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Abstract

High-fructose corn syrup (HFCS) accounts for as much as 40% of caloric sweeteners used in the
United States. Some studies have shown that short-term access to HFCS can cause increased body
weight, but the findings are mixed. The current study examined both short- and long-term effects
of HFCS on body weight, body fat, and circulating triglycerides. In Experiment 1, male Sprague-
Dawley rats were maintained for short term (8 wks) on (1) 12-h/day of 8% HFCS, (2) 12-h/day
10% sucrose, (3) 24-h/day HFCS, all with ad /ibitum rodent chow, or (4) ad /ibitum chow alone.
Rats with 12-h access to HFCS gained significantly more body weight than animals given equal
access to 10% sucrose, even though they consumed the same number of total calories but fewer
calories from HFCS than sucrose. In Experiment 2, the long-term effects of HFCS on body weight
and obesogenic parameters, as well as gender differences, were explored. Over the course of 6 or 7
months, both male and female rats with access to HFCS gained significantly more body weight
than control groups. This increase in body weight with HFCS was accompanied by an increase in
adipose fat, notably in the abdominal region, and elevated circulating triglyceride levels.
Translated to humans, these results suggest that excessive consumption of HFCS may contribute
to the incidence of obesity.
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Introduction

The introduction of high-fructose corn syrup (HFCS) as a cost-effective sweetener in the
American diet has gradually led to a great increase in its use. From 1970 to 1990,
consumption of HFCS increased more than 1000% and currently accounts for 40% of all
added caloric sweeteners (Bray et al., 2004; Bray, 2010). The increase in HFCS use was
accompanied by a decline in sucrose use during the same time period (Anderson, 2007). One
common source of HFCS is caloric beverages (i.e., soft-drinks, colas). It is also a primary
ingredient in baked goods, many cereals, breads, canned fruits, jams and jellies, desserts,
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and fruit juices (Hanover and White, 1993). It is estimated that nearly 7% of daily caloric
consumption in the United States is from HFCS, an estimate that has been labeled as
conservative (Bray et al.,, 2004). Other studies indicate that over 10% of daily calories come
from fructose, of which 75% (in adults) and 82% (in children) is attributed to added
sweeteners rather than naturally occurring fructose (Vos et al., 2008). Given its prevalence
in the American diet, it is crucial to understand the behavioral and physiological effects of
dietary HFCS.

The rise in obesity that has occurred since the introduction of HFCS into the American diet
suggested a link between the two (Bray, 2008; Elliott ez a/., 2002). However, many have
refuted the conjecture that HFCS alone is at fault, suggesting that sugars in general are the
problem (Melanson et a/., 2008). Some studies indicate that HFCS and sucrose elicit similar
post-metabolic profiles (Melanson et al., 2008; Stanhope et al., 2008), but there are
differences in how these sugars are metabolized and utilized in the body. HFCS-55 is 55%
fructose, 42% glucose and 3% higher saccharides (White, 2008). Meals high in fructose
have been shown to reduce circulating insulin and leptin levels in women (Teff et al., 2004).
Thus, intake of HFCS would presumably not produce the degree of insulin or leptin-induced
satiety that would ensue with a meal of sucrose, potentially fueling overeating. Studies have
shown that pure fructose leads to increased plasma free fatty acids, leptin, adiponectin,
abdominal adipose tissue and impaired insulin sensitivity (Alzamendi et a/.,, 2009; Melanson
et al., 2008), as well as increased leptin resistance and exacerbated weight-gain in rats that
are subsequently maintained on a high-fat diet (Shapiro ef a/., 2008). However, very few
studies have actually tested HFCS, and the literature is deficient of long-term studies (Bray,
2010).

The question investigated here is whether or not a standard diet supplemented with HFCS
can cause obesity in male and female out-bred rats.

Male and female Sprague-Dawley rats were obtained from Taconic Farms (Germantown,
NY) and housed individually on a reversed 12-h light: 12-h dark cycle. The Princeton
University Institutional Animal Care and Use Committee approved all procedures

Experiment 1: Male rats with short term (2 month) HFCS access

Weight-matched, male rats (300-375 g, n=10/group) were fed either (1) ad /ibitum chow, (2)
24-h HFCS and chow, (3) 12-h HFCS and ad /ibitum chow, or (4) 12-h sucrose with ad
libitum chow for 8 weeks (2 months). We selected these schedules to allow comparison of
intermittent and continuous access, as our previous publications show limited (12-h) access
to sucrose precipitates binge-eating behavior (Avena et al., 2006). The 12-h groups had
access to sugar (HFCS or sucrose) starting 4 h into the dark phase each day. These sugars
were selected because they are the primary sweeteners in many soft-drinks. HFCS was an
8% solution (Nature’s Flavors®, Formula 55, v/v dissolved in tap water, 0.24 Kcal/mL), and
sucrose was given as a 10% solution (Domino® Granulated Pure Cane Sugar, w/v, dissolved
in tap water, 0.4 Kcal/mL). Standard rodent chow was provided to all groups (LabDiet
#5001, PMI, St. Louis, MO, 3.02 kcal/g). All animals had water available ad /ibitum (see
Table 1 for complete list of diets).

HFCS, sucrose, and chow intakes were measured daily, and body weight was measured
weekly. After 8 weeks on the diets, the rats were sacrificed via rapid decapitation and trunk
blood was collected and assayed for blood glucose levels using the Analox GM7 Fast
Enzymatic Metabolizer (Analox, Lunenburg, MA) as per the manufacturer’s instructions.
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Experiment 2: male and female rats with long-term (6-7 months) access to HFCS

Results

To determine the effects of long-term access to HFCS, male rats (initially 275-325¢g, n=8/
group) were maintained on either (1) 24-h HFCS and chow, (2) 12-h HFCS and ad /ibitum
chow, or (3) ad libitum chow (Table 1) for 6 months. Since we did not see effects of sucrose
on body weight in Experiment 1 with males, we did not include sucrose groups in this long-
term analysis in males. Access to chow was made a variable (12-h or ad libitum), to see if
that had an effect on body weight. Measurements of HFCS and chow were taken as
described in Experiment 1, and body weights were measured weekly for 6 months.

Female rats (150-200 g at the onset of the experiment, n=8/group) were also tested to
determine if the findings applied to both sexes. These rats were maintained on either (1) 24-
h -HFCS and ad /ibitum chow, (2) 12-h HFCS and 12-h chow, (3) 12-h sucrose and 12-h
chow, or (4) ad libitum chow (table 1). In this study with females, we included a group with
access to sucrose for comparison with HFCS, as well as 12-h access to chow, to determine if
limited access to chow, in the presence of HFCS or sucrose, could affect body weight. All
animals had water available ad /ibitum. Sucrose, HFCS, and chow intake were measured
daily, as described in Experiment 1, and body weights were measured weekly for 7 months.

At the end of the experiment, animals from both the male and female studies were sacrificed
by rapid decapitation at the end of the dark cycle. Trunk blood was collected and serum was
analyzed, as per the manufacturers’ instructions, for triglycerides (TG) using enzymatic
hydrolysis (Cayman Chemicals, kit #10010303) and insulin using Insulin ELISA kit
(Calbiotech, Spring Valley, CA), per the manufacturers’ instructions. Unilateral body fat
pads from three regions, abdominal, gonadal and intestinal, were collected and weighed
individually and collectively by an observer blind to the experimental conditions.

Data from all groups were compared using ANOVAS, or repeated measures ANOVA, when
appropriate, followed by post hoc pair-wise comparisons, when justified.

Male rats with daily 12-h HFCS access gain more weight in 8 weeks than animals with
equal access to sucrose

Animals with 12-h 8% HFCS access gained significantly more weight in 8 weeks than
animals with 12-h 10% sucrose access (F(2,25)=3.42; p<0.05). Even though the 12-h HFCS
group gained significantly more body weight, they were ingesting fewer calories from HFCS
than the sucrose group was ingesting from sucrose (21.3 + 2.0 Kcal HFCS vs. 31.3 £ 0.3
Kcal sucrose; F(1,16)=12.14; p<0.01). There was no overall difference in total caloric intake
(sugar plus chow) among the sucrose group and two HFCS groups. Further, no difference
was found in HFCS intake and total overall caloric intake in the groups given 12-h access
versus 24-h access. Further, both groups consumed the same amount of HFCS on average
(21.3 £ 2.0 Kcal HFCS in 12-h versus 20.1 + 1.6 Kcal HFCS in 24-h), even though only the
12-h group showed a significant difference in body weight when compared with the control
groups. There was no statistically significant difference in blood glucose levels among the
groups.

Male rats with ad libitum HFCS for 6 months have increased body weight, abdominal fat
and TG, compared to controls

Figure 1 shows that male rats with 12-h or 24-h access to HFCS with ad /ibitum chow
gained significantly more weight than the control group with ad /ibitum chow alone
(A1,14)=5.07; p<0.05). The difference in body weight was significant by week 3
(A2,21)=4.44; p<0.05). There was no significant difference in weight gain between the 12-h
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and 24-h HFCS groups (p>0.05); both gained more than the chow control rats. During the 6
months of study, the ad /ibitum chow group grew normally with a final weight that was
202% of their initial baseline body weight, whereas the 12-h HFCS group was 234% and the
24-h access HFCS group was 257% of baseline.

As an indication of obesity, the rats with 24-h or 12-h HFCS had significantly heavier fat
pads than control rats (A4,35)=13.01; p<0.01; Fig. 4). Although all fat pads were heavier,
this effect was most pronounced in the abdominal region (A4,35)=8.36; p<0.05; Fig. 2).

Serum assays revealed that the groups with 24-h or 12-h HFCS had elevated TG levels
compared to ad /ibitum chow-fed controls (24-h HFCS= 201+29 mg/dL, 12-h HFCS=
195429 mg/dL, ad /ibitum chow= 147+11 mg/dL TG; {13)= 2.18; p<0.05). There were no
differences among groups in serum insulin levels.

Female rats with 7 months of HFCS access gain significantly more body weight, have
more abdominal fat and elevated TG levels compared with chow- and sucrose-fed controls

As seen in Figure 3, female rats with 24-h access to HFCS for 7 months gained more body
weight than chow- and sucrose-fed controls (F(1,14)=8.74, p<0.01). Difference in body
weight compared to ad /ibitum chow-fed controls was seen as early as week 5, and it
reached statistical significance at week 24 (p<0.05). There was also a statistically significant
difference in body weight, with 24-h HFCS rats weighing more than sucrose-fed rats at
week 25 (H4,35)=4.24, p<0.05). During the 7-month experimental period, the females with
ad libitum chow gained a normal amount of weight, 177% from their initial baseline body
weight. At the end of the study, the 12-h HFCS and sucrose groups were 183% of baseline,
and the group with 24-h access to HFCS weighed the most, on average, ending the
experiment at 200% of baseline.

Figure 4 shows that females with 24-h access to HFCS for 7 months had increased overall
fat pad weight compared to chow-fed controls (A4,35)=7.06; p<0.01). When analyzed
separately both the fat pads surrounding the uterus (AH4,35)=4.83, p<0.01) and the abdomen
(H4,35)=5.59, p<0.01) were significantly heavier in 24-h access HFCS rats compared to ad
libitum chow-fed controls.

After 7 months of access, the 24-h access HFCS group had significantly elevated TG levels
compared to both ad /ibitum chow-fed controls and rats maintained on 12-h sucrose (24-h
HFCS= 225436 mg/dL, 12-h sucrose= 128+16 mg/dL, ad /ibitum chow-fed controls=
153+15 mg/dL; A2,17)=4.03; p<0.05). No difference was found in TG levels for the 12-h
HFCS group (128+7 mg/dL) when compared to chow-fed controls. There were no
differences found among the groups in serum insulin levels.

Discussion

In Experiment 1 (short-term study, 8 wk), male rats with access to HFCS drank less total
volume and ingested fewer calories in the form of HFCS (mean= 18.0 Kcal) than the
animals with identical access to a sucrose solution (mean= 27.3 Kcal), but the HFCS rats,
never the less, became overweight. In these males, both 24-h and 12-h access to HFCS led to
increased body weight. In Experiment 2 (long-term study, 6-7 months), HFCS caused
obesity greater than that of chow in both male and female rats. This increase in body weight
was accompanied by an increase in fat accrual and circulating levels of TG, shows that this
increase in body weight is reflective of obesity.
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HFCS and Body Weight

While increased body weight alone does not necessarily represent obesity, the cooccurrence
of obesogenic parameters such as increased body fat accrual and increased TG levels, lends
support for the label of an obese status. In the current study, long term access to HFCS in
rats led to obesity, while sucrose did not. We have previously shown that rats are able to
adjust for the excess calories obtained when consuming 10% sucrose by taking in fewer
calories of chow and thereby maintaining a normal body weight (Avena et al., 2008).
Similarly, Jurgens found that mice with 73 days of access to a frucose solution showed
increased adiposity, while mice given access to a 10% sucrose solution did not (Jurgens ef
al., 2005). This might be an effect of concentration of sucrose, as others have shown that at
higher concentrations of sucrose (i.e., 32%) rats can become overweight (Ackroff et al,
2007; Light et a/,, 2009; Lindgvist et a/., 2008,).

The data presented here suggest that rats with access to HFCS do not maintain a normal
body weight. In a related study, adolescent female rats with access to HFCS showed
increased body weight and fat pad weight compared to controls after 8 weeks of access.
However, unlike the current study, there was no difference in body weight between HFCS
and sucrose consuming rats, although a more rapid weight gain was noted in HFCS-
consuming animals compared to fructose- and sucrose-consuming animals (Light et al.,
2009).

Given the relationship in humans between the intake of calorically sweetened beverages and
obesity (Olsen and Heitmann, 2009) as well as the development of increased risk of heart
disease (Fung et al., 2009), several studies have addressed the effects of pure fructose, using
it to represent the HFCS seen in the American diet. These studies indicate an increase in
weight gain on diets rich in fructose (Stanhope et a/., 2009). Compared to glucose-
sweetened beverages, fructose-sweetened beverages lead to decreased circulating glucose,
insulin and leptin concentrations, and elevated TG (Stanhope et a/., 2008). Other studies
have confirmed the effects of fructose on leptin, insulin and serum lipids (Abdel-Sayed et
al., 2008; Adams et al., 2008; Faeh et al., 2005; Le et al., 2006; Le et al., 2009; Swarbrick et
al., 2008; Teff et al., 2004; Teff et al., 2009). A correlation between body fat and circulating
TG has been well established (Hollister et al., 1967) and a combination of abdominal
adiposity and elevated TG has been linked with higher mortality rates (Bengtsson et af.,
1993). Studies of pure fructose fed to laboratory animals show increased plasma free fatty
acids, leptin, adiponectin, and abdominal adipose tissue, as well as impaired insulin
sensitivity (Alzamendi et al., 2009; Melanson et a/., 2008). Increased leptin resistance and
weight gain have been shown when rats have access to fructose and then are subsequently
maintained on a high-fat diet (Shapiro et a/., 2008). Access to a high concentration of
fructose, sucrose or glucose (23% wi/v) leads to caloric over consumption and weight gain
(Lindgvist et af., 2008).

HFCS and Fat Accrual

Obesity is characterized not just by an increase in body weight, but also by changes in body
composition and certain hormone levels (Clegg et al., 2006; Dourmashkin et al., 2006). An
increase in body-fat accrual is a key indicator of obesity (Clegg et a/., 2006; Tamashiro et
al., 2007). Light et al. (2009) report that rats with access to HFCS have increased fat pad
accrual, while rats similarly fed sucrose do not. The significantly heavier abdominal fat pads
in the HFCS-consuming groups in Experiment 2 support this finding, and demonstrate
obesity in the present study.

Abdominal obesity in humans is considered the most dangerous form of fat accrual, leading
to impaired health and diminished longevity (Seidell et a/., 1989). Several studies compare
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the effects of acute sucrose and HFCS on weight gain and metabolic profiles in humans
(Akhavan and Anderson, 2007; Melanson et al., 2008; Stanhope et a/., 2008), and most
conclude that sucrose and HFCS similarly affect the body in the short term (Stanhope et al.,
2008). However, little is known of the long-term effects of HFCS consumption on fat
accrual. The preclinical data in Experiment 2 suggest that long-term exposure to HFCS
compared with sucrose differentially affects body fat accrual.

HFCS and TG

Rats with HFCS-access gain more weight than sucrose-consuming rats, even when ingesting
fewer calories from their respective sugars. One important factor might be that the HFCS-
induced weight gain is accompanied with hyper-triglyceridemia. Given the known role of
TG in fat accrual (Owen et al., 1979), the elevated TG levels observed in the rats fed HFCS
in the present study might account, in part, for the deposition of body fat. Further, a recent
study confirms changes in plasma lipid profile, without indications of weight gain, after 10
weeks of intermittent access to either fructose or a 12.5% HFCS solution (Figlewicz et al.,
2009). Storage of excess body fat subsequently can lead to chronic changes in leptin, insulin
and corticosterone. In obese animals, leptin and insulin insensitivity can ensue, with the loss
of hormonal satiety signals (Strader and Woods, 2005). Fructose consumption by adult rats
has been shown to produce diminished glucose tolerance and insulin sensitivity as well as
elevated TG, cholesterol, and body fat (de Moura et a/., 2009; Elliott et al., 2002).
Additionally, in the presence of obesity, elevated TG levels are commonly associated with a
clustering of metabolic risk factors known as the metabolic syndrome (Grundy et a/., 2004).
Further adverse effects precipitated by increased fructose intake include negative effects on
cardiovascular and kidney functions (Abdullah et a/., 2009; Alzamendi et al., 2009;
Lindqvist ef al., 2008; Nguyen et al., 2009).

Previous research has suggested that an elevated level of circulating TG is, in part,
responsible for an increase in high-fat intake (Chang et a/., 2007). Therefore by chronically
elevating serum TG levels, HFCS may create a propensity towards fat intake and fat
deposition. This could work to induce leptin and insulin resistance. Taken together, leptin or
insulin resistance and elevated TG serum levels promulgate food over-consumption and
contribute to the corresponding obesity.

Gender Differences

In the present study, both male and female rats gained an excessive amount of weight when
maintained on 24-h access to HFCS, however, the males gained significantly more weight
than females, and at a faster pace. This is impressive given that male Sprague-Dawley rats
have a steadily rising growth curve that can obscure obesity. Females normally show more
gradual gain after adolescence such that extra weight gain is often obvious (see chow-fed
controls in Fig. 1; Hoebel and Teitelbaum, 1966; Hubert et a/., 2000). In the present study,
male rats maintained on 12-h access to HFCS also gained significantly more weight than
chow-fed controls, while female rats maintained on 12-h access did not. It is possible that
this can be accounted for by the fact that these males had ad /ibitum chow, while the female
had 12-h access to chow. It is possible that the lack of chow for 12-h daily suppressed
weight gain and TG levels that might have otherwise been elevated in the female 12-h HFCS
access group. This would indicate an effect of diet rather than a gender difference.

Differences in Sugars and Metabolism

HFCS-55, which is commonly used in processed food and drinks, is 55% fructose, 42%
glucose and 3% higher saccharides (Corn Refiners Association, 2009; White, 2008). Given
that sucrose is a disaccharide, which is metabolized to one fructose and one glucose
molecule (Caspary, 1992), it has been argued that there is little difference between fructose
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and sucrose, since both provide about 50% fructose and 50% glucose in the blood stream;
and until recently, there was no evidence that HFCS contributes to long-term weight gain
beyond what sucrose contributes (Forshee et al., 2007). However, the present study suggests
that HFCS and sucrose can have different effects on body weight and obesogenic measures.

HFCS is different than sucrose in many ways. First, HFCS-55 has proportionately slightly
more fructose than sucrose (White, 2008). Second, fructose is absorbed further down the
intestine than glucose, with much of the metabolism occurring in the liver, where it is
converted to fructose-1-phsophate, a precursor to the backbone of the triglyceride molecule
(Havel, 2005). Third, fructose is metabolically broken down before it reaches the rate-
limiting enzyme (phosphofructokinase), thereby supplying the body with an unregulated
source of three-carbon molecules. These molecules are transformed into glycerol and fatty
acids, which are eventually taken up by adipose tissue, leading to additional adiposity
(Hallfrisch, 1990). And fourth, HFCS causes aberrant insulin functioning, in that it bypasses
the insulin-driven satiety system (Curry, 1989). Where as circulating glucose increases
insulin release from the pancreas (Vilsboll et al., 2003), fructose does this less efficiently,
because cells in the pancreas lack the fructose transporter (Curry, 1989; Sato ef a/., 1996).
Typically, insulin released by dietary sucrose inhibits eating and increases leptin release
(Saad et al., 1998), which in turn further inhibits food intake. As previously discussed, meals
of HFCS have been shown to reduce circulating insulin and leptin levels (Teff et al., 2004).
Thus, fructose intake might not result in the degree of satiety that would normally ensue
with a meal of glucose or sucrose, and this could contribute to increased body weight.

Conclusion

In summary, rats maintained on a diet rich in HFCS for 6 or 7 months show abnormal
weight gain, increased circulating TG and augmented fat deposition. All of these factors
indicate obesity. Thus, over consumption of HFCS could very well be a major factor in the
“obesity epidemic,” which correlates with the upsurge in the use of HFCS.
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Figure 1.

Body weight gain in male rats during 6 mo as percent of initial weight. Groups had daily 12-
h access to HFCS and chow, 24-h access to HFCS and chow, or ad /ibitum chow. Males
with access to HFCS gained significantly more weight over the duration of the experiment
than animals with only chow access, reaching significance at week 3. *p<0.05. Values are
means = SEM.
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Figure 2.

Males maintained on either 24- or 12-h HFCS diets showed increased abdominal fat pad
weight. **p<0.05. Values are means + SEM.
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Figure 3.

Body weight gain in female rats during 7 mo as percent of initial weight in rats with 12-h
access to HFCS and chow, 24-h access to HFCS and chow, 12-h sucrose and chow, or ad
libitum chow. Females with 24-h access to HFCS gained significantly more weight over the
duration of the experiment than animals with sucrose access or chow access, data reached

significance at week 19. *p<0.05. Values are means + SEM.
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Females maintained on 24-h access to HFCS and chow showed increased abdominal and
uteral fat pad weight. **p<0.05. Values are means + SEM.
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Table 1

Summary of experiments, diets and final body weight.

Experiment Diet End Point Body Weight (g)
Experiment 1 1. 24-h HFCS + ad libitum Chow 47047
Males: 8 wks

2.12-h HFCS + ad libitum Chow 502+11 *

3.12-h Sucrose + ad libitum Chow 477+9

4. Ad libitum Chow 462+12
Experiment2 | 1.24-h HFCS + ad /ibitum Chow 767424
Males: 6 mo

2.12-h HFCS + ad libitum Chow 718i28*

3. Ad libitum Chow 616+36
Experiment2 | 1.24-h HFCS + ad libitum Chow 355412 %
Females: 7 mo

2.12-h HFCS + 12-h Chow 323+9

3. 12-h Sucrose + 12-h Chow 333+10

4. Ad libitum Chow 328+10

Page 15

*
Signifies statistical difference when compared to chow-fed control groups, p<0.05. See graphs for comparison of HFCS and sucrose groups.
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