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public health crisis
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ABSTRACT

Fatty liver disease affects up to one out of every two
adults in the western world. Data from animal and
human studies implicate added sugars (eg, sucrose and
high-fructose corn syrup) in the development of fatty
liver disease and its consequences. Added fructose in
particular, as a component of added sugars, may pose
the greatest risk for fatty liver disease. Considering that
there is no requirement for added sugars in the diet,
dietary guidelines should recommend reducing the intake
of added sugars to just 5% of total calories in order to
decrease the prevalence of fatty liver disease and its
related consequences.

INTRODUCTION

Fatty liver disease is the presence of hepatic
steatosis (fat deposited in the liver). There
are two main types of fatty liver disease:
non-alcoholic fatty liver disease (NAFLD)
and alcoholic fatty liver disease. Alcoholic
fatty liver disease, with or without steatohep-
atitis (inflammation of the liver with concur-
rent liver fat accumulation), is associated
with excessive alcoholic consumption and is
typically macrovesicular. NAFLD is a cause
of hepatic fat accumulation in the absence
of heavy alcohol use. Non-alcoholic fatty
liver and non-alcoholic steatohepatitis are
the further subdivisions of NAFLD with the
absence of inflammation in the former and
its presence in the latter. Hepatic triglyceride
(TG) concentration (steatosis) exceeding
55mg/g liver (5.5%) is the earliest stage of
NAFLD.'

The current tenet suggests central obesity,
type 2 diabetes mellitus, dyslipidaemia,
male sex and metabolic syndrome are the
common major risk factors of NAFLD.?
However, recent evidence suggests a positive
association between added sugars (partic-
ularly added fructose) and NAFLD, meta-
bolic syndrome and weight gain.” * NAFLD
is seen worldwide and is the most common
liver disorder in Western industrialised
countries with a prevalence of 10%—-46% in

the USA,” where there is a high consump-
tion of simple sugars in addition to added
fats and oils.

Fructose is a monosaccharide thatis sweeter
than either glucose or sucrose and is found
naturally in fruits and some vegetables. In
humans, fructose is almost completely metab-
olised in the liver with under 1% directly
converted to plasma TGs, 29%-54% of fruc-
tose converted in the liver to glucose, about
25% of fructose is converted to lactate, and
15%-18% is converted to glycogen.’ Fructose
is poorly absorbed from the gastrointestinal
tract because there is a limited amount of
intestinal cells that have the glucose trans-
porter type-b (GLUT-5) transporter through
which fructose moves into the cell. However,
with increased consumption of fructose there
is an upregulation in GLUT5.” In other
words, the more fructose you eat the more
you absorb. Hepatic metabolism of fructose
stimulates lipogenesis and these events are
independent of insulin exertion and phos-
phofructokinase regulation step.”

Due to its primary metabolism in the
liver and based on the studies conducted
by Dekker et al,” Chung et al'® and Schwarz
et al,'" the development of fatty liver disease
from the overconsumption of added fructose
should be considered a public health crisis.

MECHANISMS FOR FRUCTOSE CAUSING FATTY
LIVER
De novo lipogenesis (DNL) is one of the
mechanisms proposed for how consuming
added fructose leads to fatty liver."" Fructose
may induce NAFLD by its ability to upregulate
DNL and by bypassing the major rate-limiting
step of glycolysis at phosphofructokinase.
DNL is a self-promoting process; genes that
activate DNL are influenced by sterol regula-
tory element-binding proteins (SREBP).'*
Fructose independently activates SREBP-1c,
which in turn activates DNL. Fructose-in-
duced DNL generates fatty acids that can

BM]

DiNicolantonio JJ, et al. Open Heart 2017;4:€000631. doi:10.1136/openhrt-2017-000631 (‘)

“ybuAdoo Aq parosioid 1sanb Aq 810z |dy 6T UO Jwod fwqgesyuado//:dny wol papeojumoq "/ T0Z 4940190 0E U0 TE9000-2T0Z-Myuado/9eTT 0T Se paysignd 1siy :LeaH uado


http://www.bcs.com
http://openheart.bmj.com/
http://crossmark.crossref.org
http://openheart.bmj.com/

Open Heart 8

then be incorporated into hepatic TGs or other lipid
species. Apolipoprotein B-100 (apoB) is essential for the
intracellular assembly of TG into very low-density lipo-
protein (VLDL), and apoB degradation is reduced when
hepatic lipid is increased.'"* As a result, hepatic endo-
plasmic reticulum (ER) stress'® occurs due to the accu-
mulation of apoB. The stress in the ER further promotes
SREBP-1c activation and thus further contributes to
DNL."

Rodriguez-Calvo et al'’ demonstrated that fructose
feeding has also been shown to induce the activation of
carbohydrate-responsive element-binding protein and
increase the expression of lipogenic genes such as fatty
acid synthase (FAS), acyl coenzyme-A carboxylase and
stearoyl coenzyme-A desaturase-1 in the fructose-fed rat.

ll7

ANIMAL STUDIES

A study'™ on male Sprague-Dawley breeder rats showed
similar results. Rats were randomly divided into two
groups, consisting of 10 sucrose-fed and a similar number
of starch-fed rats followed for 4 months. The sucrose
group received a 40% sucrose diet (protein 18.3% by
weight and 20.2% kcal; carbohydrate 60.5% by weight
(consisting of 40% sucrose and 20.5% starch) and 66.9%
keal; fat 5.2% by weight and 12.9% kcal). The control
group received an isocaloric diet in which the sucrose was
replaced by starch (protein 18.3% by weight and 20.2%
kcal; carbohydrate 60.5% by weight and 66.9% kcal; fat
5.2% by weight and 12.9% kcal). The results revealed fatty
liver with macrovesicular and microvesicular steatosis.
On western blotting, there was increased FAS and ATP
citrate lyase (involved in fat synthesis) and decreases in
enoyl-CoA hydratase (ECoAH1) (involved in B fatty acid
oxidation). Hence, the studies' * suggest that sucrose
and fructose induce both an increase in fat synthesis and
a decrease in fat oxidation.

Ackerman et al’’ performed a study on Sprague-Dawley
rats. Forty-nine male Sprague-Dawley rats weighing
200+20 g were studied. The rats were randomly divided
into five groups. One group continued to be maintained
on standard rat chow diet (SRCD) for 5 weeks, whereas
the other four groups were given a fructose-enriched
diet (FED). The FED contained 20.7% (per weight
basis) protein (as casein), 5% fat (as lard), 60% carbohy-
drates (as fructose), 8% cellulose, 5% mineral mix and
1% vitamin mix, and 50 mg of iron in 1kg of diet. The
SRCD contains 21.9% protein, 4.5% fat, 41% starch, 5%
sugar, and 3.7% crude fibre and 120 mg of iron in 1kg of
diet. Three weeks after the initiation of FED, three out
of the four groups were given various additional phar-
maceutical interventions for 2 weeks. One group was
given amlodipine (15mg/kg/day), another group was
given captopril (90mg/kg/day) and the third group was
given bezafibrate (10mg/kg/day). The fourth group,
the control group, did not receive any pharmaceutical
intervention and remained in FED. FED rats developed
hepatic macrovesicular and microvesicular fat deposits,

with increases in hepatic TGs (+198%) and hepatic
cholesterol (+89%), hypertriglyceridaemia (+223%), and
hypertension (+~15% in blood pressure), but a decrease
in hepatic phospholipids (-36%), without increases in
hepatic iron concentration (HIC). Amlodipine reduced
blood pressure (-18%) and plasma TGs (-12%) but there
was no change in hepatic TGs and phospholipid concen-
trations. Captopril reduced blood pressure (-24%),
plasma TGs (-36%), hepatic TGs (-51%) and hepatic
macrovesicular fat (-51%), but increased HIC (+23%),
with a borderline increase in hepatic fibrosis. Bezafi-
brate reduced plasma TGs (-49%), hepatic TGs (-78%),
hepatic macrovesicular fat (-90%) and blood pressure
(-11%). In summary, high-fructose feeding induces fatty
liver deposits in rats.

Another study® supports the role of fructose feeding
and steatohepatitis. Twenty-four rats at random were
divided into three groups (n=8, each group): the
control group (C), which received a purified diet; the
high-fructose-fed group (F); and the high-fructose-fed
and Thymosin alpha 1 injected group (F+T). After the
experimental period of 10 days, liver lipid peroxidation
and antioxidant status, and blood interleukin (IL)-1-beta,
IL-2 and IL-6 levels were quantified. The results showed
that in comparison with the C group, the F group had a
higher xanthine oxidase activity and lipid peroxidation,
as indicated by concentrations of thiobarbituric acid
reactive substances, and lower superoxide dismutase and
glutathione peroxidase activities in the liver. In the
F+Tgroup, these markers were near the values of the
control group. In addition, increased IL-1-beta and IL-6
levels were kept at near to normal levels with treatment
of Thymosin alpha 1, but not IL-2 levels. In the F group,
the most consistent findings in the histological sections
of liver tissues were the macrovesicular and microvesic-
ular steatosis. Thymosin alpha 1 treatment protected
the majority of the liver cells, while minimal macrove-
sicular and microvesicular steatosis was observed in the
remaining cells. These results show that a high-fructose
diet (HFr) in rats leads to hepatic steatosis and a defect in
the free radical defence system, and that treatment with
Thymosin alpha 1 may improve these biochemical and
morphologic changes in the fructose-fed rat livers.

A very recent study” on 27 cynomolgus monkeys
(Macaca fascicularis) over 7 years demonstrated that
high-carbohydrate diets alone can generate both liver fat
and fibrosis. The monkeys were fed diets with two diets:
a control diet (CTL, n=10) or an HFr diet (n=17). The
CTL diet was high in carbohydrates (69% of calories),
with less than 3% glucose and 0.5% fructose supplying the
calories. The HFr diet was equivalent in the percentage
of calories supplied by carbohydrates; however, 24% of
the total caloric intake was supplied from fructose. The
results showed that fructose-fed monkeys were heavier
than control animals (3.03+0.09kg vs 5.42+0.83kg;
p=0.04). The HFr diet also increased the number of lipid
droplets, that is, steatosis score (p<0.001), although the
droplets were of smaller average diameter (p=0.002).
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The diet high in fructose also significantly increased
liver collagen content. Collagen in hepatic tissue was
increased with fructose consumption when measured
as either a percentage of the entire histological section
(p=0.03) or the liver parenchyma that was distributed
between the portal triads (p=0.007). These pathological
features resembled those seen in human NAFLD. The
analyses from the aforementioned data obtained from
the fructose-consuming monkeys (n=17) show that the
number and diameter of the lipid droplets increased with
longer duration of consuming the fructose-containing
diet. The steatosis score, or number of droplets, also had
a significant positive relationship with hepatic fibrosis.
In summary, in monkeys, a diet high in fructose causes
pathological features in the liver similar to that found in
NAFLD in humans.

HUMAN STUDIES

Hochuli et a** conducted a study on 84 normal-weight
men in a randomised crossover study. Four isocaloric
3-week interventions with sugarsweetened beverages
(SSB) were performed in random order: medium fruc-
tose (MF; 40g/dL), high fructose (HF; 80g/dL), high
sucrose (HS; 80g/dL) and high glucose (HG; 80g/
dL). After each intervention, fasting total plasma fatty
acid composition was measured. The results showed
that the relative abundance of palmitate (16:0) and the
molar fatty acid ratio of palmitate to linoleic acid (16:0—
18:2) as markers of fatty acid synthesis were increased
after HF (relative abundance of palmitate: 22.97% and
5.51% (percentage of total fatty acids by weight)) and
MF (26.1% and 1.7%, respectively) compared with HS
(19.40%—-2.91%, p<0.001), HG (19.43%-3.12%, p<0.001)
or baseline (19.40%-2.79%, p<0.001). The study showed
that even moderate amounts of fructose increase fatty
acid synthesis (palmitate) and fasting long-chain acyl-
carnitines, indicating an impaired fatty acid flux into the
B-oxidation pathway (suggesting reduced fatty acid oxida-
tion in the liver).

A study® found that fructose is a risk factor for the
development and progression of NAFLD based on the
degree of ATP depletion. Fructose phosphorylation in
the liver consumes ATP; consequently, the accumulated
ADP serves as substrate for uric acid (UA) formation.
These events facilitate hepatic oxidative damage and
lipid peroxidation. The study evaluated diabetic adults
enrolled in the Action for Health in Diabetes Fatty
Liver Ancillary Study (n=244) for whom dietary fructose
consumption (estimated by a 130-item food frequency
questionnaire) and hepatic ATP (measured by phos-
phorus magnetic resonance spectroscopy) and UA levels
were performed (n=105). In a subset of participants
(n=25), an intravenous fructose challenge was used to
assess changes in hepatic ATP content. The consumers
were stratified as low-fructose (11.13+1.33g/day) versus
high-fructose (22.3+1.95g/day) consumers. High dietary
fructose consumers had slightly lower baseline hepatic

ATP levels and a greater absolute change in hepatic
o-ATP/inorganic phosphate (Pi) ratio (0.08 vs 0.03;
p=0.05) and y-ATP/Piratio after an intravenous fructose
challenge (0.03 vs 0.06; p=0.06). This suggests that a diet
high in fructose depletes hepatic ATP levels.

The association between habitual consumption of
HFr diets and susceptibility to hepatic ATP deple-
tion after an acute fructose challenge may be due to a
compensatory upregulation of fructose-metabolising
enzymes in highfructose consumers. Hydrolysis of ATP
during fructose metabolism generates ADP and AMP.
The latter is either rephosphorylated by AMP kinase to
regenerate ATP, or further degraded to adenosine and
ultimately to UA. UA tends to accumulate when the
rate of ATP hydrolysis outpaces its regeneration. These
studies suggest that the effects of fructose to upregulate
its enzymes could lead to a greater ATP depletion and
hyperuricaemia in response to fructose. In turn, a more
severe ATP depletion could be a mechanism for potenti-
ating liver cell injury in subjects with NAFLD.

Another study”® found that replacing SSB with artifi-
cially sweetened (calorie-free) beverages (ASB) decreases
intrahepatocellular lipid (IHCL) concentrations in over-
weight subjects with high SSB consumption. Thirty-one
healthy subjects with body mass index (BMI) greater
than 25kg/m?* and a daily consumption of at least 660 mL
(~22 0z) SSB were randomised to a 12-week intervention.
THCL was reduced to 74% of the initial values with ASB
(n=14; p<0.05) but did not change with control. The
decrease in IHCL attained with ASB was more important
in subjects with IHCL greater than 60mmol/L than
in subjects with low IHCL. The study concluded that
replacing SSB with ASB decreased intrahepatic fat over
a 12-week period.

Jin et aF” found that children with NAFLD are more
sensitive to the adverse metabolic effects of fructose
beverages than children without NAFLD. A 2-day cross-
over study was performed in 9 children with NAFLD and
10 matched controls without NAFLD. Plasma lipid levels
over two non-consecutive, randomly assigned, 24-hour
periods under isocaloric, isonitrogenous conditions with
three macronutrient-balanced, consecutive meals and
either a fructose-sweetened beverage (FB), or a glucose
beverage (GB) being consumed with each meal were
measured. The outcomes (plasma glucose, insulin, TG,
apoB, high-density lipoprotein cholesterol and non-es-
terified free fatty acid (FFA) levels) were assessed using
mixed models and 24-hour incremental areas under
the time-concentration curve. After FB, TG incremental
area under the curve was higher versus GB both in chil-
dren with NAFLD (p=0.011) and those without NAFLD
(p=0.027). Moreover, incremental response to FB was
greater in children with NAFLD than those without
NAFLD (p=0.019). For all subjects, high-density lipo-
protein cholesterol declined in the postprandial and
overnight hours with FB, but not with GB (p=0.0006).
Non-esterified fatty acids were not impacted by sugar but
were significantly higher in NAFLD. The study concluded
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that children with NAFLD demonstrate an increased
sensitivity to the impact of dietary fructose.

A cross-sectional study® supports the role for DNLin the
pathogenesis of NAFLD. Sixteen subjects (BMI (kg/m?):
30.6+1.2) were placed on a hypercaloric diet (>1000kcal
simple carbohydrates/day, consisting of candy, pine-
apple juice, sugarsweetened soft drinks, and/or carbo-
hydrate-loading drink) for 3 weeks and, thereafter, on a
hypocaloric diet for 6 months. Since the PNPLA3 geno-
type may influence the response of serum TGs to stim-
ulation of DNL, the study subjects were genotyped with
respect to rs738409 of the PNPLA3 gene and recruited
subjects with the PNPLA3-148MM or the PNPLA3-148I1
homozygous genotype. Metabolic variables and liver
fat (measured by proton magnetic resonance spectros-
copy) were measured, before and after overfeeding and
after hypocaloric diet. The ratio of palmitate (16:0) to
linoleate (18:2n-6) in serum and VLDL TGs was used
as an index of DNL. Carbohydrate overfeeding increased
weight by 2% (1.8+0.3kg; p<0.0001) and liver fat by 27%
from 9.2+1.9%to 11.7+1.9% (p=0.005). DNL increased
in proportion to the increase in liver fat and serum TGs
in subjects with PNPLA3-148II but not PNPLA3-148MM.
During the hypocaloric diet, the subjects lost 4% of their
weight (3.2+0.6kg; p<0.0001) and 25% of their liver
fat content (from 11.7£1.9% to 8.8+1.8%; p<0.05). The
study concluded that carbohydrate overfeeding for 3
weeks induced a >10-fold greater relative change in liver
fat (27%) than in body weight (2%). These data indicate
that liver fat avidly accumulates during carbohydrate
overfeeding and supports a role for DNL in the patho-
genesis of NAFLD.

Schwarz et al'' performed a study on eight healthy men
for 9 consecutive days where they compared the effects of
an HFr diet (25% of energy content) to an isocaloric diet
with the same macronutrient distribution but in which
fructose was substituted with complex carbohydrate
(CCHO). Unlike previous similar studies, neutral energy
balance was maintained, hence weight remained stable
throughout the study. Stable isotope tracer revealed that
the HFr diet was associated with higher DNL (average
18.6+1.4% vs 11.0£1.4% for CCHO, p=0.001). Simi-
larly, higher liver fat (median 137% of CCHO, p=0.016)
was measured by magnetic resonance spectroscopy in
all participants. This study indicates that short-term
high-fructose intake is associated with increased DNL and
liver fat accumulation in healthy men fed weight-main-
taining diets.

A meta-analysis® investigated relevant trials that
involved a follow-up of >7 days on the effect of fructose
on markers of NAFLD. Results were from 13 trials in 260
healthy participants. Seven trials were isocaloric replace-
ment, in which fructose was exchanged isocalorically for
other carbohydrates, and six hypercaloric trials, in which
the diet was supplemented with excess energy (+21%-—
35% energy) from high-dose fructose (+104-220g/day).
Although there was no effect of fructose in isocaloric trials,
fructose in hypercaloric trials increased both intrahepatic

cholestasis (IHCL) (SMD=0.45 (95% CI 0.18, 0.72)) and
alanine transaminase (ALT) (MD=4.94U/L (95% CI
0.03, 9.85)). The limitations in the study were the inclu-
sion of small trials with short duration (<4 weeks) and
energy as a confounding factor (although consuming
added fructose seems to drive increased energy intake).”
The study concluded that short-term isocaloric exchange
of fructose for other carbohydrates does not induce
NAFLD changes in healthy partipants however hyperca-
loric caloric trials increased both IHCL and ALT.
Abdelmalek et al' studied 841 adults enrolled in the
NASH Clinical Research Network for whom Block food
questionnaire data were collected within 3 months of a
liver biopsy. Fructose consumption was estimated based
on reporting (frequencyxamount) of Kool-Aid, fruit
juices and non-dietary soda intake, expressed as servings
per week, and classified into none, occasional (<7serv-
ings/week) and daily (=7servings/week). The association
of fructose intake with metabolic and histological features
of NAFLD was analysed using multiple linear and logistic
regression analyses with and without controlling for other
confounding factors. After controlling for age, gender,
BMI and total calorie intake, daily fructose consump-
tion was associated with lower steatosis grade and higher
fibrosis stage (p<0.05 for each). In older adults (age >48
years), daily fructose consumption was associated with
increased hepatic inflammation (p<0.05) and hepato-
cyte ballooning (p=0.05). The study concluded that in
patients with NAFLD, daily fructose ingestion is associ-
ated with reduced hepatic steatosis but increased fibrosis.
Another study®™ demonstrated that dietary fructose
reduction improves markers of cardiovascular disease
risk in patients with NAFLD. This was a 4-week, double-
blinded, randomised, controlled intervention study
on overweight (BMI z-score 285th percentile) adoles-
cents. Eligibility criteria included self-identification as
Hispanic, ages 11-18 years; BMI=85th percentile for age
and gender; and average self-reported consumption of
at least three servings of sweet beverages (equivalent to
24 fluid oz/day). Sweet beverages were defined as drinks
sweetened with added sugars (eg, sodas, sweet tea, sport
drinks, flavoured drinks) or naturally sweet beverages
(eg, 100% fruit juice), but did not include artificially
sweetened drinks. After the 4-week intervention, adoles-
cents receiving study-provided GB (considered as fruc-
tose reduction) had significant improvement in plasma
high-sensitivity C-reactive protein (hs-CRP) (p=0.028),
adipose insulin resistance (IR) index (p=0.004) and
plasma FFA (p=0.027) as compared with baseline. In
addition, they had a significant reduction in circu-
lating oxidised low-density lipoprotein (oxLDL) levels
(p=0.034). The susceptibility of low-density lipopro-
tein (LDL) to Cu*-induced oxidative modification was
significantly improved as demonstrated by a twofold
increase in LDL lag time (p=0.010). In the group
receiving fructose beverages (considered as fructose
continuation), there were no significant changes in
plasma FFA, hs-CRP, adipose IR index, oxLDL levels
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