFLD): a systematic review and
meta-analysis of controlled feeding trials. Eur J Clin Nutr 68: 416-423. doi:
10.1038/ejcn.2014.8

17. European Association for the Study of the Liver . Electronic address eee,
European Association for the Study of D, European Association for the Study
of O, European Association for the Study of the L (2024). EASL-EASD-EASO
Clinical Practice Guidelines on the management of metabolic dysfunction-

OPEN ACCESS | www.cell-stress.com 61

Fructose and MASLD pathogenesis

associated steatotic liver disease (MASLD). J Hepatol 81: 492-542. doi:
10.1016/jjhep.2024.04.031

18. Bischoff SC, Bernal W, Dasarathy S, Merli M, Plank LD, Schutz T, Plauth M
(2020). ESPEN practical guideline: Clinical nutrition in liver disease. Clin Nutr
39: 3533-3562. doi: 10.1016/j.clnu.2020.09.001

19. Eslam M, Sarin SK, Wong VW, Fan JG, Kawaguchi T, Ahn SH, Zheng MH,
Shiha G, Yilmaz Y, Gani R, et al (2020). The Asian Pacific Association for the
Study of the Liver clinical practice guidelines for the diagnosis and man-
agement of metabolic associated fatty liver disease. Hepatol Int 14: 889-919.
doi: 10.1007/512072-020-10094-2

20. WHO (2015). Guideline: sugars intake for adults and children. Available
at. https://www.who.int/publications/i/item/9789241549028. [Access date:
16.12.2024]

21. Walton J, Bell H, Re R, Nugent AP (2023). Current perspectives on global
sugar consumption: definitions, recommendations, population intakes,
challenges and future direction. Nutr Res Rev 36: 1-22. doi
10.1017/5095442242100024X

22. Azais-Braesco V, Sluik D, Maillot M, Kok F, Moreno LA (2017). A review of
total & added sugar intakes and dietary sources in Europe. Nutr J 16: 6. doi:
10.1186/s12937-016-0225-2

23. Nier A, Brandt A, Rajcic D, Bruns T, Bergheim | (2019). Short-Term Isoca-
loric Intake of a Fructose- but not Glucose-Rich Diet Affects Bacterial Endo-
toxin Concentrations and Markers of Metabolic Health in Normal Weight
Healthy ~Subjects. Mol Nutr Food Res 63 e1800868. doi:
10.1002/mnfr.201800868

24. Volynets V, Kuper MA, Strahl S, Maier 1B, Spruss A, Wagnerberger S,
Konigsrainer A, Bischoff SC, Bergheim | (2012). Nutrition, intestinal permea-
bility, and blood ethanol levels are altered in patients with nonalcoholic fatty
liver disease (NAFLD). Dig Dis Sci 57: 1932-1941. doi: 10.1007/s10620-012-
21129

25. Weber KS, Simon MC, Strassburger K, Markgraf DF, Buyken AE,
Szendroedi J, Mussig K, Roden M, Group GDS (2018). Habitual Fructose
Intake Relates to Insulin Sensitivity and Fatty Liver Index in Recent-Onset
Type 2 Diabetes Patients and Individuals without Diabetes. Nutrients 10(6):
774.doi: 10.3390/nu10060774

26. Sluik D, Engelen Al, Feskens EJ (2015). Fructose consumption in the
Netherlands: the Dutch National Food Consumption Survey 2007-2010. Eur
J Clin Nutr 69: 475-481. doi: 10.1038/ejcn.2014.267

27. Aoun R, Chokor FAZ, Taktouk M, Nasrallah M, Ismaeel H, Tamim H,
Nasreddine L (2022). Dietary fructose and its association with the metabolic
syndrome in Lebanese healthy adults: a cross-sectional study. Diabetol
Metab Syndr 14: 29. doi: 10.1186/513098-022-00800-5

28. Fernandes P (2018). Reference Module in Food Science. In: Enzymatic
Processing in the Food Industry. Elsevier. doi: 10.1016/B978-0-08-100596-
5.22341-X

29. Di Bartolomeo F, Van den Ende W (2015). Fructose and Fructans: Oppo-
site Effects on Health? Plant Foods Hum Nutr 70: 227-237. doi
10.1007/s11130-015-0485-6

30. Herman MA, Birnbaum MJ (2021). Molecular aspects of fructose me-
tabolism and metabolic disease. Cell Metab 33: 2329-2354. doi:
10.1016/j.cmet.2021.09.010

31. Staltner R, Burger K, Baumann A, Bergheim | (2023). Fructose: a modula-
tor of intestinal barrier function and hepatic health? Eur J Nutr 62: 3113-
3124.doi: 10.1007/s00394-023-03232-7

32. Wright EM (1998). |. Glucose galactose malabsorption. Am J Physiol
275:G879-882. doi: 10.1152/ajpgi. 1998.275.5.G879

33. Drozdowski LA, Thomson AB (2006). Intestinal sugar transport. World J
Gastroenterol 12: 1657-1670. doi: 10.3748/wjg.v12.i11.1657

34. Helliwell PA, Richardson M, Affleck J, Kellett GL (2000). Regulation of
GLUT5, GLUT2 and intestinal brush-border fructose absorption by the extra-
cellular signal-regulated kinase, p38 mitogen-activated kinase and phospha-
tidylinositol 3-kinase intracellular signalling pathways: implications for adap-
tation to diabetes. Biochem J 350 (Pt 1): 163-169. doi: 10.1042/bj3500163

35. Gouyon F, Caillaud L, Carriere V, Klein C, Dalet V, Citadelle D, Kellett GL,
Thorens B, Leturque A, Brot-Laroche E (2003). Simple-sugar meals target
GLUT2 at enterocyte apical membranes to improve sugar absorption: a

Cell Stress | Vol. 9



K. Burger et al. (2025)

study in  GLUT2-null  mice. J Physiol 552 823-832. doi
10.1113/jphysiol.2003.049247

36. Kellett GL, Brot-Laroche E, Mace OJ, Leturque A (2008). Sugar absorp-
tion in the intestine: the role of GLUT2. Annu Rev Nutr 28: 35-54. doi:
10.1146/annurev.nutr.28.061807.155518

37. Cui XL, Schlesier AM, Fisher EL, Cerqueira C, Ferraris RP (2005). Fruc-
tose-induced increases in neonatal rat intestinal fructose transport involve
the PI3-kinase/Akt signaling pathway. Am J Physiol Gastrointest Liver Phys-
iol 288: G1310-1320. doi: 10.1152/ajpgi.00550.2004

38. Shah A, Dagdeviren S, Lewandowski JP, Schmider AB, Ricci-Blair EM,
Natarajan N, Hundal H, Noh HL, Friedline RH, Vidoudez C, et al (2020). Thi-
oredoxin Interacting Protein Is Required for a Chronic Energy-Rich Diet to
Promote Intestinal Fructose Absorption. iScience 23: 101521. doi:
10.1016/}.is¢i.2020.101521

39. Dotimas JR, Lee AW, Schmider AB, Carroll SH, Shah A, Bilen J, Elliott KR,
Myers RB, Soberman RJ, Yoshioka J, Lee RT (2016). Diabetes regulates
fructose absorption through thioredoxin-interacting protein. Elife 5: €18313.
doi: 10.7554/eLife. 18313

40. Bode C, Bode JC, Ohta W, Martini GA (1980). Adaptative changes of
activity of enzymes involved in fructose metabolism in the liver and jejunal
mucosa of rats following fructose feeding. Res Exp Med 178: 55-63. doi:
10.1007/BF01856758

41. Francey C, Cros J, Rosset R, Creze C, Rey V, Stefanoni N, Schneiter P,
Tappy L, Seyssel K (2019). The extra-splanchnic fructose escape after inges-
tion of a fructose-glucose drink: An exploratory study in healthy humans
using a dual fructose isotope method. Clin Nutr ESPEN 29: 125-132. doi:
10.1016/j.clnesp.2018.11.008

42. Jang C, Hui S, Lu W, Cowan AJ, Morscher RJ, Lee G, Liu W, Tesz GJ,
Birnbaum MJ, Rabinowitz JD (2018). The Small Intestine Converts Dietary
Fructose into Glucose and Organic Acids. Cell Metab 27: 351-361 €353. doi:
10.1016/j.cmet.2017.12.016

43.Jang C, Wada S, Yang S, Gosis B, Zeng X, Zhang Z Shen Y, Lee G, Arany
Z, Rabinowitz JD (2020). The small intestine shields the liver from fructose-
induced steatosis. Nat Metab 2: 586-593. doi: 10.1038/542255-020-0222-9

44, Ramirez CB, Ahn IS, Rubtsova VI, Cely |, Le J, Kim J, Jung S, Kelly ME, Kim
Y, Bae H, et al (2025). Circulating glycerate predicts resilience to fructose-
induced hepatic steatosis. Cell Metab 37(5): 1223-1234.e5. doi
10.1016/j.cmet.2025.03.017

45. Alam YH, Kim R, Jang C (2022). Metabolism and Health Impacts of Die-
tary Sugars. J Lipid Atheroscler 11: 20-38. doi: 10.12997/jla.2022.11.1.20

46. Jensen T, Abdelmalek MF, Sullivan S, Nadeau KJ, Green M, Roncal C,
Nakagawa T, Kuwabara M, Sato Y, Kang DH, et al (2018). Fructose and sug-
ar. A major mediator of non-alcoholic fatty liver disease. J Hepatol 68: 1063-
1075. doi: 10.1016/j.jhep.2018.01.019

47. Tappy L (2018). Fructose metabolism and noncommunicable diseases:
recent findings and new research perspectives. Curr Opin Clin Nutr Metab
Care 21: 214-222. doi: 10.1097/MC0.0000000000000460

48.van den Berghe G, Bronfman M, Vanneste R, Hers HG (1977). The mech-
anism of adenosine triphosphate depletion in the liver after a load of fruc-
tose. A kinetic study of liver adenylate deaminase. Biochem J 162: 601-609.
doi: 10.1042/bj1620601

49. Abdelmalek MF, Lazo M, Horska A, Bonekamp S, Lipkin EW, Bal-
asubramanyam A, Bantle JP, Johnson RJ, Diehl AM, Clark JM, Fatty Liver
Subgroup of Look ARG (2012). Higher dietary fructose is associated with
impaired hepatic adenosine triphosphate homeostasis in obese individuals
with type 2 diabetes. Hepatology 56: 952-960. doi: 10.1002/hep.25741

50. Radhakrishnan S, Yeung SF, Ke JY, Antunes MM, Pellizzon MA (2021).
Considerations When Choosing High-Fat, High-Fructose, and High-
Cholesterol Diets to Induce Experimental Nonalcoholic Fatty Liver Disease in
Laboratory Animal Models. Curr Dev Nutr 5. nzab138. doi
10.1098/cdn/nzab138

51. Bergheim |, Weber S, Vos M, Kramer S, Volynets V, Kaserouni S, McClain
CJ, Bischoff SC (2008). Antibiotics protect against fructose-induced hepatic
lipid accumulation in mice: role of endotoxin. J Hepatol 48: 983-992. doi:
10.1016/j.jhep.2008.01.035

52. Briand F, Brousseau E, Quinsat M, Burcelin R, Sulpice T (2018). Obeticho-
lic acid raises LDL-cholesterol and reduces HDL-cholesterol in the Diet-
Induced NASH (DIN) hamster model. Eur J Pharmacol 818: 449-456. doi:
10.1016/j.ejphar.2017.11.021

OPEN ACCESS | www.cell-stress.com 62

Fructose and MASLD pathogenesis

53. Baumann A, Brandt A, Bergheim | (2022). Fructose, a trigger of metabolic
diseases?—a narrative review. Explor Dig Dis1: 51-71. doi
10.37349/edd.2022.00005

54. Softic S, Gupta MK, Wang GX, Fujisaka S, O'Neill BT, Rao TN, Willoughby
J, Harbison C, Fitzgerald K, llkayeva O, et al (2017). Divergent effects of
glucose and fructose on hepatic lipogenesis and insulin signaling. J Clin
Invest 127: 4059-4074. doi: 10.1172/JC194585

55. Curtasu MV, Skou Hedemann M, Nygaard Laerke H, Bach Knudsen KE
(2021). Obesity Development and Signs of Metabolic Abnormalities in
Young Gottingen Minipigs Consuming Energy Dense Diets Varying in Car-
bohydrate Quality. Nutrients 13(5). 15660. doi: 10.3390/nu13051560

56. Lee L, Alloosh M, Saxena R, Van Alstine W, Watkins BA, Klaunig JE, Sturek
M, Chalasani N (2009). Nutritional model of steatohepatitis and metabolic
syndrome in the Ossabaw miniature swine. Hepatology 50: 56-67. doi:
10.1002/hep.22904

57. Cydylo MA, Davis AT, Kavanagh K (2017). Fatty liver promotes fibrosis in
monkeys consuming high fructose. Obesity 25 290-293. doi
10.1002/0by.21720

58. Kavanagh K, Wylie AT, Tucker KL, Hamp TJ, Gharaibeh RZ, Fodor AA,
Cullen JM (2013). Dietary fructose induces endotoxemia and hepatic injury
in calorically controlled primates. Am J Clin Nutr 98: 349-357. doi:
10.3945/ajcn.112.057331

59. DiStefano JK, Shaibi GQ (2021). The relationship between excessive
dietary fructose consumption and paediatric fatty liver disease. Pediatr Obes
16:€12759. doi: 10.1111/ijpo.12759

60. Mager DR, Iniguez IR, Gilmour S, Yap J (2015). The effect of a low fruc-
tose and low glycemic index/load (FRAGILE) dietary intervention on indices
of liver function, cardiometabolic risk factors, and body composition in chil-
dren and adolescents with nonalcoholic fatty liver disease (NAFLD). JPEN J
Parenter Enteral Nutr 39: 73-84. doi: 10.1177/0148607113501201

61. Hamza RT, Ahmed AY, Rezk DG, Hamed Al (2016). Dietary fructose in-
take in obese children and adolescents: relation to procollagen type Il N-
terminal peptide (P3NP) and non-alcoholic fatty liver disease. J Pediatr
Endocrinol Metab 29: 1345-1352. doi: 10.1515/jpem-2016-0015

62. Faienza MF, Baima J, Cecere V, Monteduro M, Farella |, Vitale R, Antoniot-
ti V, Urbano F, Tini S, Lenzi FR, Prodam F (2025). Fructose Intake and Un-
healthy Eating Habits Are Associated with MASLD in Pediatric Obesity: A
Cross-Sectional Pilot Study. Nutrients 17(4): 631. doi: 10.3390/nu17040631

63. Mosca A, Nobili v, De Vito R, Crudele A, Scorletti E, Villani A, Alisi A, Byrne
CD (2017). Serum uric acid concentrations and fructose consumption are
independently associated with NASH in children and adolescents. J Hepatol
66: 1031-1036. doi: 10.1016/jjhep.2016.12.025

64. Abdelmalek MF, Suzuki A, Guy C, Unalp-Arida A, Colvin R, Johnson RJ,
Diehl AM, Nonalcoholic Steatohepatitis Clinical Research N (2010). In-
creased fructose consumption is associated with fibrosis severity in patients
with nonalcoholic fatty liver disease. Hepatology 51: 1961-1971. doi
10.1002/hep.23535

65. O'Sullivan TA, Oddy WH, Bremner AP, Sherriff JL, Ayonrinde OT, Olynyk
JK, Beilin LJ, Mori TA, Adams LA (2014). Lower fructose intake may help
protect against development of nonalcoholic fatty liver in adolescents with
obesity. J Pediatr  Gastroenterol Nutr 58 624-631. doi
10.1097/MPG.0000000000000267

66. Kanerva N, Sandboge S, Kaartinen NE, Mannisto S, Eriksson JG (2014).
Higher fructose intake is inversely associated with risk of nonalcoholic fatty
liver disease in older Finnish adults. Am J Clin Nutr 100: 1133-1138. doi:
10.3945/ajcn.114.086074

67. Liu W, Zhai D, Zhang T, Mudoti NG, Chang Q, Liu Y, Zhao Y, Ding Y, Xia Y
(2023). Meta-analysis of the association between major foods with added
fructose and non-alcoholic fatty liver disease. Food Funct 14: 5551-5561.
doi: 10.1039/d3fo00882g

68. Buziau AM, Eussen S, Kooi ME, van der Kallen CJH, van Dongen M,
Schaper NC, Henry RMA, Schram MT, Dagnelie PC, van Greevenbroek MMJ,
et al (2022). Fructose Intake From Fruit Juice and Sugar-Sweetened Bever-
ages Is Associated With Higher Intrahepatic Lipid Content: The Maastricht
Study. Diabetes Care 45: 1116-1123. doi: 10.2337/dc21-2123

69. Lecoultre V, Egli L, Carrel G, Theytaz F, Kreis R, Schneiter P, Boss A,
Zwygart K, Le KA, Bortolotti M, et al (2013). Effects of fructose and glucose
overfeeding on hepatic insulin sensitivity and intrahepatic lipids in healthy
humans. Obesity 21: 782-785. doi: 10.1002/0by.2037

Cell Stress | Vol. 9



K. Burger et al. (2025)

70. Silbernagel G, Machann J, Unmuth S, Schick F, Stefan N, Haring HU,
Fritsche A (2011). Effects of 4-week very-high-fructose/glucose diets on
insulin sensitivity, visceral fat and intrahepatic lipids: an exploratory trial. Br J
Nutr 106: 79-86. doi: 10.1017/S000711451000574X

71. Smajis S, Gajdosik M, Pfleger L, Traussnigg S, Kienbacher C, Halilbasic E,
Ranzenberger-Haider T, Stangl A, Beiglbock H, Wolf P, et al (2020). Metabol-
ic effects of a prolonged, very-high-dose dietary fructose challenge in
healthy subjects. Am J Clin Nutr 111: 369-377. doi: 10.1093/ajcn/nqz271

72. Taskinen MR, Soderlund S, Bogl LH, Hakkarainen A, Matikainen N, Pie-
tilainen KH, Rasanen S, Lundbom N, Bjornson E, Eliasson B, et al (2017).
Adverse effects of fructose on cardiometabolic risk factors and hepatic lipid
metabolism in subjects with abdominal obesity. J Intern Med 282: 187-201.
doi: 10.1111/joim.12632

73. Stanhope KL, Schwarz JM, Keim NL, Griffen SC, Bremer AA, Graham JL,
Hatcher B, Cox CL, Dyachenko A, Zhang W, et al (2009). Consuming fruc-
tose-sweetened, not glucose-sweetened, beverages increases visceral
adiposity and lipids and decreases insulin sensitivity in overweight/obese
humans. J Clin Invest 119: 1322-1334. doi: 10.1172/JCI37385

74. Geidl-Flueck B, Hochuli M, Nemeth A, Eberl A Derron N, Kofeler HC,
Tappy L, Berneis K, Spinas GA, Gerber PA (2021). Fructose- and sucrose- but
not glucose-sweetened beverages promote hepatic de novo lipogenesis: A
randomized  controlled trial. J  Hepatol 75. 46-54. doi
10.1016/j.jhep.2021.02.027

75. Simons N, Veeraiah P, Simons P, Schaper NC, Kooi ME, Schrauwen-
Hinderling VB, Feskens EJM, van der Ploeg E, Van den Eynde MDG, Schalk-
wijk CG, et al (2021). Effects of fructose restriction on liver steatosis (FRUIT-
LESS); a double-blind randomized controlled trial. Am J Clin Nutr 113: 391-
400. doi: 10.1093/ajcn/ngaa332

76. Schwarz JM, Noworolski SM, Erkin-Cakmak A, Korn NJ, Wen MJ, Tai VW,
Jones GM, Palii SP, Velasco-Alin M, Pan K, et al (2017). Effects of Dietary
Fructose Restriction on Liver Fat, De Novo Lipogenesis, and Insulin Kinetics
in  Children With Obesity. Gastroenterology 153: 743-752. doi
10.1053/j.gastr0.2017.05.043

77. Stanhope KL (2016). Sugar consumption, metabolic disease and obesity:
The state of the controversy. Crit Rev Clin Lab Sci 53: 52-67. doi:
10.3109/10408363.2015.1084990

78. Benede-Ubieto R, Cubero FJ, Nevzorova YA (2024). Breaking the barri-
ers: the role of gut homeostasis in Metabolic-Associated Steatotic Liver
Disease (MASLD). Gut Microbes 16: 2331460. doi:
10.1080/19490976.2024.2331460

79. Baffy G, Portincasa P (2024). Gut Microbiota and Sinusoidal Vasoregula-
tion in MASLD: A Portal Perspective. Metabolites 14(6): 324. doi:
10.3390/metabo 14060324

80. Vancamelbeke M, Vermeire S (2017). The intestinal barrier: a fundamen-
tal role in health and disease. Expert Rev Gastroenterol Hepatol 11: 821-
834.doi: 10.1080/17474124.2017.1343143

81. Di Sabatino A, Santacroce G, Rossi CM, Broglio G, Lenti MV (2023). Role
of mucosal immunity and epithelial-vascular barrier in modulating gut ho-
meostasis. Intern Emerg Med 18: 1635-1646. doi: 10.1007/s11739-023-
03329-1

82. Borisova MA, Achasova KM, Morozova KN, Andreyeva EN, Litvinova EA,
Ogienko AA, Morozova MV, Berkaeva MB, Kiseleva E, Kozhevnikova EN
(2020). Mucin-2 knockout is a model of intercellular junction defects, mito-
chondrial damage and ATP depletion in the intestinal epithelium. Sci Rep 10:
21135.doi: 10.1038/s41598-020-78141-4

83.Umar S (2010). Intestinal stem cells. Curr Gastroenterol Rep 12: 340-348.
doi: 10.1007/s11894-010-0130-3

84. Tyszka M, Bilinski J, Basak GW (2021). Advances in Intestinal Barrier
Preservation and Restoration in the Allogeneic Hematopoietic Cell Trans-
plantation Setting. J Clin Med 10(11): 2508. doi: 10.3390/jcm10112508

85. Sankaran-Walters S, Hart R, Dills C (2017). Guardians of the Gut: Enteric
Defensins. Front Microbiol 8: 647. doi: 10.3389/fmicb.2017.00647

86. Groschwitz KR, Hogan SP (2009). Intestinal barrier function: molecular
regulation and disease pathogenesis. J Allergy Clin Immunol 124: 3-20. doi:
10.1016/}.jaci.2009.05.038

87. Odenwald MA, Turner JR (2017). The intestinal epithelial barrier: a thera-
peutic target? Nat Rev Gastroenterol Hepatol 14: 9-21. doi
10.1038/nrgastro.2016.169

OPEN ACCESS | www.cell-stress.com 63

Fructose and MASLD pathogenesis

88. Shen L, Weber CR, Raleigh DR, Yu D, Turer JR (2011). Tight junction
pore and leak pathways: a dynamic duo. Annu Rev Physiol 73: 283-309. doi:
10.1146/annurev-physiol-012110-142150

89. Van ltallie CM, Fanning AS, Bridges A, Anderson JM (2009). ZO-1 stabi-
lizes the tight junction solute barrier through coupling to the perijunctional
cytoskeleton. Mol Biol Cell 20: 3930-3940. doi: 10.1091/mbc.e09-04-0320

90. Shen L, Black ED, Witkowski ED, Lencer WI, Guerriero V, Schneeberger
EE, Turner JR (2006). Myosin light chain phosphorylation regulates barrier
function by remodeling tight junction structure. J Cell Sci 119: 2095-2106.
doi: 10.1242/jcs.02915

91. Untersmayr E, Brandt A, Koidl L, Bergheim | (2022). The Intestinal Barrier
Dysfunction as Driving Factor of Inflammaging. Nutrients 14(5): 949. doi:
10.3390/nu 14050949

92. Bergheim |, Moreno-Navarrete JM (2024). The relevance of intestinal
barrier dysfunction, antimicrobial proteins and bacterial endotoxin in meta-
bolic dysfunction-associated steatotic liver disease. Eur J Clin Invest 54
€14224.doi: 10.1111/eci. 14224

93. Park JW, Kim SE, Lee NY, Kim JH, Jung JH, Jang MK, Park SH, Lee MS,
Kim DJ, Kim HS, Suk KT (2021). Role of Microbiota-Derived Metabolites in
Alcoholic and Non-Alcoholic Fatty Liver Diseases. Int J Mol Sci 23(1): 426.
doi: 10.3390/ijms23010426

94. Lambertz J, Weiskirchen S, Landert S, Weiskirchen R (2017). Fructose: A
Dietary Sugar in Crosstalk with Microbiota Contributing to the Development
and Progression of Non-Alcoholic Liver Disease. Front Immunol 8: 1159. doi:
10.3389/fimmu.2017.01159

95. Vasques-Monteiro IML, Silva-Veiga FM, Miranda CS, de Andrade Gon-
calves ECB, Daleprane JB, Souza-Mello V (2021). A rise in Proteobacteria is
an indicator of gut-liver axis-mediated nonalcoholic fatty liver disease in high-
fructose-fed adult mice. Nutr Res 91: 26-35. doi:
10.1016/j.nutres.2021.04.008

96. Volynets V, Louis S, Pretz D, Lang L, Ostaff MJ, Wehkamp J, Bischoff SC
(2017). Intestinal Barrier Function and the Gut Microbiome Are Differentially
Affected in Mice Fed a Western-Style Diet or Drinking Water Supplemented
with Fructose. J Nutr 147: 770-780. doi: 10.3945/jn.116.242859

97. Schmitt CC, Aranias T, Viel T, Chateau D, Le Gall M, Waligora-Dupriet AJ,
Melchior C, Rouxel O, Kapel N, Gourcerol G, et al (2017). Intestinal invalida-
tion of the glucose transporter GLUT2 delays tissue distribution of glucose
and reveals an unexpected role in gut homeostasis. Mol Metab 6: 61-72. doi:
10.1016/j.molmet.2016.10.008

98. Zubiria MG, Gambaro SE, Rey MA, Carasi P, Serradell MLA, Giovambat-
tista A (2017). Deleterious Metabolic Effects of High Fructose Intake: The
Preventive Effect of Lactobacillus kefiri Administration. Nutrients 9(5): 470.
doi: 10.3390/nu9050470

99. Di Luccia B, Crescenzo R, Mazzoli A, Cigliano L, Venditti P, Walser JC,
Widmer A, Baccigalupi L, Ricca E, lossa S (2015). Rescue of Fructose-
Induced Metabolic Syndrome by Antibiotics or Faecal Transplantation in a
Rat Model of Obesity. PLOS One 10: e0134893. doi
10.1371/journal.pone.0134893

100. Jegatheesan P, Beutheu S, Ventura G, Sarfati G, Nubret E, Kapel N,
Waligora-Dupriet AJ, Bergheim |, Cynober L, De-Bandt JP (2016). Effect of
specific amino acids on hepatic lipid metabolism in fructose-induced non-
alcoholic  fatty liver disease. Clin  Nutr 35. 175-182. doi:
10.1016/j.clnu.2015.01.021

101. Zhang Y, Wang L, Zhang J, Li Y, He Q, Li H, Guo X, Guo J, Zhang H
(2014). Probiotic Lactobacillus casei Zhang ameliorates high-fructose-
induced impaired glucose tolerance in hyperinsulinemia rats. Eur J Nutr 53:
221-232.doi: 10.1007/s00394-013-0519-5

102. ZhaoY, Liu S, Tang Y, You T, Xu H (2021). Lactobacillus rhamnosus GG
Ameliorated Long-Term Exposure to TiO(2) Nanoparticles Induced Microbi-
ota-Mediated Liver and Colon Inflammation and Fructose-Caused Metabolic
Abnormality in Metabolism Syndrome Mice. J Agric Food Chem 69: 9788-
9799. doi: 10.1021/acs.jafc.1c03301

103. Guo P, Wang H, Ji L, Song P, Ma X (2021). Impacts of Fructose on Intes-
tinal Barrier Function, Inflammation and Microbiota in a Piglet Model. Nutri-
ents 13(10): 3515. doi: 10.3390/nu13103515

104. Beisner J, Gonzalez-Granda A, Basrai M, Damms-Machado A, Bischoff
SC (2020). Fructose-Induced Intestinal Microbiota Shift Following Two
Types of Short-Term High-Fructose Dietary Phases. Nutrients 12(11): 3444.
doi: 10.3390/nu12113444

Cell Stress | Vol. 9



K. Burger et al. (2025)

105. Aleman JO, Henderson WA, Walker JM, Ronning A, Jones DR, Walter
PJ, Daniel SG, Bittinger K, Vaughan R MacArthur R, et al (2021). Excess
dietary fructose does not alter gut microbiota or permeability in humans: A
pilot randomized controlled study. J Clin Transl Sci 5. €143. doi
10.1017/cts.2021.801

106. Rausch P, Basic M, Batra A, Bischoff SC, Blaut M, Clavel T, Glasner J,
Gopalakrishnan S, Grassl GA, Gunther C, et al (2016). Analysis of factors
contributing to variation in the C57BL/6J fecal microbiota across German
animal facilites. Int J Med Microbiol 306 343-355. doi
10.1016/1jmm.2016.03.004

107. Taylor SR, Ramsamooj S, Liang RJ, Katti A, Pozovskiy R, Vasan N, Hwang
SK, Nahiyaan N, Francoeur NJ, Schatoff EM, et al (2021). Dietary fructose
improves intestinal cell survival and nutrient absorption. Nature 597: 263-
267.doi: 10.1038/s41586-021-03827-2

108. Cho YE, Kim DK, Seo W, Gao B, Yoo SH, Song BJ (2021). Fructose Pro-
motes Leaky Gut Endotoxemia, and Liver Fibrosis Through Ethanol-
Inducible Cytochrome P450-2E1-Mediated Oxidative and Nitrative Stress.
Hepatology 73: 2180-2195. doi: 10.1002/hep.30652

109. Su W, Ding X (2015). Methods of Endotoxin Detection. J Lab Autom 20:
354-364.doi: 10.1177/2211068215572136

110. Schneier M, Razdan S, Miller AM, Briceno ME, Barua S (2020). Current
technologies to endotoxin detection and removal for biopharmaceutical
purification. Biotechnol Bioeng 117: 2588-2609. doi: 10.1002/bit.27362

111. Jaeger JW, Brandt A, Gui W, Yergaliyev T, Hernandez-Arriaga A, Muthu
MM, Edlund K, Elashy A, Molinaro A, Mockel D, et al (2024). Microbiota mod-
ulation by dietary oat beta-glucan prevents steatotic liver disease progres-
sion. JHEP Rep 6: 100987. doi: 10.1016/j.jhepr.2023.100987

112. Brandt A, Csarmann K, Hernandez-Arriaga A, Baumann A, Staltner R,
Halilbasic E, Trauner M, Camarinha-Silva A, Bergheim | (2024). Antibiotics
attenuate diet-induced nonalcoholic fatty liver disease without altering
intestinal barrier dysfunction. J Nutr Biochem 123 109495. doi
10.1016/j.jnutbio.2023.109495

113. Baumann A, Rajcic D, Brandt A, Sanchez V, Jung F, Staltner R, Nier A,
Trauner M, Staufer K, Bergheim | (2022). Alterations of nitric oxide homeosta-
sis as trigger of intestinal barrier dysfunction in non-alcoholic fatty liver dis-
ease. J Cell Mol Med 26: 1206-1218. doi: 10.1111/jcmm.17175

OPEN ACCESS | www.cell-stress.com 64

Fructose and MASLD pathogenesis

114. Forstermann U, Sessa WC (2012). Nitric oxide synthases: regulation and
function. Eur Heart J 33: 829-837. doi: 10.1093/eurheartj/ehr304

115. Mu K, Yu S, Kitts DD (2019). The Role of Nitric Oxide in Regulating Intes-
tinal Redox Status and Intestinal Epithelial Cell Functionality. Int J Mol Sci
20(7): 1755. doi: 10.3390/ijms20071755

116. Spruss A, Kanuri G, Uebel K, Bischoff SC, Bergheim | (2011). Role of the
inducible nitric oxide synthase in the onset of fructose-induced steatosis in
mice. Antioxid Redox Signal 14: 2121-2135. doi: 10.1089/ars.2010.3263

117. Rajcic D, Baumann A, Hemandez-Arriaga A, Brandt A, Nier A, Jin CJ,
Sanchez V, Jung F, Camarinha-Silva A, Bergheim | (2021). Citrulline supple-
mentation attenuates the development of non-alcoholic steatohepatitis in
female mice through mechanisms involving intestinal arginase. Redox Biol
41:101879. doi: 10.1016/j.redox.2021.101879

118. Akar F, Sumlu E, Alcigir ME, Bostanci A, Sadi G (2021). Potential mecha-
nistic pathways underlying intestinal and hepatic effects of kefir in high-
fructose-fed rats. Food Res Int 143: 110287. doi:
10.1016/j.foodres.2021.110287

119. Kim JY, Garcia-Carbonell R, Yamachika S, Zhao P, Dhar D, Loomba R,
Kaufman RJ, Saltiel AR, Karin M (2018). ER Stress Drives Lipogenesis and
Steatohepatitis via Caspase-2 Activation of S1P. Cell 175: 133-145 e115. doi:
10.1016/j.cell.2018.08.020

120. Todoric J, Di Caro G, Reibe S, Henstridge DC, Green CR, Vrbanac A,
Ceteci F, Conche C, McNulty R, Shalapour S, et al (2020). Fructose stimulat-
ed de novo lipogenesis is promoted by inflammation. Nat Metab 2: 1034-
1045. doi: 10.1038/s42255-020-0261-2

121. Staltner R, Sanchez V, Bergheim I, Baumann A (2023). Acute Intake of
Sucrose but Not of the Intense Sweetener Sucralose Is Associated with Post-
Prandial Endotoxemia in Healthy Young Adults-A Randomized Controlled
Trial. Nutrients 15(18): 4038. doi: 10.3390/nu15184038

122. Jin R, Willment A, Patel SS, Sun X, Song M, Mannery YO, Kosters A,
McClain CJ, Vos MB (2014). Fructose induced endotoxemia in pediatric
nonalcoholic Fatty liver disease. Int J Hepatol 2014: 560620. doi:
10.1155/2014/560620

123. Staltner R, Valder S, Wodak MF, Kopsel M, Herdegen V, Esatbeyoglu T,
Kostov T, Diel P, Bergheim | (2024). Sugar-sweetened beverage but not
diluted cloudy apple juice consumption induces post-prandial endotoxemia
in healthy adults. NPJ Sci Food 8: 38. doi: 10.1038/541538-024-00283-w

Cell Stress | Vol. 9



