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Abstract

High fructose consumption is associated with the development of fatty liver and dyslipidemia with

poorly understood mechanisms. We employed a MALDI-based proteomics approach to define the

molecular events that link high fructose consumption to fatty liver in hamsters. Hamsters fed high

fructose diet for 8 weeks, as opposed to regular chow-fed controls, developed hyperinsulinemia and

hyperlipidemia. High fructose-fed hamsters exhibited fat accumulation in liver. Hamsters were

sacrificed, and liver tissues were subjected to MALDI-based proteomics. This approach identified a

number of proteins whose expression levels were altered by >2-fold in response to high fructose

feeding. These proteins fall into five different categories including 1) functions in fatty acid

metabolism such as fatty acid binding protein and carbamoyl-phosphate synthase, 2) proteins in

cholesterol and triglyceride metabolism such as apolipoprotein A1 and protein disulfide isomerase,

3) molecular chaperones such as GroEL, peroxiredoxin 2 and heat shock protein 70, whose functions

are important for protein folding and anti-oxidation, 4) enzymes in fructose catabolism such as

fructose-1,6-bisphosphatase and glycerol kinase, and 5) proteins with house-keeping functions such

as albumin. These data provide insight into the molecular basis linking fructose-induced metabolic

shift to the development of metabolic syndrome characterized by hepatic steatosis and dyslipidemia.
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Introduction

Fructose, which occurs naturally in honey and sweet fruits, is produced in crystalline and syrup

forms for commercial use. The most commonly used corn syrup contains about 55% free

fructose, and its use as a sweetener in processed foods and soft drinks has greatly increased by

20–30% over the past 20 years, a rate of increase similar to the incidence of obesity that has

risen dramatically over the same period of time (1). Preclinical studies indicate that high

fructose consumption is associated with the development of metabolic syndrome, as manifested

by glucose intolerance, hyperinsulinemia, hypertriglyceridemia and whole body insulin

resistance (2–6). In addition, there are some clinical data indicating that excessive fructose

consumption for a limited period of time predisposes healthy subjects to body weight gain with

concurrent elevation in plasma triglyceride and cholesterol levels, an atherogenic lipid profile
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that constitutes a major risk factor for clogging the artery and causing cardiovascular disease

(7–10). Based on epidemiologic studies of obesity in relation to increased per capital

consumption of high fructose corn syrup from beverages, it is thought that excessive dietary

intake of fructose is a confounding factor for the increased prevalence of overweight and

morbid obesity in industrial countries (1). There is evidence that frequent consumption of

sugar-sweetened soft drinks is a potential contributing factor for childhood obesity (11–14).

Such detrimental effect of fructose on health can be ascribed to the metabolic pathway in which

fructose is metabolized following its dietary intake. In this regard, fructose differs from glucose

in three fundamental ways. First, after absorption in the gastrointestinal track, fructose fluxes

via the portal circulation into the liver, where it is almost completely metabolized (15). Unlike

glucose that enters hepatocytes through glucose transporter 2 (Glut2), fructose enters

hepatocytes via glucose transporter 5 (Glut5) independently of insulin (16). Second, glucose

breakdown is negatively regulated by phosphofructokinase, a hepatic enzyme that regulates

glycolysis in liver, whereas fructose can evade this rate-limiting control mechanism and is

metabolized into glycerol-3-phosphate and acetyl-CoA. These two intermediate metabolites

serve as substrates for glyceride synthesis, contributing to very low-density lipoprotein

(VLDL)-triglyceride (TG) production in liver (2,3). Third, fructose, as opposed to glucose,

does not directly stimulate pancreatic insulin release, due to the lack of Glut5 expression in

β-cells (16). Postprandial insulin secretion is instrumental for modulating glucose metabolism

in peripheral tissues and regulating energy balance via the central nervous system through both

direct and indirect mechanisms to control food intake and body weight gain (17–20). However,

such an energy balancing mechanism does not respond to dietary fructose uptake, due to the

inability of fructose to elicit insulin release. As a consequence, increased fructose flux into

hepatocytes results in unrestrained production of intermediate metabolites, which favors

energy storage by promoting de novo lipogenesis in liver.

High fructose consumption is associated with hepatic steatosis, but with poorly understood

mechanisms (2–4). To investigate the underlying mechanism of fructose-induced fatty liver,

we employed MALDI-based proteomics approach to identify candidate molecules that link

high fructose consumption to the pathogenesis of hepatic steatosis. Syrian gold hamsters were

fed a high fructose diet (60% fructose, n=6) or regular chow (n=6) for 8 weeks. Hamsters fed

on high fructose diet, as opposed to control hamsters on regular chow, exhibited abnormal lipid

profiles with increased fat deposition in liver. At the end of 8-week treatment, hamsters were

sacrificed and liver tissues were subjected to MALDI-based proteomics. We show that high

fructose feeding was associated with significant alterations in the expression of hepatic

enzymes in multiple pathways. In addition to marked up-regulation of hepatic functions that

promotes triglyceride synthesis and VLDL-TG production in liver, high fructose consumption

resulted in perturbations in hepatic expression of anti-oxidant functions and molecular

chaperones in protein folding. These data provide new insight into the molecular basis that

links fructose-induced metabolic shift to aberrant hepatic metabolism in the pathogenesis of

dyslipidemia and steatosis.

Materials and Methods

Animal studies

Male Syrian golden hamsters (5 week old, body weight, 81–90 g, Charles River Laboratory,

Wilmington, MA) were fed with regular rodent chow or high fructose diet (60% fructose,

DYET #161506, Dyets Inc., Bethlehem, PA) ad libitum in sterile cages with a 12-h light/dark

cycle for 8 weeks. Blood was collected from tail vein into capillary tubes pre-coated with

potassium-EDTA (Sarstedt, Nümbrecht, Germany) for preparation of plasma or determination

of blood glucose levels using Glucometer Elite (Bayer, IN). Plasma triglyceride (TG) and

cholesterol levels were determined using TG and cholesterol reagents (Thermo Electron,
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Melbourne, Australia). Plasma non-esterified fatty acid (NEFA) levels were determined using

the Wako NEFA assay kit (Wako Chemical USA, Richmond, VA). Plasma insulin levels were

determined by anti-human insulin ELISA that cross-reacts with hamster insulin (ALPCO,

Windham, NH). Plasma HDL cholesterol levels were determined using a cardiocheck analyzer

(Polymer Technology System Inc. Indianapolis, IN). Plasma non-HDL cholesterol levels were

calculated as total plasma cholesterol levels minus HDL cholesterol levels. At the end of 8-wk

study, hamsters were sacrificed, and liver tissues were frozen in liquid N2. All procedures were

approved by the Institutional Animal Care and Use Committee (IACUC) of the Children’s

Hospital of Pittsburgh.

Glucose tolerance test

Hamsters were fasted for 5 h and injected intraperitoneally with 50% dextrose solution (Abbott

Laboratories) at 5 g/kg body wt. Blood glucose levels were determined and plotted as a function

of time. Area under the curve (AUC) of blood glucose profiles was calculated using the

KaleidaGraph software (Synergy Software, Reading, PA). AUC values are inversely correlated

with the ability of hamsters to dispose intraperitoneally injected glucose.

Hepatic lipid content

40 mg of liver tissue was homogenized in 800 µl of HPLC grade acetone. After incubation

with agitation at room temperature overnight, aliquots (50 µl) of acetone-extract lipid

suspension were used for the determination of TG concentrations using TG reagent (Thermo

Electron). Hepatic lipid content was defined as mg of TG per gram of liver tissue.

Liver histology

Liver tissue from euthanized animals was fixed in Histoprep tissue embedding media (Fisher

scientific, Hanover Park, IL) and snap frozen for fat staining with Oil red O (21).

Liver protein extraction

Aliquots of liver tissue (40 mg) were homogenized in 800 µl of M-PER buffer supplemented

with 8-µl protease inhibitor cocktail (Pierce). Hepatic protein extracts were obtained after

centrifugation at 13,000 rpm for 10 min in a microfuge.

Two-dimensional fluorescence difference gel electrophoresis (2D-DIGE)

Control and high fructose diet liver protein samples containing 300 µg protein were precipitated

by 2-D Clean-Up Kit (GE Healthcare) and dissolved in 90 µl lysis buffer (7 M Urea, 2 M

Thiourea, 4% w/v CHAPS, 1% v/v Triton X-100, 10 mM DTT). Samples were mixed with 3

µl of 100 mM HEPES (pH 8.0). 30 µl of each sample were combined to create a mixed standard

sample for Cy2 labeling. The standard sample was incubated with 1 nmole Cy2. The remaining

aliquots of the control and high fructose diet samples were incubated with 1 nmole Cy3 or 1

nmole Cy5, respectively. Each labeling reaction was incubated in an ice-water bath for 20 min

in dark. After incubation of samples 1 µl of quenching solution (5 M methylamine, pH 8.0)

was added and the mixtures incubated on ice for an additional 30 min in dark. Samples were

combined and mixed with 5 µl of IPG buffer and 300 µl lysis buffer. Samples were transferred

to a 1.5 ml ultracentrifuge tube and centrifuged at 100,000×g for 20 min at 4 °C. The supernatant

was applied to an IPG strip (pH 4–7, 24 cm) and incubated for 20 hours using low voltage (30

V) in an Ettan IPGphor II IEF system (GE Healthcare). Following incubation and rehydration

of the IPG strip proteins were isoelectric focused at 300 V for 30 min, 500 V for 30 min, 1000

V for 1 hour, and 8000 V for 10 hours. After isoelectric focusing (IEF) the strip was equilibrated

for 15 min with 10 ml of 1% w/v DTT containing equilibration buffer (2% w/v SDS, 50 mM

Tris-HCl pH 8.8, 6 M Urea, 30% v/v Glycerol and 0.001% Bromophenol blue) and for 15 min

with 10 ml of 2.5% w/v iodoacetamide (IAA) containing equilibration buffer. Second
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dimension SDS-PAGE was performed by transferring the IPG strip to a 12.5% single-

percentage gel (dimension 1 mm, 20 cm, 26 cm) and electrophoresed using an Ettan DALT

six electrophoresis system (GE Healthcare) for about 18 hours at 10 °C.

Differential in-gel analysis (DIA)

2D-gels were scanned using a Typhoon 9400 variable mode imager (GE Healthcare). Imager

settings used blue-excited fluorescence (488 nm) for Cy2, green-excited fluorescence (532 nm)

for Cy3, and red-excited fluorescence (633 nm) for Cy5. Data analysis was performed using

DeCyder differential analysis software, version 5.02 (GE Healthcare). Gel images were

processed for spot detection and determination of the relative protein abundance based on

fluorescence intensity, defined as spot volume. Changes in protein expression levels, expressed

as spot volume ratios, were calculated after dividing the spot volume of a given protein at high

fructose conditions by its spot volume at regular chow conditions. Protein spots were selected

as up-regulated or down-regulated among those exceeding a 2-fold difference in fluorescence

intensity. Differentially expressed proteins were manually spot-picked from Coomassie Blue

G-250 (BIO-RAD) stained gels and gel plugs were transferred to 96-well collection plates.

In-gel digestion

Gel plugs were destained by washing twice with 100 µl of 50% methanol, 50 mM ammonium

bicarbonate at room temperature and dehydrated with 100 µl of 100% acetonitrile for 20 min.

Samples were transferred to 0.5 ml eppendorf tubes containing 20 µl of 100% acetonitrile and

dried in a vacufuge (Eppendorf). Trypsin digestion was performed by addition of 12 µl of a 20

µg/ml trypsin solution (100 µM HCl, 25 mM ammonium bicarbonate, 10% acetonitrile) and

incubated at 37°C overnight with gentle shaking. Supernatants were transferred to 0.5 ml

eppendorf tubes and gel plugs were extracted twice at room temperature with 50 µl of 50%

acetonitrile, 1% TFA for 1 hour each extraction. Extracts were combined with the supernatant

and dried in a vacufuge at room temperature. Samples were stored overnight at −20°C.

Mass spectrometry

Dried peptides from in-gel digestion were dissolved in 3 µl of 50% acetonitrile, 0.3% TFA and

mixed with 3 µl of freshly prepared matrix solution (10 mg/ml α-cyano-4-hydroxy-cinnamic

acid in 50% acetonitrile, 0.3% TFA). The mixture, 0.6 µl, was spotted onto a MALDI plate

(Applied Biosystems). The 4700 Proteomics Analyzer MALDI-TOF/TOF (Applied

Biosystems) was used to identify proteins from the trypsin digest. Analysis of samples used

reflector positive ion mode acquisition and processing method to collect peptide spectra in the

mass range of 800–4000 Da. The ten highest intensity peptides were selected for MS/MS

analysis using MS/MS mode acquisition with the 1kV positive ion and processing method.

Data processing was performed with GPS Explorer Workstation (Applied Biosystems) and

MASCOT database analysis of mammalian proteins.

Immunoblot assay

Aliquots (40 mg) of liver tissue were homogenized in 800 µl ice-cold M-PER solution (Pierce,

Rockford, IL) supplemented with 8 µl of protease inhibitor cocktail (Pierce). Aliquots of 20

µg of protein lysates were resolved on 4–20% SDS-polyacrylamide gels and subjected to

immunoblot assay using antibodies against chaperonin GroEL (catalog no. SPA-806F; Assay

Designs/Stressgen Bioreagents, MI, USA), heat shock protein-70 (1:7,500 dilution, Cat

#3095-100; Biovision, CA, USA), senescence marker protein-30 (1:1,000 dilution, sc-25951;

Santa Cruz Biotechnology, CA, USA), protein disulfide isomerase (1:500 dilution, 539229;

Calbiochem, CA, USA), fatty acid binding protein (1:15,000 dilution, NB200-434, Novus

Biologicals, CO, USA), and apolipoprotein A–I (1:10,000 dilution, K23001R; Biodesign, ME,

USA). Proteins were detected using the chemiluminescence western blotting reagents (Roche
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Diagnostics, Indianapolis, IN, USA). The intensity of protein bands was quantified by

densitometry using the NIH Image software (National Institutes of Health, Bethesda, MD) as

described (22).

Statistics

Statistical analyses of data were performed by analysis of variance (ANOVA) using StatView

software (Abacus Concepts, Inc., CA). ANOVA post hoc tests were performed to study the

significance between high fructose and regular chow groups. Data were expressed as the mean

± SEM. P values < 0.05 were considered statistically significant.

Results and Discussion

Characteristics of hamsters on regular chow vs. high fructose diet

To study the effect of high fructose consumption on glucose and lipid metabolism, we randomly

assigned 5-week male hamsters into two groups (n=6) to either regular chow or high fructose

diet. After 8-week feeding, we determined blood glucose and lipid parameters. As shown in

Table 1, high fructose-fed hamsters were associated with a slight body weight gain and a small

increase in blood glucose levels. However, the differences in mean body weight and blood

glucose levels between high fructose and regular chow groups did not reach a significant level,

as determined by ANOVA. We also determined blood glucose profiles in response to

intraperitoneal glucose challenge. Hamsters fed on high fructose diet displayed impaired

glucose tolerance, as reflected in the increased AUC values in comparison to control hamsters

(Table 1). This effect mirrored the significant elevation of plasma insulin levels, which were

indicative of whole body insulin resistance in high fructose-fed hamsters. When plasma lipid

profiles were analyzed, significantly higher levels of plasma NEFA, triglyceride and total

cholesterol were detected in high fructose-fed hamsters. High fructose-fed hamsters also

displayed elevated HDL cholesterol levels without significant alterations in non-LDL

cholesterol levels, when compared to control hamsters. Furthermore, hamsters fed high

fructose diet exhibited significantly higher levels of hepatic lipid content. In keeping with

previous observations (3,4,6,23,24), high fructose consumption is associated with lipid

disorders in rodents. To corroborate these findings, hamsters were sacrificed at the end of 8-

week study, and liver tissues were subjected to fat staining. As shown in Fig. 1, hamsters fed

high fructose diet were associated with increased fat deposition in liver.

Proteomic profiling of fructose-induced fatty liver

To gain insight into high fructose-induced lipid disorder, we subjected livers of high fructose-

fed and control mice to MALDI-based proteomics, because liver is the major site for fructose

catabolism. As show in Fig. 2 and Table 2, this approach identified a total of 33 protein spots

whose expression levels were altered by >2-fold. These proteins fall into five different

categories including 1) house-keeping functions such as albumin, ferritin heavy chain and actin,

2) molecular chaperones such as GroEL and heat shock protein 70 (Hsp70), whose functions

are important for protein folding or stress, 3) enzymes in fructose catabolism such as

fructose-1,6-bisphosphatase (FBPase) and glycerol kinase (Gyk), 4) functions in lipid

metabolism such as fatty acid binding protein (FABP) and carbamoyl-phosphate synthase 1

(CPS1), and 5) proteins in cholesterol metabolism such as apolipoprotein A1 (apoA-1). To

corroborate these findings, we subjected liver tissues from control and high fructose-fed

hamsters to semi-quantitative immunoblot assay. As shown in Fig. 3, this assay confirmed the

results obtained from proteomics studies. Thus, in accordance with lipid disorders in high

fructose-fed hamsters, high fructose feeding resulted in significant alterations in the expression

of proteins in hepatic metabolism. The physiological significance of these findings was

discussed in relation to hepatic metabolism and steatosis below.
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Hepatic proteins that were up-regulated in response to fructose feeding

In accordance with increased fat infiltration into liver, we detected a significant induction of

fatty acid binding protein (FABP) in high fructose-fed hamsters (Table 2 and Fig. 3). FABP is

a cytosolic fatty acid chaperone that plays a critical role in facilitating fatty acid uptake and

intracellular transport in response to dietary signals, and regulating glucose and lipid

metabolism. Hepatic FABP levels are also upregulated in response to high fat feeding or

increased alcohol consumption, coinciding with the development of hepatic steatosis in mice

(25,26). In contrast, genetic ablation of hepatic FABP gene protects against high fat-induced

obesity and hepatic steatosis in mice (27–29). These data establish FABP as an important

determinant of hepatic lipid composition and turnover, suggesting that high fructose-mediated

induction of FABP production plays a causative role in increased fat deposition in livers of

high fructose-fed hamster. In support of this view, we detected a significant elevation of plasma

non-esterified fatty acid levels in high fructose-fed hamsters. In addition, Aoyama et al. (30)

show that fructose is converted to fatty acids in liver at much greater rates than glucose. This

effect, along with increased flux of fatty acids to liver, is thought to be a contributing factor

for enhanced de novo lipogenesis in liver and elevated postprandial triglyceride levels in blood

in response to increased dietary fructose uptake (3,7,10,31,32).

Protein disulfide isomerase (PDI) is an abundant multifunctional protein that resides in the

lumen in the endoplasmic reticulum (ER). In response to high fructose feeding, hepatic PDI

levels were markedly elevated (Table 2 and Fig. 3). PDI functions to promote disulfide bond

formation, isomerization, and reduction within the ER. In addition, PDI is associated with

chaperone activities that contribute to its ability to promote proper folding of newly synthesized

proteins (33–35). In the ER, PDI forms a complex with microsomal triglyceride transfer protein

(MTP) that catalyzes the transport of triglyceride, cholesteryl ester and phospholipid between

microsomal membranes, a rate-limiting step for hepatic VLDL assembly and secretion (36,

37). Our proteomics-based approach did not pick up MTP protein, due to its relatively lower

abundance in liver. However, using immunoblot assay, we and others have previously shown

that hepatic MTP production was increased in hamsters in response to high fructose feeding

(3,6,23,24). This effect parallels fructose-mediated induction of PDI expression in liver,

accounting in part for increased hepatic VLDL-TG production and contributing to the

pathogenesis of hypertriglyceridemia in high fructose-fed hamsters (2,3,23,38).

In response to high fructose feeding, hepatic production of apolipoprotein A1 (apoA-1) were

markedly increased (Table 2 and Fig. 3). Abundantly expressed in liver, apoA-1 is a major

component of HDL and plays an important role in plasma cholesterol metabolism (39). ApoA-1

is necessary for the formation of nascent HDL, known as pre-β HDL that acts as the acceptor

of cholesterol in HDL maturation (40,41). This effect accounts for its ability to promote reverse

cholesterol transport, a dynamic process in which HDL uptakes cholesterol from peripheral

tissue including macrophages for subsequent delivery to liver for excretion (42,43). Reverse

cholesterol transport is thought to be an important anti-atherogenic mechanism for protecting

against the development of atherosclerosis (42,44). Interestingly, elevated apoA-1 production

mirrors the increase in plasma HDL levels in high fructose-induced hyperlipidemic hamsters.

Likewise, Guren et al (45) show that plasma HDL cholesterol and apoA-1 levels were elevated

in obese and diabetic mice with altered lipid metabolism. Fructose-mediated induction of

hepatic apoA-1 production may serve as a compensatory mechanism for increased cholesterol

catabolism, as both total and HDL cholesterol levels were significantly elevated in response

to high fructose feeding (Table 1).

Interestingly, we detected a marked induction of Peroxiredoxin 2 (PrxII), coinciding with

increased fat deposition in livers of high fructose-fed hamsters (Table 2). This effect is

accompanied by induction of the antioxidant enzyme, glutathione S-transferase (GST) in livers

in response to high fructose feeding (Table 2). PrxII is member of the mammalian
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peroxiredoxin family of thiol proteins that play important roles in antioxidant defense.

Expressed abundantly in liver, PrxII gene encodes a cytosolic peroxidase that functions to

eliminate endogenous H2O2 generated from metabolism, which helps protect cells from

oxidative stress and apoptosis (46,47). Significant induction of PrxII also develops in alcohol-

fed mouse livers (48). These results raise the possibility that high fructose or alcohol

consumption exerts a deleterious effect on hepatic metabolism and liver function. Fructose-

mediated induction of PrxII might serve as a compensatory mechanism to alleviate the oxidant

damage caused by inappropriately increased fructose catabolism in liver. In support of this

notion, PrxII is abundantly expressed in liver and is markedly induced in response to ischemia/

reperfusion injury during liver transplantation (49,50). This effect has been viewed as a

cytoprotective mechanism to protect liver from oxidative damage and preserve liver function

post-transplantation (49,50).

In addition, two hepatic enzymes, glycerol kinase (GyK) and fructose-1-,6-biphosphatase

(FBPase) in glucose metabolism, were increased in response to high fructose feeding. GyK

phosphorylates glycerol to glycerol 3-phosphate, a source for dihydroxyacetone phosphate,

glycerolipids, glucose, glycogen and protein (51). FBPase is an important gluconeogenic

enzyme that catalyses the hydrolysis of fructose 1,6-bisphosphate to fructose 6-phosphate and

Pi (52). Furthermore, hepatic levels of malate dehydrogenase (MDH) were also increased in

response to high fructose feeding (Table 2). MDH is an enzyme of the tricarboxylic acid cycle

that converts malate and NAD into oxaloacetate and NADH, playing important roles in hepatic

gluconeogenesis (53). A potential mechanism of augmented hepatic production of GyK,

FBPase and MDH is to accommodate increased fructose catabolism and favor energy storage

in high fructose-fed hamsters (Table 2).

Leucyl aminopeptidase (LAP) is another hepatic enzyme that is up-regulated in response to

high fructose feeding (Table 2). LAP plays an important role in glutathione metabolism and

in the degradation of glutathione S-conjugates (54,55). The physiological significance

underlying fructose-mediated induction of LAP production in liver remains to be determined.

In addition, we detected a significant increase in hepatic production of albumin, coinciding

with the increase of plasma non-esterified fatty acids in high fructose-fed hamsters (Table 2).

These results are consistent with the property of serum albumin to bind and transport fatty acids

in the circulation (56).

Hepatic proteins that were down-regulated in response to fructose feeding

Carbamoyl-phosphate synthase 1 (CPS1) is among hepatic proteins that were down-regulated

by increased fructose consumption. CPS1 is abundantly expressed in liver and catalyzing the

rate-limiting step in the urea cycle, a metabolic pathway that is primarily responsible for

removing waste nitrogen from the body (57). Hepatic deficiency of CSP1 affects the ability of

liver to remove waste nitrogen, resulting in severe hyperammonemia (57). To date, there is

little information regarding the regulation of CPS1 expression in liver. Inoue et al. (58) reported

that genetic disruption of hepatic CCAAT/enhancer-binding protein alpha (C/EBPα) resulted

in hepatic CPS1 deficiency, suggesting that CPS1 expression is regulated by C/EBPα in liver.

We detected 2–4 folds of reduction in hepatic CPS1 protein levels in high fructose-fed

hamsters, correlating with increased fat infiltration in liver (Table 2). These results presage an

association between CPS1 deficiency and hepatic steatosis in high fructose-fed hamsters. In

support of this notion, C/EBPα null mice with inheritable CPS1 deficiency also develop age-

dependent hepatic steatosis (58).

High fructose feeding also resulted in >3-fold reduction in the expression levels of 10-

formyltetrahydrofolate dehydrogenase (FDH) (Table 2). FDH is a high-affinity folate-binding

protein that catalyzes the NADP+-dependent conversion of 10-formyltetrahydrofolate to

CO2 and tetrahydrofolate (59,60). Expressed mainly in liver and brain (61–63), FDH functions
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to regulate the folate-mediated one-carbon metabolism (60). Mice with chronic ethanol

consumption are associated with significantly reduced hepatic FDH activity, accompanied by

folate deficiency and liver weight gain (64). The physiological significance of hepatic FDH

deficiency, resulting from high fructose or chronic ethanol consumption, remains to be

determined.

We also show that senescence marker protein 30 (SMP30) expression in liver was significantly

down-regulated by 3.5-fold in response to high fructose feeding (Table 2 and Fig. 3). SMP30

is a 34-kDa protein that is abundantly expressed in liver, lung and kidney, and its expression

levels decrease with aging (65). SMP30 is a lactone-hydrolyzing enzyme for biosynthesis of

l-ascorbic acid, an intermediary metabolite that is involved in long-chain fatty acid metabolism

in liver (66). SMP30 knockout mice exhibit abnormal accumulations of triglycerides,

cholesterol, and phospholipids, accompanied by an increased mortality rate (65,67). Hepatic

SMP30 levels were markedly reduced in high fat-induced obese mice with metabolic

abnormalities including hypercholesterolemia and hepatic steatosis (68). These data together

with our present studies suggest a close association that links increased fructose feeding to

SMP30 deficiency, lipid disorders and aging. Interestingly, there is evidence that chronic

fructose consumption promotes the formation of advanced glycation end products and

accelerates several age-related variables in male rats (69,70). Further studies are needed to

characterize the function of SMP30 in lipid metabolism and glycation for better understanding

the underlying mechanism of lipid abnormality associated with SMP30 down-regulation in

liver or its potential role in aging.

Ferretins are expressed abundantly in liver and spleen, and are responsible for iron storage.

Recently, Rashid et al. (71) show that ferretins interact physically with apolipoproatein B

(apoB) in the liver. In a follow-up study, Hevi et al. (72) demonstrate that ferretins bind

specifically to apoB and inhibit apoB secretion from cultured HepG2 cells. There is clinical

evidence that a human subject with familial hypobetalipoproteinemia exhibits hepatic steatosis

and liver dysfunction, accompanied by marked deposition of iron in the liver (73). Although

the underlying mechanism of ferritin-mediated inhibition of hepatic apoB secretion remains

to be elucidated, the available data in the literature suggest a physiological linkage between

iron storage and lipid metabolism, as hepatic apoB plays a rate-limiting role in regulating

triglyceride-rich VLDL production in the liver. Consistent with this notion, we show that

hepatic expression of ferritins were reduced, correlating inversely with elevated apoB and

VLDL secretion in high fructose-fed hamsters, as reported by Taghibiglou et al. (74,75).

In addition to its deleterious effect on lipid metabolism, there are preclinical studies indicating

that high fructose consumption is associated with oxidative stress. Rats fed a high fructose diet

exhibit increased lipid oxidation, accompanied by reduced expression of anti-oxidant enzymes

such as superoxide dismutase (SOD) and glutathione peroxidase (GPx) in liver and heart

(76–79). High fructose consumption also increases free radical production in rats (79,80).

Interestingly, dietary supplementation of antioxidants such as vitamin E, which mitigates

oxidative stress and suppresses free radical production, ameliorates fructose-induced insulin

resistance and hyperlipidemia in rats (80,81). These data illustrate a close association between

fructose-elicited oxidative stress and the development of metabolic disorders.

It is noteworthy that Morand et al. (82) have used a similar proteomics approach to probe the

molecular basis underlying fructose-induced hepatic insulin resistance and metabolic

dyslipidemia in the hamster model. Their studies focus on the proteomic profiling of hepatic

endoplasmic reticulum (ER)-associated proteins, demonstrating that high fructose

consumption is associated with dysreglation of ER resident chaperones including ER60,

ERp46, ERp29, PDI and GRP94 in the liver of hamsters after 2 weeks of high fructose feeding.

These ER resident proteins play important role in protein folding and lipoprotein secretion.
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These findings together with our present data suggest that unrestrained fructose influx into the

liver result in perturbation of multiple pathways in hepatic metabolism, contributing to hepatic

insulin resistance and dyslipidemia in high fructose-fed animals.

Conclusion

Excessive fructose consumption is associated with dyslipidemia, culminating in markedly

elevated lipid levels in plasma and increased fat deposition in liver. Our studies provide insight

into the underlying mechanism of fructose-induced hepatic steatosis and diabetic dyslipidemia.

We show that high fructose feeding resulted in significant alterations in multiple pathways in

hepatic metabolism. These include: 1) functions in fatty acid transportation, VLDL-TG

assembly and cholesterol metabolism, 2) molecular chaperones in protein folding in the ER,

3) anti-oxidant functions in cytoprotective mechanism, and 4) enzymes for the accommodation

of fructose catabolism in response to increased fructose influx into liver. These perturbations

in hepatic enzyme expressions are consistent with the idea that high fructose consumption

exerts a deleterious effect on hepatic metabolism, contributing to enhanced de novo lipogenesis,

augmented VLDL-TG secretion and the development of dyslipidemia (2–4,10,83). While

increased consumption of fructose-rich sweeteners in soft drinks is considered a contributing

factor for the prevalence of obesity in industrial countries (7,8,84), our studies support the idea

of limiting excessive fructose addition in beverages to counteract the epidemic of obesity and

type 2 diabetes (1,84).
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Fig. 1.

Hepatic lipid content. Hamsters were sacrificed after 8 weeks of feeding on high fructose diet

or regular chow. Liver tissues of hamsters treated with high fructose (A) and regular chow

(B) were embedded with Histoprep tissue embedding media. Frozen sections (8 µm) were cut

and stained with Oil red O, followed by counterstaining with hematoxylin. Bar=50 µm.
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Fig. 2.

2-D DIGE analysis of liver proteins. In the 2-D gel image, hepatic proteins of hamsters on

regular chow were shown in green color, whereas hepatic proteins of hamsters on high fructose

diet were shown in red color. Protein spots of greater than 2-fold differences between control

and high fructose groups were cut out and subjected to mass spectrometry for the identification

of protein ID.
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Fig. 3.

Immunoblot analysis of liver proteins. Aliquots of liver tissues (40 mg) from control and high

fructose-fed hamsters were homogenized and a fixed amount of liver proteins (20 µg) were

subjected to semi-quantitative immunoblot assay using antibodies against fatty acid binding

protein (A), protein disulfide isomerase (B), and apolipoprotein A–I (C), senescence marker

protein-30 (D), chaperonin GroEL (E), and heat shock protein-70 (F). *P<0.05. **P<0.005 vs.

controls.
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Table 1

Characteristics of hamsters fed on regular chow vs. high fructose diet

Regular chow High fructose

Body weight (g) 134±4.5 142±7.8
Blood glucose (mg/dL) 86±12 101±7
AUC (arbitrary unit) 1.0±0.09 1.7±0.13*

Plasma insulin (µU/mL) 0.17±0.03 0.73±0.13*

Plasma NEFA (mEq/L) 0.15±0.01 0.39±0.06*

Plasma triglyceride (mg/dL) 175±20 388±50*

Plasma cholesterol (mg/dL) 149±13 194±16*

Plasma HDL-c (mg/dL) 117±8 151±5*

Plasma non-HDL-c (mg/dL) 31±8 35±5
Hepatic lipid content (mg/g liver) 6.3±0.3 10.7±0.8*

Hamsters were fed regular chow or high fructose diet for 8 weeks, followed by the determination of body weight, fasting blood glucose levels, fasting

plasma levels of insulin, FFA, triglyceride, cholesterol, HDL-cholesterol (HDL-c). Non-HDL-cholesterol (non-HDL-c) levels were calculated by

subtracting HDL-c from total cholesterol levels in plasma. Glucose tolerance was performed after 7 weeks of fructose feeding for the determination of

AUC of blood glucose profiles in response to glucose challenge. Hamsters were sacrificed at the end of study and liver tissues were used for the

determination of hepatic lipid content, defined as mg of triglyceride per gram of wet liver tissue.

*
P<0.05 vs. control by ANOVA.
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