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Abstract
The World Health Organization recommends that the 
daily intake of added sugars should make up no more 
than 10% of total energy. The consumption of sugar-
sweetened beverages is the main source of added sug-
ars. Fructose, together with glucose, as a component 
of high fructose corn syrups or as a component of the 
sucrose molecule, is one of the main sweeteners pres-
ent in this kind of beverages. Data from prospective 
and intervention studies clearly point to high fructose 
consumption, mainly in the form of sweetened bever-
ages, as a risk factor for several metabolic diseases in 
humans. The incidence of hypertension, nonalcoholic 
fatty liver disease (NAFLD), dyslipidemia (mainly hy-
pertriglyceridemia), insulin resistance, type 2 diabetes 
mellitus, obesity, and the cluster of many of these pa-
thologies in the form of metabolic syndrome is higher 
in human population segments that show high intake 
of fructose. Adolescent and young adults from low-
income families are especially at risk. We recently re-

viewed evidence from experimental animals and human 
data that confirms the deleterious effect of fructose on 
lipid and glucose metabolism. In this present review we 
update the information generated in the past 2 years 
about high consumption of fructose-enriched beverages 
and the occurrence of metabolic disturbances, espe-
cially NAFLD, type 2 diabetes mellitus, and metabolic 
syndrome. We have explored recent data from obser-
vational and experimental human studies, as well as 
experimental data from animal and cell models. Finally, 
using information generated in our laboratory and oth-
ers, we provide a view of the molecular mechanisms 
that may be specifically involved in the development of 
liver lipid and glucose metabolic alterations after fruc-
tose consumption in liquid form. 
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INTRODUCTION
At the end of  2011, the United Nations declared that, for 
the first time in the history of  humanity, non-communica-
ble diseases had outpaced infectious diseases as the main 
threat to human health globally. Among them, cardiovas-
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cular diseases associated with metabolic disorders, such as 
obesity, metabolic syndrome, and type 2 diabetes mellitus, 
are of  paramount importance. Changes in human dietary 
habits in recent decades have led to the consumption of  
hypercaloric diets that are rich in saturated fats and simple 
sugars (sucrose, glucose and fructose). This, combined 
with decreased physical activity, is one of  the key fac-
tors contributing to the ever-increasing prevalence of  
metabolic disorders. This situation recently prompted 
Lustig et al[1] to request the legal regulation of  foodstuffs 
containing added sugars in a way similar to the control of  
tobacco and alcohol.

The World Health Organization recommends that 
the daily intake of  added sugars should make up no 
more than 10% of  total energy[2]. The consumption of  
sugar-sweetened beverages is the main source of  added 
sugars[3]. Fructose, together with glucose, as a compo-
nent of  high fructose corn syrups (HFCSs) or as a com-
ponent of  the sucrose molecule, is mainly responsible 
for the metabolic disturbances associated with excessive 
consumption of  added sugars. We recently reviewed 
evidence from experimental animals and human data 
that confirms the deleterious effect of  fructose on lipid 
and glucose metabolism[4]. Given the relevance of  this 
issue to public health policies, in this review we update 
information on the effects of  fructose on human health. 
We focus also on new experimental data from our labo-
ratory and others on molecular mechanisms involved in 
the disturbance of  liver metabolism by fructose. 

FRUCTOSE: THE BENCH SIDE
Data from prospective and intervention studies clearly 
point to high fructose consumption, mainly in the form 
of  sweetened beverages, as a risk factor for several meta-
bolic diseases in humans. The incidence of  hypertension, 
nonalcoholic fatty liver disease (NAFLD), dyslipidemia 
(mainly hypertriglyceridemia), insulin resistance, type 2 
diabetes mellitus, obesity, and the cluster of  many of  
these pathologies in the form of  metabolic syndrome is 
higher in human population segments that show high in-
take of  fructose. Adolescent and young adults from low-
income families are especially at risk. We and others have 
recently reviewed the evidence of  this relationship[4-8]. 
In the present review, we provide an overview of  recent 
data, from 2011 onwards that has not been discussed 
previously (Table 1). For readers interested in recent 
reviews on this subject, particularly regarding fructose 
consumption, uric acid metabolism and hypertension, 
we refer to two excellent reviews published in 2011[9,10].

One of  the ongoing controversies about fructose 
consumption in humans is related to the difficulty in 
identifying effects that are not strictly related to the sim-
ple consumption of  an excess of  daily calories. In a short 
(2 wk) dietary intervention study in NAFLD subjects, 
Browning et al[11] showed that carbohydrate restriction (< 
20 g/d) was significantly more effective in reducing he-
patic triglyceride content than the restriction of  calories 

to 1200-1500 kcal/d (55% vs 28%, respectively), despite 
the fact that both interventions similarly reduced body 
weight (by about 4.3%). In a randomized intervention 
study comparing the consumption of  sucrose-sweetened 
beverages (1 L/d for 6 mo) with other isocaloric bever-
ages in obese subjects, Maersk et al[12] demonstrated that 
sucrose significantly increased triglyceride deposition, not 
only in liver, but also in skeletal muscle and visceral adi-
pose tissue. 

In another intervention study in healthy people who 
consumed a balanced diet supplemented with 150 g/d 
fructose or glucose, Silbernagel et al[13] showed that endog-
enous cholesterol synthesis was associated with visceral 
and liver fat content. However, in this study the strongest 
association was observed in glucose-consuming individu-
als. Nevertheless, in a well-conducted interventional study 
by Stanhope et al[14], subjects who consumed fructose (at 
25% of  energy requirements), either as such or as HFCS, 
but not glucose, showed an increased fasting concentra-
tion of  low density lipoprotein (LDL) cholesterol. Fruc-
tose consumption also increased the 24-h triglyceride 
area under the curve and the fasting apolipoprotein (apo)B 
concentration.

In a prospective cohort study that analyzed 40 389 
healthy men over 20 years of  follow up, de Koning et al[15] 

clearly found an association between sugar-sweetened 
beverage consumption and an elevated risk of  type 2 
diabetes mellitus. Although it was suggested that fructose 
was mainly responsible for this association, Silbernagel 
et al[16] did not find any differences between fructose and 
glucose in the reduction of  insulin sensitivity when these 
sugars were administered to 20 healthy subjects in a 
small intervention study. However, plasma triacylglycerol 
concentrations only increased significantly in the fruc-
tose group.  

Fructose-induced obesity is closely related to type 2 
diabetes mellitus. In a well- conducted intervention study 
by Cox et al[17] in overweight/obese male and female 
subjects, consumption of  fructose (at 25% of  energy 
requirements for 10 wk), but not glucose, clearly led to 
significant decreases in net postprandial fat oxidation 
and resting energy expenditure, thus contributing to the 
build-up of  excess energy substrates. Furthermore, in 
one of  the population segments at high risk of  fructose-
related obesity, Maier et al[18] demonstrated that a signifi-
cant reduction in fructose and/or general sugar intake 
over a short period of  time (3 mo) in overweight and 
obese children may reduce the body mass index. Mainly 
through increases in visceral fat, fructose-induced obe-
sity is positively associated in adolescents with cardio-
metabolic risk markers, such as systolic blood pressure, 
fasting glucose, homeostasis model assessment-estimated 
insulin resistance index, and C-reactive protein[19].

Cardiovascular accidents originate as thrombi deposits 
on atheromatous plaques, which obstruct blood circula-
tion[20]. Atherosclerosis is promoted by dyslipidemia, hy-
pertension, and chronic low-grade inflammation. Besides 
increasing plasma triglycerides and LDL cholesterol[14], 
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fructose seems to promote a proinflammatory milieu that 
favors atherosclerosis development. In an intervention 
study in overweight/obese subjects, Cox et al[21] demon-
strated that fructose supplementation in liquid form (at 
25% of  energy requirements for 10 wk), but not glucose, 
clearly increases proinflammatory and prothrombotic 
mediators, such as monocyte chemoattractant protein-1, 
plasminogen activator inhibitor-1, and E-selectin. Fur-

thermore, in a cross-sectional study including 2696 par-
ticipants in the International Study of  Macro/Micronu-
trients and Blood Pressure, Brown et al[22] found a direct 
association between sugar-sweetened beverage intake and 
systolic and diastolic blood pressure increases. Thus, fruc-
tose seems to contribute directly to increased prevalence 
in the three main risk factors for atherosclerosis-related 
cardiovascular diseases.
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  Authors Subjects Study characteristics Sugar Main results

  Browning et al[11] 18 NAFLD (5 men, 
13 women), BMI: 35 
± 7 kg/m2

Intervention study
2 wk dietary carbohydrate and calorie restric-
tion

Reductions in body weight (-4.6 ± 1.5 kg  vs -4.0 ± 1.5 
kg) and hepatic triglycerides (-55% ± 14% vs -28% ± 
23%) were significantly greater with dietary carbo-
hydrate restriction than with calorie restriction

  Maersk et al[12] 60 overweight/obese 
nondiabetic subjects

Randomized intervention study
Ingestion of 4 different drinks (1 L/d, SSB, 
isocaloric semiskim milk, aspartame-sweetened 
and water) for 6 mo

S Daily intake of SSB with sucrose increased ectopic 
fat accumulation (liver, skeletal muscle) and lipids 
(blood cholesterol and triglycerides) compared with 
the other beverages

  Silbernagel et al[13] Healthy male (12) 
and  female (8) 
adults

Dietary intervention study 
150 g/d for 4 wk

F and G Visceral and liver fat content associated to choles-
terol synthesis
Cholesterol synthesis appeared to be dependent on 
fructose/glucose intake

  Stanhope et al[14] 48 adults, BMI 18-35 
kg/m2

Dietary intervention study
Consumption of simple sugars at 25% of energy 
requirements for 2 wk

F and G F consumption increased cardiovascular risk factors 
(AUC-Tg, fasting LDL and apo B) more than G

  de Koning et al[15] 40 389 healthy men Prospective cohort study 
20 yr of follow-up of SSB and artificially sweet-
ened beverages consumption

F, G and S 
SSB

After adjustment for several confounders, the 
hazard ratio for the association of SSB with incident 
type 2 diabetes was 1.24 for the comparison of the 
top with the bottom quartile of SSB intake

   Silbernagel et al[16] Healthy male (12) 
and  female (8) 
adults

Dietary intervention study 
150 g/d for 4 wk

F and G Insulin sensitivity decreased in both intervention 
groups, while plasma triglycerides were increased 
in the F group

  Cox et al[17] Overweight/obese 
male (16) and female 
(15) adults

Intervention study 
10 wk supplementation with SSB at 25% of 
energy requirements

F and G 
SSB

F-consuming subjects had a significant reduction in 
net postprandial fat oxidation and resting energy 
expenditure

  Maier et al[18] 15 overweight/obese 
children (5-8 yr)

Dietary intervention study parental training 
to reduce dietary sugar content (–50% from 
baseline, 12 wk) and 12 wk of follow-up

F, G and S Reductions in sugar intake were related to signifi-
cant reductions in BMI and BMI standard deviation 
scores

  Pollock et al[19] 559 adolescents 
(14-18 yr)

Association study of F intake and cardiometa-
bolic risk factors

F After adjustment, higher F consumption directly 
associated to BP, fasting glucose, HOMA-IR and 
C-reactive protein, and inversely to HDL-cholester-
ol and adiponectin. The introduction of visceral fat 
as a covariate attenuated these trends

  Cox et al[21] Overweight/obese 
male (16) and female 
(15) adults

Intervention study 
10 wk supplementation with SSB at 25% of 
energy requirements

F and G 
SSB

Fasting concentrations of MCP-1, PAI-1 and 
E-selectin as well as postprandial concentrations of 
PAI-1 increased in subjects consuming F but not in 
those consuming G

  Brown et al[22]  2696 people Cross-sectional association study F, G and S 
SSB

Direct and independent associations of SSB intake 
and BP
Greater sugar-BP differences for persons with 
higher sodium excretion

  Friberg et al[25] 61 226 women Population-based cohort study 18.4 yr of 
follow-up of total sucrose, high-sugar-foods

F, G and S Total sucrose intake and consumption of sweet 
buns and cookies was associated with increased 
risk of endometrial cancer

  Ye et al[26] 737 non diabetic 
adults

Association study of sugar intake and cognitive 
function

F, G and S Greater intakes of total sugars, added sugars and 
SSB beverages, but not of sugar sweetened solid 
foods, were significantly associated with lower 
MMSE scores, after adjusting for covariates

Table 1  Overview of fructose-related human studies

F: Fructose; G: Glucose; S: Sucrose; SSB: Sugar-sweetened beverages; BP: Blood pressure; NAFLD: Nonalcoholic fatty liver disease; BMI: Body mass index; 
MCP-1: Monocyte chemoattractant protein-1; PAI-1: Plasminogen activator inhibitor-1; HOMA-IR: Homeostasis model assessment-estimated insulin re-
sistance; HDL: High-density lipoprotein; AUC-Tg: 24 h area under the curve for plasma triglycerides; LDL: Low-density lipoprotein; MMSE: Mini-mental 
state examination.
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Besides the association between fructose consump-
tion and common metabolic diseases, there is growing 
evidence of  a relationship with other diseases, such as 
cancer and Alzheimer’s disease, that are also closely con-
nected to the cellular metabolic status[23,24]. Very recently, 
Friberg et al[25] analyzed data on total sucrose and high-
sugar food consumption during 18.4 years of  follow-
up in 61 226 women. They found a direct association 
with increased risk of  endometrial cancer. In addition, 
high sugar intake has recently been associated with lower 
cognitive function among middle-aged and older Puerto 
Ricans without diabetes, in an analysis of  data from 
a substudy of  the Boston Puerto Rican Health Study 
2004-9[26]. Although a high fructose diet does not affect 
spatial water maze learning and memory in female rats[27], 
the presence of  NAFLD, which is one of  the main con-
sequences of  fructose consumption in men and experi-
mental animals, seems to somehow impair hippocampal-
dependent memory in male rats[28].

Thus, overall, it seems that a high intake of  sugar-
sweetened beverages containing fructose places a meta-
bolic burden on humans that facilitates the development 
of  metabolic and cardiovascular diseases. What molecu-
lar mechanisms are involved in the production of  these 
effects by fructose?

FRUCTOSE: MOLECULAR INSIGHTS 
FROM ANIMAL STUDIES
Fructose administration, mainly in drinking water, to labo-
ratory rats and mice reproduces almost all of  the features 
of  metabolic syndrome and associated diseases in humans. 
These include left ventricular hypertrophy[29,30], insulin re-
sistance[30-33], hypertension and related hyperuricemia[34-36], 
NAFLD[37,38], and metabolic syndrome itself[39]. 

London et al[40] have investigated the role of  increased 
11-hydroxysteroid dehydrogenase type 1 in liver and vis-
ceral adipose tissue in rats after fructose, but not glucose, 
consumption. Their results indicate that deregulated lo-
cal glucocorticoid production plays a role at the onset of  
fructose-induced obesity[40]. Morris et al[41] put forward 
the hypothesis that the timing of  fructose intake, mainly 
during the daylight period, could induce a mismatch in 
caloric consumption that favors the development of  
obesity and other metabolic alterations, at least in C57BL 
mice. Furthermore, several possible hypotheses related 
to the development of  NALFD by fructose consump-
tion have been pursued, including increased oxidative and 
inflammatory stress through nitric oxide synthase induc-
tion[42] and tumor necrosis factor α production[43]. A very 
concise and interesting review on the issue of  possible 
molecular mechanisms involved in fructose induced lipo-
genesis was published in 2011[44].

In the past few years, our laboratory has researched 
three main issues regarding the molecular effects of  
fructose on liver fat and glucose metabolism: (1) possible 
drug therapies for the prevention and/or correction of  

fructose-induced metabolic pathologies; (2) molecular 
mechanisms that are responsible for early induction of  
glucose intolerance in female rats, as a previous step to 
developing insulin resistance and type 2 diabetes mel-
litus; and (3) molecular mechanisms leading to reduced 
peroxisome proliferator-activated receptor (PPAR) ex-
pression and activity in livers of  female rats.

NAFLD is by far the most common cause of  liver 
dysfunction. It is a spectrum of  diseases ranging from 
fatty liver (steatosis) to steatohepatitis[45]. To date, the only 
effective treatment for NAFLD is modest calorie restric-
tion and gradual weight loss[46]. Statins, hypolipidemic 
drugs that act by inhibiting the hydroxymethyl-glutaryl-
CoA reductase enzyme, can be safely used in NAFLD 
patients[47], and there is evidence of  improved liver histol-
ogy in NAFLD patients treated with atorvastatin[48,49]. In a 
recently published study, we proposed a possible molecu-
lar mechanism for the therapeutic effect of  atorvastatin 
on NAFLD[50]. Besides its well-known anti-inflammatory 
effect[51,52], atorvastatin reduced the liver expression of  
fructokinase in male rats supplemented with a 10% w/v 
solution of  fructose for 14 d. Fructose consumption in-
duces the expression of  liver fructokinase in experimental 
animals[53,54] and in NAFLD patients[55]. As fructokinase is 
essential in controlling fructose metabolism, its induction 
establishes a vicious circle that progressively increases the 
deleterious effect of  fructose on liver metabolism. Ator-
vastatin effectively facilitates the breaking of  this circle. 
It contributes to an increase in fatty acid metabolism[56] 
and to a reduction in fatty acid synthesis that is driven by 
increased carbohydrate response element binding protein 
(ChREBP) transcriptional activity[57,58], which are necessary 
to revert the deposition of  triglycerides in liver tissue. 

We used the same experimental model of  rats supple-
mented with a 10% w/v solution of  fructose for 14 d, to 
show that female rats were more sensitive to the deleteri-
ous effect of  fructose on glucose homeostasis than male 
rats, as only females showed signs of  glucose intoler-
ance[54]. In the same study, we found a marked reduction 
in insulin receptor substrate (IRS)-2 in the livers of  fruc-
tose-supplemented female rats. IRS-2 is the main trans-
ducer of  insulin signaling in hepatic tissue[59]. We have 
further pursued research of  molecular changes related to 
fructose consumption in liver. We have confirmed that 
female rats supplemented with liquid fructose for 14 d, 
but not 7 d, are glucose intolerant (as shown by glucose 
tolerance test; GTT). This situation correlates with a de-
crease in the amount of  IRS-2 protein expressed in liver. 
The same animals showed a marked increase in mamma-
lian target of  rapamycin (mTOR) activity and mitogen-
activated protein kinase (p38-MAPK) activity. 

p38-MAPK is a stress-related kinase[60] whose activ-
ity can be increased by the metabolic burden imposed by 
fructose metabolism in hepatocytes through two mecha-
nisms: increased activity of  protein phosphatase A2[54,61]; 
and the presence of  bacterial toxins in blood, as a result 
of  fructose-related alteration of  the intestinal barrier 
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permeability[43,62]. Furthermore, increased p38-MAPK 
activity, by phosphorylating the tuberous sclerosis 2 gene 
product or tuberin, could release its inhibitory activity on 
mTOR complex 1 (mTORC1)[63]. This would explain the 
observed increase in mTOR activity. The mTOR signaling 
pathway transduces information from different signals, 
such as growth factors, amino acids and energy overload 
of  the cell[64]. Finally, as Guo et al[65] have shown that 
mTOR activation causes IRS-2 degradation, the increase 
in mTOR activity could be the final molecular factor re-
sulting in a decreased liver expression of  liver IRS-2 pro-
tein, as we have found[54].

Surprisingly, although female rats supplemented with 
liquid fructose for 14 d, had reduced liver expression 
of  IRS-2, were hyperinsulinemic and showed an altered 
GTT, they were normoglycemic and their liver expres-
sion of  gluconeogenic genes was unchanged (glucose-
6-phosphatase) or even decreased (phosphoenolpyruvate 
carboxykinase). An explanation for this discrepancy can 
be found in a recent report indicating that X-box-binding 
protein (XBP)-1, an endoplasmic reticulum stress tran-
scription factor, plays an essential role in maintaining 
plasma glucose concentration and glucose tolerance[66]. It 
has been described that mTORC1 activity increases the 
splicing of  XBP-1[67], while p38-MAPK phosphorylates 
the spliced-derived protein, facilitating its nuclear localiza-
tion and activity[68]. Indeed, in the liver samples from the 
fructose-fed rats used in our study, there was a marked 
increase in the spliced form of  XBP-1 mRNA and nu-
clear protein, in accordance with the increased activity of  
mTOR and p38-MAPK. Thus, although the decreased 
expression of  IRS-2 in liver represents an impairment of  
insulin signaling, the increased expression and activity of  

XBP-1 could compensate for this deficit and maintain 
appropriate gluconeogenesis (Figure 1). Data from skel-
etal muscle that indicate a deficit in adiponectin receptor 
and signaling in 14-d fructose-supplemented rats, could 
explain the fact that these animals do not have increased 
liver gluconeogenesis, but do have significant glucose tol-
erance impairment, as evaluated by an GTT.

We have previously shown that there is a state of  leptin 
resistance in livers of  male rats supplemented with liquid 
fructose. This results in increased binding of  unphosphor-
ylated active forkhead box protein (Fox)O1 to the tran-
scription factor PPARα, which causes the inhibition of  
PPARα transcriptional activity and, as a consequence, re-
duces the liver capacity to oxidize fatty acids[57,58]. FoxO-1 
is a transcription factor that is regulated by insulin and 
deeply involved in the control of  liver gluconeogenesis[65]. 
Female rats equally supplemented with liquid fructose 
respond similarly with a reduction in liver PPARα activity 
and fatty acid oxidation. However, there is no involvement 
of  leptin resistance and FoxO-1 interaction[54]. Thus, we 
have pursued the search for a possible molecular mecha-
nism involved in the downregulation of  the PPARα sys-
tem in the liver of  fructose-supplemented female rats.

ChREBP is a transcription factor responsible for in-
ducing liver lipogenesis after carbohydrate ingestion[69]. 
We have previously reported that ChREBP is the main 
factor responsible for the increase in rat liver lipogenesis 
following fructose supplementation[50,54,57,58,70]. Unpub-
lished results from our group indicate that there is also 
a close relationship between ChREBP activation and 
PPARα downregulation across different experimental 
settings (in vivo studies in female rats, cultured FaO and 
HepG2 hepatoma cells, primary cultures of  human he-
patocytes). It has been described that ChREBP controls 
the expression of  regulator of  G protein signaling (RGS) 
16, a regulator of  G protein signaling that inhibits he-
patic fatty acid oxidation[71]. Although fructose markedly 
increased the mRNA level of  RGS16 in livers of  female 
rats, there was no change in the amount of  the expressed 
protein. This suggests that increased expression of  RGS16 
is not involved in downregulation of  the PPARα system. 
In rat hepatoma FaO cells cultured in the presence of  a 
high concentration of  fructose (25 mmol/L), we are per-
forming knock-down experiments with siRNA against 
ChREBP to demonstrate clearly the direct involvement 
of  ChREBP in the production of  the fructose effect on 
the PPAR system. Confirmation of  this hypothesis will 
indicate that fructose can simultaneously switch on liver 
fatty acid synthesis and switch off  liver fatty acid catabo-
lism by a single molecular mechanism: the intense activa-
tion of  ChREBP. This would explain the effectiveness of  
fructose in inducing fatty liver and hypertriglyceridemia. 
We are also exploring possible mechanisms to explain 
why fructose stimulates the activity of  ChREBP with 
such intensity. We have found that fructose supplementa-
tion markedly reduces the amount of  the NAD-depen-
dent deacetylase sirtuin 1 protein in livers of  female rats, 
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Figure 1  X-box-binding protein-1, an endoplasmic reticulum stress tran-
scription factor, plays an essential role in maintaining plasma glucose 
concentration and glucose tolerance. Indeed, in the liver samples from the 
fructose-fed rats used in the study, there was a marked increase in the spliced 
form of X-box-binding protein (XBP)-1 mRNA and nuclear protein, in accor-
dance with the increased activity of mammalian target of rapamycin (mTOR) 
activity and mitogen-activated protein kinase (p38-MAPK). Thus, although 
the decreased expression of insulin receptor substrate-2 in liver represents 
an impairment of insulin signaling, the increased expression and activity of 
XBP-1 could compensate for this deficit and maintain appropriate gluconeo-
genesis. PEPCK G6Pc: Phosphoenolpyruvate carboxykinase and glucose-6-
phosphatase; FoxO1: Forkhead box protein O1.
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but not males. This reduction increases the amount of  
acetylated ChREBP. As it has been shown that ChREBP 
hyperacetylation increases its transcriptional activity[72], 
the reduction of  sirtuin 1 expression could be one mech-
anism involved in the intense activation of  ChREBP by 
fructose in the liver of  female rats. 
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