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Uric acid and transforming growth factor in fructose-induced
production of reactive oxygen species in skeletal muscle

Hlengiwe P. Madlala, Gerald J. Maarman, and Edward Ojuka

The consumption of fructose, a major constituent of the modern diet, has raised
increasing concern about the effects of fructose on health. Research suggests that
excessive intake of fructose (>50g/d) causes hyperuricemia, insulin resistance,
mitochondrial dysfunction, de novo lipogenesis by the liver, and increased produc-
tion of reactive oxygen species (ROS) in muscle. In a number of tissues, uric acid
has been shown to stimulate the production of ROS via activation of transforming
growth factor B1 and NADPH (nicotinamide adenine dinucleotide phosphate) oxi-
dase 4. The role of uric acid in fructose-induced production of ROS in skeletal
muscle, however, has not been investigated. This review examines the evidence for
fructose-induced production of ROS in skeletal muscle, highlights proposed mech-
anisms, and identifies gaps in current knowledge.

INTRODUCTION

In recent decades there has been an increase in the con-
sumption of fructose, primarily from diets containing su-
crose (50% fructose and 50% glucose) and high-fructose
corn syrup, which has a higher fructose content (typically
55% fructose).”” To date, high-fructose corn syrup repre-
sents approximately 40% of all the added sweeteners
used by manufacturers of soft drinks and fruit juices,
probably because of its relatively low cost.’”> High-
fructose corn syrup is also found in various processed
foods, including canned soups, cereals, desserts, flavored
dairy products (yogurt), and candies.”” Studies indicate
that consumption of soft drinks and fruit juices world-
wide has risen fivefold since 1950. Data from the
National Health and Nutrition Examination Survey ob-
tained between 2005 and 2010 showed that approxi-
mately 13% of total caloric intake by adults comes from
added sugars.® At least one-third of the calories from
added sugars are from beverages, both in adults (33%)
and in children and adolescents (40%).” Increased fruc-
tose consumption has been observed in developing

countries as well: a survey conducted in South Africa re-
vealed that the most commonly consumed added sugar
in the diet came from table sugar, squash concentrates
(fruit-flavored syrups), jams, cookies, carbonated soft
drinks, sweets, and breakfast cereals,'” all of which con-
tain fructose. According to some authors, one of the fac-
tors contributing to increased fructose consumption in
developing countries has been the increase in absolute
income levels due to urban in-migration over the past 3
decades, which has enabled more people to access and af-
ford foods high in fructose.' "'

Rippe and Angelopoulos' recently suggested that
disease and the consumption of fructose-containing
sugars at levels within the normal range of human con-
sumption are not uniquely related. However, risk fac-
tors for disease may develop if fructose consumption
exceeds 20% of energy per day, particularly in hyper-
caloric settings. Recent systematic reviews and meta-
analyses have shown that low doses of fructose, less
than 36 g/d, benefits glycemic control without worsen-
ing cardiometabolic risk,'*"?
even have beneficial effects on blood pressure.'

and at this amount it may
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Therefore, it is important to note that the negative ef-
fects of fructose described in this review pertain to the
consumption of fructose at above-physiological levels
and at high concentrations seen in industrially pro-
cessed foods. Consumption of other foods containing
naturally occurring fructose, such as fruits and vege-
tables, has been shown to have beneficial health effects
in humans.'”'® Several studies have reported that diets
rich in fruits and vegetables increase antioxidant cap-
acity and protect against oxidative stress, while diets
containing excess fructose from processed foods have
been shown to have adverse effects.'**

In experimental animals, high dietary fructose in-
take causes increased generation of reactive oxygen spe-
cies (ROS) in the mitochondria in a variety of tissues,
including the liver, kidney, small intestine, and skeletal
muscle.>! % In animal and in vitro studies, excess intra-
cellular ROS cause DNA damage and activate the apop-
tosis pathways, which results in organ damage.”’
Evidence from animal and clinical studies further sug-
gests that overproduction of ROS is associated with
mitochondrial dysfunction, which is an early feature of
type II diabetes, obesity, cardiovascular disease, and
kidney disorders.>***® This review summarizes pub-
lished research on the effects of fructose on ROS pro-
duction and mitochondrial dysfunction in various
tissues of the body, with emphasis on skeletal muscle,
the tissue that contributes the most to insulin resistance
and type II diabetes.”” Furthermore, the review identi-
fies gaps in current knowledge and attempts to shed
light on the mechanisms of fructose-induced ROS pro-
duction in skeletal muscle.

METABOLISM OF FRUCTOSE IN SKELETAL MUSCLE

There is a paucity of basic scientific data that explicitly
show the metabolism of fructose in skeletal muscle and
whether it is similar to the metabolism of fructose in
the liver. What is known is that fructose is taken up
into skeletal muscle cells through glucose transporter
5°% and, upon uptake into skeletal muscle cells, causes
mitochondrial dysfunction, apoptosis, oxidative stress,
and accumulation of acylcarnitine species.’”***!
Zierath et al.** investigated whether fructose can be
used directly by skeletal muscle as a metabolic substrate.
They exposed human skeletal muscle cells to various
concentrations of fructose (0.1-1.0 mM) for 2 hours
and measured oxidation of fructose, incorporation of
fructose into glycogen, and lactate formation from fruc-
tose. The results indicated that fructose can be
transported into human skeletal muscle via a carrier-
mediated system and contributes 10% to 30% of synthe-
sized glycogen and a greater percentage (79%) of lactate.
Others have shown that fructose also increased ROS
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production, lipid accumulation, and mitochondrial dys-
function in skeletal muscle.*>** Therefore, although the
exact enzymatic metabolism of fructose in skeletal
muscle has not been fully investigated, its endpoints re-
semble those in the liver.

Comparison of the metabolic effects of fructose
and glucose

The metabolic effects of fructose have been compared
to that of glucose in a number of studies. Stanhope and
Havel®® conducted a clinical study in which obese par-
ticipants consumed 25% of their daily energy require-
ments in the form of glucose- or fructose-sweetened
beverages along with their usual diet for 10 weeks. At
the end of the study, the group that consumed fructose
had an 8.6% increase in abdominal fat, whereas the
group that consumed glucose showed only a 4.8% in-
crease. After 10 weeks, postprandial levels of triglycer-
ides and de novo lipogenesis were, respectively, 78.6%
and 75.4% higher in the fructose group but only 15.2%
and 27.3% higher in the glucose group. Apolipoprotein
B concentrations and small, dense low-density lipopro-
tein concentrations were also increased in participants
consuming fructose, but not in those consuming glu-
cose. Collectively, these results indicate that consump-
tion of fructose, as opposed to glucose, promotes the
development of an atherogenic lipid profile. In line with
this, other human studies showed that fructose is a
more potent stimulus than glucose in inducing early
features of the metabolic syndrome. For example, in
obese male and female participants who consumed
fructose-sweetened beverages (providing 25% of energy
requirements) for 10 weeks, 24-hour profiles of plasma
uric acid and gamma-glutamyl transferase showed ele-
vated levels, which are characteristic early signs of the
metabolic syndrome.** These features were absent in
the control group, who consumed glucose-sweetened
beverages instead. Likewise, levels of retinol-binding
protein 4, an adipokine linked to increased visceral adi-
posity and hepatic insulin resistance, were also elevated
in the fructose group, but not in the glucose group.*

A randomized crossover study performed in
healthy human subjects investigated the cardiovascular
effects of consuming 500-mL drinks containing 60 g of
either fructose or glucose.*® Heart rate, arterial blood
pressure, and cardiac output were measured 30 minutes
before and 2 hours after each drink was consumed.
Both drinks increased heart rate and cardiac output, but
fructose, and not glucose, significantly increased blood
pressure. The divergent blood pressure response by
fructose and glucose was explained by the observation
that glucose, but not fructose, decreased peripheral re-
sistance, which protected against blood pressure
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increase. Thus, comparing the metabolic effects of fruc-
tose and glucose, it is clear that fructose is of greater
pathologic nature and is therefore the subject of more
intense scientific investigation. Animal models of
fructose-fed rats and experiments with rat skeletal
muscle cells have been employed in attempts to tease
out the adverse effects of fructose in the body and the
potential effects of fructose on skeletal muscle. As fruc-
tose is a metabolic molecule, its adverse effects on skel-
etal muscle have long been thought to be mediated via
the energy-producing mitochondria.

EVIDENCE OF FRUCTOSE-INDUCED PRODUCTION
OF MITOCHONDRIAL ROS IN SKELETAL MUSCLE

Mitochondria are known as the powerhouses of a cell
because they provide energy via the burning of
fuels such as fats and sugar-derived substrates.*”
Mitochondria have also been shown to be a major site
of ROS production in various tissues, including skeletal
muscle.”” Reactive oxygen species are formed when
electrons leak from the electron transfer system and re-
duce unbound oxygen within the mitochondria.*® In a
healthy cell, ROS are well regulated by the antioxidant
defense system, allowing them to function as signaling
molecules in essential cellular processes such as gene
transcription and protein synthesis.*”>° However, when
the ROS produced exceed the regulatory capabilities of
the antioxidant defense system, they destroy lipids,
DNA, and proteins and initiate apoptotic signals that
lead to cell death, as illustrated in Figure 1.°" High fruc-
tose consumption in both human and animal studies
has been reported to increase mitochondrial ROS pro-
duction in skeletal muscle.>”**°® In one study, human
participants consumed 3 g of fructose per kilogram of
body weight per day as a 20% fructose solution for
9 weeks.” Muscle protein homogenate analysis from

these participants showed that the fructose diet
increased levels of thiobarbituric acid-reactive sub-
stances (markers of oxidative stress) and protein car-
bonylation (marker of protein oxidation).”* The study
turther demonstrated that fructose reduced mitochon-
drial respiration and downregulated mitochondrial
genes, suggesting that fructose-induced ROS produc-
tion might play a crucial role in mitochondrial dysfunc-
tion in skeletal muscle.

Another study assessed the role of oxidative stress
in the development of mitochondrial abnormalities in
mice that were fed a high-fructose/high-sucrose diet
(HFHSD).>® After 16 weeks of feeding, levels of hydro-
gen peroxide and protein carbonylation in muscle were
higher in HFHSD-fed mice than in the control mice. In
addition, the ratio of mitochondrial DNA to nuclear
DNA in skeletal muscle was significantly lower in the
HFHSD-fed mice. Messenger RNA levels of cytochrome
¢ oxidase and peroxisome proliferator-activated
receptor-y coactivator lo were also significantly lower
in the skeletal muscle of the HFHSD-fed mice. Overall,
these results suggest that a HFHSD diet increases ROS
production within the mitochondria of skeletal muscle
and causes simultaneous mitochondrial alterations. A
recent in vitro study by Jaiswal et al.’” investigated the
effects of 15mM fructose on L6 skeletal muscle tubes
(24-hour fructose exposure) and found increased mito-
chondrial ROS and reduced antioxidant enzymes.
There were also significant declines in mitochondrial
DNA content, adenosine triphosphate (ATP) synthesis,
mitochondrial membrane potential, and activities of
mitochondrial respiratory complexes. Results from all
these studies indicate that fructose leads to excessive
ROS production in the skeletal muscle and has deleteri-
ous effects on skeletal muscle mitochondria. The mech-
anisms underlying these adverse effects of fructose in
skeletal muscle have not been fully investigated.

Lipid peroxidation

Defective
respiratory

Protein oxidation

Reduced cell viability

DNA damage

Membrane
degradation

Cell content leakage

f
Apoptosis - Cell/tissue death

Figure 1 Effects of reactive oxygen species (ROS) accumulation on cellular functions. ROS induce DNA damage, protein oxidation, and
lipid peroxidation, which cause mitochondrial dysfunction via impaired mitochondrial respiration and reduced ATP production.
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However, since fructose has potent lipogenic effects in
the liver, the role of excess lipids in ROS production in
muscle has been extensively investigated.

Role of fructose-induced lipogenesis in production
of ROS in skeletal muscle

Upon ingestion, fructose is transported by glucose
transporter 5 in the epithelial cells lining the jejunum
and is released into the portal circulation, where 50% to
75% is taken up and metabolized by hepatocytes and
the remainder is taken up into other organs such as the
kidney, testis, adipocytes, and skeletal muscle.”®”” As
reviewed extensively elsewhere,”® ®’ fructose consump-
tion increases de novo lipogenesis in hepatocytes. In
one study, rats given 10% fructose in drinking water for
10 weeks were found to have increased liver triglycer-
ides and cholesterol levels.”> The study established that
fructose-induced hepatic de novo lipogenesis was medi-
ated by increased activities of hepatic fatty acid syn-
thase, ATP citrate lyase, and acetyl coenzyme A
carboxylase and by reduced levels of the fat oxidation
enzyme, enoyl-coenzyme A hydratase 1. De novo lipo-
genesis in the liver is accompanied by an increased re-
lease of lipids into the general circulation. Faeh et al.!
reported that consumption of a high-fructose diet by
humans for 6 days increased plasma triglyceride con-
centrations by 79%, which caused increased uptake by
adipocytes and ectopic tissues such as skeletal muscle.
Accumulating data indicate that excessive intramyo-
cellular lipids increase the production of ROS and react-
ive nitrogen species.”> ** Furthermore, lipid infusion or
administration of a high-fat diet to healthy humans and
rodents causes mitochondrial dysfunction and reduces
ATP synthesis, oxygen consumption, and oxidative phos-
phorylation.®®  These findings were validated by
in vitro studies in which treatment of cultured skeletal
muscle cells with palmitic acid increased ROS produc-
tion, impaired fatty acid oxidation, and decreased expres-
sion of peroxisome proliferator-activated receptor-y
coactivator 10.°”" Other studies have shown that satu-
rated fatty acids directly induce mitochondrial dysfunc-
tion in C2CI2 skeletal muscle cells, as evidenced by
reduced ATP synthesis and mitochondrial polarization.”?
In concert, these studies show that fructose-induced ROS
production in skeletal muscle may be caused by the toxic
lipogenic effects of fructose. Lambertucci et al.** demon-
strated, using primary skeletal muscle cultures, that fatty
acids such as palmitate induce superoxide production, in
part, via activation of NADPH (nicotinamide adenine di-
nucleotide phosphate) oxidase (NOX). NOX is a multisu-
bunit enzyme that catalyzes the reduction of molecular
oxygen to produce superoxide using NADH (nicotina-
mide adenine dinucleotide) or NADPH as the electron
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donor.”® Results from the above studies indicate that
fructose-induced lipogenesis not only has toxic effects
but also alters events at the molecular level in skeletal
muscle.

URIC ACID AND TRANSFORMING GROWTH FACTOR-f31
IN FRUCTOSE-INDUCED PRODUCTION OF ROS

In vitro studies conducted in hepatocytes and other
types of cells suggest that, besides increasing ROS pro-
duction through its lipogenic effects, fructose can also
increase ROS production via other mechanisms.”*”® As
mentioned earlier, ingested fructose is taken up primar-
ily by hepatocytes and is rapidly phosphorylated to
form fructose-1-phosphate by ketohexokinase.”” The
ketohexokinase reaction uses ATP rapidly and lowers
ATP and phosphate levels inside hepatocytes.>”® The
decrease in intracellular phosphate activates adenosine
monophosphate (AMP) deaminase, which stimulates
flux through the purine degradation pathway to in-
crease uric acid production (Figure 2).””* Both human
and animal studies have shown that serum uric acid lev-
els increase rapidly after ingestion of fructose.”®' Jia
et al.”” found that serum uric acid levels and oxidative
stress increased in mice fed a high-fat, high-fructose
diet for 16 weeks. An in vitro study in which adipocytes
were treated with varying concentrations of uric acid
for 30 minutes demonstrated dose-dependent increases
in ROS production that occurred via Nox4 activation.”®

Lanaspa et al.*’ treated hepatocytes with fructose
and observed a dose-dependent increase in uric acid
production. Further experiments showed that uric acid
also induced mitochondrial ROS production in a dose-
dependent manner. To elucidate whether uric acid-
induced ROS production occurred via Nox4, they
silenced the Nox4 gene using interfering RNA and
observed diminished ROS production. Similar findings
were reported in another study conducted in human
aortic cells that were exposed to uric acid for 48 hours.*
Uric acid caused a 200% increase in the level of intracel-
lular ROS, but this increase was inhibited by apocynin
(a Nox4 inhibitor). The same study also reported a 43%
reduction in intracellular ATP concentration and a 50%
reduction in mitochondrial DNA. Collectively, these
studies indicate that fructose exposure or ingestion in-
creases uric acid, which in turn activates NOX4 to in-
crease ROS production.

Recent studies in humans, animals, and various cell
lines have also reported a link between uric acid levels
and transforming growth factor (TGF)-f1, a multifunc-
tional cytokine that regulates cell proliferation and dif-
ferentiation.* " Talaat and El-Sheikh® conducted a
2-year cross-sectional study in patients with chronic
kidney disease and demonstrated that hyperuricemia
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Figure 2 Fructose-induced activation of the purine pathway. Fructose is rapidly phosphorylated in the hepatocyte by ketohexokinase
(KHK) to fructose-1-phosphate, which uses adenosine triphosphate (ATP) as a phosphate donor. Intracellular phosphate (PO,) levels decrease,
stimulating the activity of adenosine monophosphate (AMP) deaminase 2 (AMPD2). AMPD2 converts AMP to inosine monophosphate (IMP).
IMP is metabolized to inosine by 5’ nucleotidase (5" NT), which is further degraded to xanthine by purine nucleoside phosphorylase (PNP).
Xanthine is converted to hypoxanthine by xanthine oxidase (XO), ultimately generating uric acid. This pathway may be inhibited by the XO in-
hibitor, allopurinol.
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Figure 3 Proposed pathway of fructose-induced ROS production in skeletal muscle. NADPH oxidase-4 (Nox4)-induced oxidative stress in
response to fructose-induced production of uric acid, which upregulates transforming growth factor (TGF)-f1. TGF-$1 induces Nox4 activation
and Nox4-dependent mitochondrial ROS generation. Inhibition of uric acid production by allopurinol, together with inhibition of TGF-f1 sig-
naling TGF-p1-specific receptor inhibitor and Nox4 with small interfering RNA (siRNA), abrogates induction of Nox4 and subsequent ROS
production.

increases TGF-f1 excretion. Likewise, kidney epithelial
cells isolated from diabetic rats were shown to have
increased levels of TGF-f1, which depended on
mitogen-activated protein kinase signaling when cul-
tured in 5 mM uric acid.*” Rat glomerular mesangial
cells exposed to uric acid (0.05-0.4 mmol/L) for 24 to
48 hours had upregulated levels of TGF-$1 mRNA that
were dependant on both concentration and exposure
time. These studies demonstrated that uric acid in-
creases ROS production not only via activation of Nox4
but also by upregulating TGF-f1 (Figure 3).

Evidence indicating the existence of a signaling
pathway linking TGF-f1, Nox4, and ROS initiated by

Nutrition Reviews® Vol. 74(4):259-266

fructose exposure or ingestion is therefore accumulat-
ing. For example, treatment of a mouse osteoblastic cell
line*® and kidney fibroblasts® with TGEF-$1 (5ng/mL)
caused time-dependent increases in ROS production. In
addition, suppression of the Nox4 gene with small inter-
fering RNA prevented ROS production by TGF-$1%;
suggesting that, like uric acid, TGF-f1 also stimulates
ROS production via Nox4 activation. Further evidence
of this pathway was verified when primary cultures of
rat and human hepatocytes exposed to TGF-f1 dis-
played increased levels of Nox4, ROS, caspase activa-
tion, apoptosis, and cell death, all of which were
attenuated by targeted knockdown of a Nox4 gene.”*
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Similar findings have been reported in lung mesenchy-
mal cells and differentiated myofibroblasts.*> As with
uric acid, TGF-f1-induced ROS production is also
associated with mitochondrial dysfunction in podo-
cytes.”” It seems reasonable to hypothesize, on the basis
of these experiments, that fructose may cause increased
ROS production in skeletal muscle by a cascade of
events involving increased uric acid levels, TGF-f1
upregulation, and Nox4 activation.

There is sufficient evidence that fructose-induced
uric acid release from hepatocytes contributes to oxida-
tive stress in extrahepatic tissues.”>”" Uric acid is taken
up by adipocytes through an organic anion transporter,
after which oxidative stress is induced via activation of
NOX. This generates oxidization of lipids and produc-
tion of inflammatory mediators such as monocyte
chemoattractant protein 1.°*°" Animal and in vitro
studies have shown that uric acid also affects vascular
tissue by reducing endothelial nitric oxide, impairing
endothelial function, and generating oxidants.*>”>”> As
indicated above, most studies of the effects of fructose
on uric acid, Nox4, and ROS have been conducted in
hepatocytes, whereas the effects of uric acid and TGEF-
f1 on Nox4 and ROS have been conducted in a variety
of cell types, including lung mesenchymal cells, mouse
osteoblastic cells, podocytes, and kidney cells. It appears
that no study has rigorously investigated these signaling
pathways in skeletal muscle. Future studies could there-
fore investigate the existence of such a pathway upon
fructose exposure in an intact system or a single cell

type.

OTHER POSSIBLE MECHANISMS OF ROS GENERATION
IN SKELETAL MUSCLE CELLS

Reactive oxygen species are generated in the mitochon-
dria not only by the electron transport system and
Nox4 but also by other enzymes such as xanthine oxi-
doreductase/oxidase, nitric oxide synthase, lipoxyge-
nases, glucose oxidase, myeloperoxidase, and
cyclooxygenases.” Many in vitro and animal studies
have shown that fructose increases ROS production via
activation of xanthine oxidase, since inhibition of this
enzyme by allopurinol attenuates the ROS-producing
effects of fructose.*>**>>>¢*7>7%9 Xanthine oxidase not
only produces ROS via uric acid but also catalyzes the
reduction of oxygen to superoxide’ and is present in
the cytosol of skeletal muscle cells.”” The substrate for
lipoxygenase is arachidonic acid, which is released upon
activation of phospholipase A,.”® Kelley et al.”” fed rats
a high-fructose diet for 14 days and observed that treat-
ment with a lipoxygenase inhibitor reversed oxidative
stress in the liver. They concluded that fructose in-
creases ROS production via activation of lipoxygenase.
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Because increased activities of phospholipase A, and
lipoxygenase have been shown to promote ROS produc-
tion in skeletal muscle mitochondria,”®'%%'%!
sonable to hypothesize that fructose may influence the
activities of these enzymes in skeletal muscle as well.
Furthermore, Shinozaki et al.'®® observed that
increased ROS levels in fructose-fed rats are associated
not only with increased NOX activity but also with ele-
vated levels of angiotensin II. The mechanism by which
fructose increases angiotensin II is still not known.
However, it is well established that angiotensin II, act-
ing through angiotensin II type 1 receptor, stimulates
NOX to generate ROS. Others have shown that angio-
tensin II administration increases ROS in skeletal
muscle, and blockade of the receptor with losartan at-

it is rea-

tenuates the effect in vitro.'”>'** The above observa-
tions raise suspicion that fructose may induce ROS
production in skeletal muscle via additional mechan-
isms that involve angiotensin, xanthine oxidoreductase/
oxidase, and lipoxygenase.

CONCLUSION

Excessive consumption of fructose increases ROS pro-
duction in skeletal muscle, leading to impaired cellular
function. The underlying mechanisms, however, are not
fully known. Studies conducted in liver cells have
shown that fructose-induced ROS production occurs
via uric acid production and Nox4 activation. In other
types of cells, uric acid has been shown to activate Nox4
via upregulation of TGF-f1. Since fructose increases the
production of uric acid, which circulates throughout
the body, its detrimental effects in skeletal muscle might
likewise be attributed to TGF-f1 and Nox4. Further in-
vestigations are recommended to test this hypothesis in
skeletal muscle.
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