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Abstract: The increased consumption of fructose in the average diet through sweeteners
such as high-fructose corn syrup (HFCS) and sucrose has resulted in negative outcomes in
society through producing a considerable economic and medical burden on our healthcare
system. Ingestion of fructose chronically has contributed to multiple health consequences,
such as insulin resistance, obesity, liver disorders, and diabetes. Fructose metabolism starts
with fructose phosphorylation by fructose kinase in the liver, and this process is not feedback
regulated. Therefore, ingestion of high fructose can deplete ATP, increase uric acid produc-
tion, and increase nucleotide turnover. This review focuses the discussion on the hepatic
manifestations of high fructose-implicated liver metabolic disorders such as insulin resis-
tance, obesity due to enhanced lipogenesis, non-alcoholic fatty liver disease (NAFLD), non-
alcoholic steatohepatitis (NASH), and type 2 diabetes. The detrimental effects of high
fructose on the liver, contributed potentially by microbiome and leptin, were also discussed.
The authors believe that, together with diet management, further studies focusing on dis-
rupting or blocking fructose metabolism in the liver may help with designing novel strategies
for prevention and treatment of fructose-induced chronic liver metabolic diseases.
Keywords: fructose, liver, metabolic syndrome, non-alcoholic fatty liver disease, non-
alcoholic steatohepatitis

Introduction

Morbidity and mortality associated with chronic metabolic syndrome have been on
the rise in the US for the last 30 years." It has been estimated that nearly 60% of the
adult population in the US is overweight, with prevalence of insulin-dependent type
2 diabetes standing currently at approximately 9.3%.' Moreover, the past 10 years
has witnessed increased death from liver dysfunction, cardiovascular disease, and
certain forms of cancer that are associated with obesity and type 2 diabetes.?
Therefore, the economic, psychological, and social burdens have been of major
concerns nowadays; and there has been increasing interest in studying the patholo-
gical mechanisms of chronic metabolic diseases, in the hopes to find effective
preventive and treatment strategies.

It is now generally thought that increased consumption of added sugar, in particular
fructose sweeteners,” © is one of the major underlying causes of chronic metabolic
diseases, including obesity, insulin resistance, non-alcoholic fatty liver disease
(NAFLD), diabetes, and cardiovascular diseases.” 2 In this review, we will focus on
the effects of high fructose on the liver, with special reference to metabolic disorders.
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Fructose in diet and healthcare

burden

Fructose is classified as a simple sugar and is found
naturally in the diet in the form of fruits or honey.
However, its consumption has increased drastically over
the last few centuries due to the average diet’s increased
intake of sweeteners that are highly made up of fructose,
including high-fructose corn syrup (HFCS) and sucrose.>’
These sweeteners are especially prevalent in many sugary
beverages such as soft drinks, as well as candies. Fructose
is dangerous because its sweetening effect is 2-times
higher than that of glucose, which can cause people to
crave more fructose-containing soft drinks. Chronic fruc-
tose ingestion, most notably in industrialized countries,
has contributed to increasing prevalence of obesity and
a myriad of chronic health conditions, including those

involved with metabolic syndrome,”'*"'*

that have pro-
duced a substantial economic and medical burden on our
healthcare system.'*'> In particular, the hepatic conse-
quences of metabolic syndrome have led to negative out-

. . : 16,1
comes and continue to be a subject matter of interest.*'®!”

Fructose consumption and chronic

metabolic liver disorders

It has been found that consumption of high fructose, along
with other sugars such as sucrose, increases the risk of
bothn  NAFLD and non-alcoholic steatohepatitis
(NASH)."®! In fact, a study that involved patients being
administered sugary beverages containing high fructose
for a duration of 6 months found that the patients had
shown increases of fat in the liver by the end of the
study.” Some studies’ findings also suggested that con-
sumption of less sugary beverages and overall fructose
intake may allow for less accumulation of fat in the liver.
A clear correlation between fructose intake and the pre-
valence of obesity and NAFLD has been found based on
epidemiological data.'” The complications that can arise
from NAFLD include chronic liver disease and cirrhosis,
with the severity of liver fibrosis being manifested as
a dose-dependent manner of fructose intake.'”

Fructose consumption, lipogenesis,
uric acid production, and insulin

resistance
Although it has been known that fructose can be converted
to both plasma and liver triglyceride (TG), this has been

found to not be the major factor contributing to fatty liver.
Instead, fat accumulation primarily occurs in the liver as
a result of fructose metabolism in the liver causing impaired
beta oxidation of fatty acids in the liver and enhanced de
novo lipogenesis.” Recent studies have found that increased
expression of fructokinase C (also referred to as ketohex-
okinase) plays a major role in this fat accumulation via
a decrease of ATP, uric acid generation, and nucleotide
turnover.” The metabolism of fructose is characterized by
use of ATP by fructokinase C to convert fructose to fruc-
tose-1-phosphate, which is then metabolized to dihydrox-
yacetone phosphate and D-glyceraldehyde by aldolase
B (Figure 1).° As the metabolism progresses through var-
ious other steps, the end result of this pathway is the pro-
duction of glycogen, glucose, and TG. However, the
ATP  that
C phosphorylates fructose results in activation of adenosine

decrease in occurs as fructokinase
monophosphate (AMP) deaminase, which results in trans-
formation of AMP to inosine monophosphate (IMP). This
results in nucleotide turnover and subsequent uric acid
generation.” The consequences of this fall in ATP and
elevation in uric acid include oxidative stress, inhibition
of protein synthesis, and mitochondrial dysfunction,
which can further lead to obesity, insulin resistance, and
fatty liver, eventually culminating in metabolic syndrome.
Furthermore, fructokinase may also cause hepatic insulin
resistance, which can contribute to metabolic syndrome and
further progression of NAFLD.'>?° It should be highlighted
that insulin resistance caused by high fructose ingestion is
likely due to the accumulation of serum uric acid, which can
increase oxidative stress and blunt insulin sensitivity.?'
Moreover, induction of insulin resistance and diabetes
may also be caused via hepatic/pancreatic endoplasmic
reticulum stress.?

Uric acid generation, in particular, has been found to
lead to hepatic lipogenesis via several potential path-
ways. Its activation of NADPH oxidase and oxidative
stress was shown to decrease the activity of the mito-
chondrial enzyme known as aconitase-2, which results
in citrate accumulation and activation of ATP citrate
lyase that leads to lipogenesis.” Another possible
mechanism is via uric acid’s impairment of fatty acid
oxidation through the inhibition of AMP-activated pro-
tein kinase (AMPK), which leads to enoyl CoA hydra-
tase inhibition and lipid build-up.” Depletion of ATP
stores in the liver is also a consequence of this process.
As a result, studies have shown that hyperuricemia is
associated with both NAFLD and NASH. Uric acid may
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Figure | Fructose metabolism via fructokinase. This pathway is uncontrolled and can deplete ATP and is involved in uric acid production (as highlighted in the figure).
Consequently, the fall in ATP and increase in uric acid can cause oxidative stress, inhibition of protein synthesis, and mitochondrial dysfunction, which can further induce
obesity, insulin resistance, and fatty liver that eventually manifest in global metabolic syndrome.

also enhance the effects of fructose via a positive feed-
back system which leads to stimulation of aldose reduc-
tase and subsequent fructose generation, as well as
increasing activity of fructokinase which leads to further
fructose metabolism.’

Controversies regarding fructose
consumption and serum uric acid

levels

It should be pointed out that there are some controver-
sial reports in the literature regarding the link between
high fructose intake and increased fasting serum uric
acid. For example, under isocaloric or energy-matched
conditions, there was no effect of high fructose on levels
of fasting serum uric acid.>® This observation, however,
has been thought to be due to the design of the experi-
ment, whereby the initial increase in uric acid content is
Indeed,

continued ingestion of high fructose over the long-term

transient and lasts only for a short duration.”?

would induce a chronic increase in fasting serum uric
acid.”* It should be born in mind that the most important
factor involved in metabolic syndrome is the total
amount of calories ingested every day rather than the
composition of the diet.

Effects of fructokinase C,
microbiome, and leptin on fructose

metabolism

Actions of fructokinase C in the small intestine are also
thought to induce the formation of fatty liver. Studies have
found that fructokinase C phosphorylation of fructose in the
gut interferes with the tight junctions and, thus, increases
permeability in the gut, which subsequently causes the
introduction of endotoxin into the portal vein that facilitates
production of fatty liver.’ This endotoxemia may also result
in inflammation, which also plays a role in NAFLD devel-
opment. Moreover, alteration of the normal gut microbiome
which is induced by fructose further contributes to NAFLD
progression.'>** This is probably due to dysregulation in
the conversion of primary bile acids to secondary bile acids
in the small intestine by fructose-altered microbiome, lead-
ing to decreased activation of several nuclear receptors that
are involved in energy regulation.”® Dysregulation of these
nuclear receptors, therefore, could cause NAFLD.» 1t
should be noted that fructose can also be endogenously
the
and both exogenous and endogenous fructose

produced in diabetic individuals via

26-29

polyol
pathway,

can coat proteins via post-translational modification

30,31

mechanisms that further accentuate metabolic stress in
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the liver.>*>** Additionally, in terms of an association with
metabolic stress, fructose and leptin are closely related.>*
For example, long-term fructose ingestion evokes leptin
resistance and stimulates leptin production by gastric
mucosa.>® Furthermore, leptin increases the activity of the
fructose transport GLUT-5, thereby increasing fructose
uptake.*®

Controversies regarding the
relationship between high fructose
and development of NAFLD

With respect to the relationship between high fructose and
the development of NAFLD, there has been a report of
large human cohort studies where consumption of high
fructose is inversely associated with NAFLD.?” This
observation is likely due to the fact that the source of
fructose, be it from fruits or from soft drinks, was not
separated in this study.’” This could also be true in other
human trials whereby high fructose consumption failed to
cause obesity or metabolic syndrome.***! These studies
indicate that there is a big difference between fructose
from natural fruits and fructose from soft drinks, as the
former contains a variety of chemical compounds includ-
ing minerals, vitamins, antioxidants, and polyphenols that
could block high fructose effects.?!

Summary

In summary, the actions and possible detrimental effects of
high fructose on the liver are concerning, especially with
the rise in consumption of sweeteners such as HFCS and
sucrose. Its contributions to NAFLD and NASH have been
supported by numerous studies, and can be explained by
multiple mechanisms. Among the potential causes found,
impaired beta oxidation of fatty acids in the liver and
enhanced de novo lipogenesis are thought to contribute
most towards this outcome. Fructokinase C has been espe-
cially noted to facilitate this fat accumulation in the liver
via uric acid generation, a decrease of ATP, and increased
nucleotide turnover. Still, there are contradictory findings
in some studies that suggest fructose consumed over
shorter durations or in lower doses may not express these
relationships. Additionally, it should be noted that there
are likely many other factors that contribute towards the
magnitude of the effects of fructose which should be taken
into consideration, such as physical inactivity and other
dietary components, as well as gestation and lactation
periods which lead to deep metabolic changes in mothers

and in their progeny via metabolic early programming. For
instance, it has been reported that severe hepatic damage
occurred in dams and in their offspring after a high fruc-
tose diet.*** Further research with larger clinical trials
that examine the effects of lowering HCFS and sugar
consumption as well as uric acid levels is warranted to
confirm the impact of fructose on health. Moreover, further
investigation to gain a better understanding of inhibiting or
disrupting fructose metabolism in the liver and its effects
on specific metabolic regulators may potentially lead to
innovative solutions towards chronic liver disorder preven-
tion and treatment that can change the landscape of
healthcare.
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