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Abstract

Others reported that rats fed a high-fructose diet for 6 months were leptin resistant. We tested
peripheral and/or central leptin responses in rats fed fructose for shorter time periods. Rats fed a
diet containing 60% energy (% kcal) fructose and 10% kcal fat diet for 21 days had the same
serum triglycerides (TG), gained less weight than controls, decreased their food intake and weight
gain in response to central injections of 0.5 or 1.0 ug leptin, but were resistant to an i.p. injection
of 2.0 mg leptin/kg. An i.p. injection of 1 mg leptin/kg increased phosphorylation of hypothalamic
signal transducer and activator of transcription 3 (PSTAT3) implying resistance was not a failure
of leptin to cross the blood brain barrier. The effects of dietary fructose were compared with those
of dietary fat. Rats fed a 10% kcal fructose and 30% kcal fat diet for 39 days were leptin resistant
whereas rats fed a 40% kcal fructose and 30% kcal fat diet responded to i.p. leptin. Another
monosaccharide, glucose, replicated the effects of fructose in the 30% kcal fat diet. Surprisingly,
none of the rats showed a reliable response to third ventricle leptin and peripheral leptin failed to
stimulate hypothalamic PSTATS3 although it did increase PSTAT3 in the brainstem of rats fed the
40% kcal fructose or glucose diets. Thus a high-fructose, low-fat diet induces peripheral leptin
resistance in less than 4 weeks, but high dietary concentrations of fructose or glucose prevent
peripheral leptin resistance in rats fed a high-fat diet.
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INTRODUCTION

When leptin was first discovered it was anticipated that this adipose-derived hormone would
function as a feedback signal in the regulation of body weight [1]. Leptin receptors are
expressed at high concentrations in the arcuate nucleus of the hypothalamus (ARC) [2] an
area of the brain that appears critical to the control of food intake and regulation of energy
balance [3]. More recently, it has been shown that the effects of leptin on food intake are not
limited to the ARC and that leptin receptors in the ventromedial nucleus of the
hypothalamus [4], the ventral tegmental area [5] and the hindbrain [6] also contribute to
leptin-induced changes in food intake and energy expenditure. It is now well established that
leptin inhibits food intake and reduces body fat mass in normal weight animals or in animals
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that are leptin-deficient [7-9], but that it has a limited effect in animals that are obese [10-
11] or that have been adapted to a high-fat diet [12—14]. This lack of response to endogenous
or exogenous leptin has been termed “leptin resistance” and has been explained by a failure
of leptin to cross the blood brain barrier [15] and activate the central leptin receptors that
mediate leptin-induced changes in food intake and energy expenditure. As obesity continues
to develop the animals become resistant to both central and peripheral administration of
leptin [12]. In these conditions a possible cause of leptin resistance is an increased
expression of suppressor of cytokine signaling 3 (SOCS3) [16], which prevents
phosphorylation of signal transducer and activator of transcription 3 (STAT3) [17]. STAT3
is a transcription factor that is an essential part of the leptin signaling pathway responsible
for modulating energy homeostasis [18]. Others also have suggested that leptin receptor
protein may be down-regulated in conditions of leptin resistance [19].

With the increasing incidence of obesity in Western Societies that cannot be attributed to
single gene mutations or neuroendocrine disorders, there is a growing awareness of the role
of environmental factors, including diet composition, in promoting body fat accumulation
[20]. There have been several recent reports of an association between fructose consumption
and an increased incidence of obesity [20-22]. Consumption of sweeteners, including
sucrose and high-fructose corn syrup, by the general population has steadily increased over
the last 30 years [23]. Excess consumption of fructose promotes hepatic lipogenesis and
gluconeogenesis [24] and it is this aspect of fructose metabolism that has been associated
with the increased risk for metabolic diseases [21-22]. In humans, post-prandial triglyceride
(TG) levels are increased after a high-fructose meal [25-26] and fasting TG are increased
after several weeks of consuming a high-fructose diet [27-28], with a greater effect in men
than women [28]. Banks et al. have shown that elevated circulating TG effectively inhibit
leptin transport across the blood brain barrier in rodents [29]. Therefore, it is possible that
consumption of a high-fructose diet causes leptin resistance through TG inhibition of leptin
transport across the blood brain barrier and that this contributes to the association between
fructose intake and obesity.

Recently, Shapiro et al [30] reported that rats fed a high-fructose diet (67% energy) for 6
months were leptin resistant and had elevated serum TG concentrations although they were
not obese. Leptin responsiveness was not measured at any earlier time-point in the study and
if it were due to elevated blood TG, then the resistance would be expected to occur within a
relatively short time frame. Leptin resistance in the Shapiro study [30] was measured as a
decrease in 24 hour food intake following an intraperitoneal (i.p.) injection of leptin and no
attempt was made to test whether the rats were responsive to central injections of leptin. The
objective of the studies described here was to test whether shorter periods of consumption of
high levels of dietary fructose resulted in the development of leptin resistance in rats. In the
first two experiments we tested the effects of central and peripheral injections of leptin on
food intake and weight gain of rats fed a low-fat (10% of energy as fat) diet containing 60%
of energy (%kcal) as fructose and determined whether this high fructose diet changed
circulating TG concentrations following a meal. In these studies the rats became leptin
resistant in less than 4 weeks, but the fructose-fed animals were lighter and thinner than their
controls. In order to maintain the body fat content of fructose-fed rats we tested the effects
of a high concentration of dietary fructose in a diet containing 30% kcal fat. Surprisingly we
found that fructose prevented the development of leptin resistance in these high-fat fed rats.
Therefore, the two final experiments tested whether the changes in leptin responsiveness of
the rats were fructose-specific or could be replicated by increasing the concentration of a
different monosaccharide (glucose) in the diet.
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METHODS

Animal procedures were approved by the Institutional Animal Care and Use Committee of
the University of Georgia. All animals used in these studies were male Sprague Dawley rats
(Harlan Sprague Dawley, Indianapolis, IN). They were housed individually in rooms
maintained at 23°C with lights on for 12 hours/day from 7.00 a.m. and had free access to
food and water unless stated otherwise.

Experiment 1: Response to peripheral and central leptin injections in rats fed a high
fructose diet

The objective of this experiment was to test whether rats fed a low-fat, high-fructose diet
developed resistance to peripheral and/or central injections of leptin.

Twenty-two rats were each fitted with a third ventricle guide cannula as described
previously [31]. Guide cannulae (Plastics One, Roanoke, VA: 22 gauge, 11 mm below the
pedestal) were placed using the following coordinates applied to a flat skull: anteroposterior
—2.8, lateral 0.0, ventral —8.3 from the bregma. The rats were housed in hanging wire-mesh
cages with free access to water and one of the diets described below. Cannula placement
was tested one week after surgery by observing drinking behavior after an infusion of 10 ng
angiotensin I1. The rats were then divided into two weight-matched groups. One was given
free access to a low-fructose (LFruc) diet containing 10% kcal fat, 20% protein, 35.5%
sucrose, 31% corn starch, 3.5% maltodextrin (D12450B, Research Diets Inc., New
Brunswick, NJ). This diet contained approximately 18% kcal fructose and has been used as
a control for studies in which leptin resistance is induced by high-fat feeding [12, 32]. The
second experimental group was offered a high-fructose (HFruc) diet containing 10% kcal
fat, 20% protein, 60% fructose, 10% corn starch (D02022704, Research Diets Inc.). Diets
were isocaloric (3.8 kcal/g). Because we anticipated an early onset of leptin resistance,
leptin responsiveness was tested after 14 days. The rats were food deprived from 8.00 a.m.
and were injected i.p. at 5.00 p.m. with either 2.0 mg leptin/kg in a volume of 2 ml/kg or an
equivalent volume of sterile saline. Food was returned to the cage at 6.00 p.m. and intake
was measured 2, 14, 24 and 38 hours after injection. Body weight was measured 14, 24, 38
and 62 hours after the injection. Both food intake and weight gain were used as indices of
leptin-responsiveness because leptin has been reported to increase energy expenditure [33]
in addition to suppressing food intake [8]. HFruc-fed rats were leptin responsive, defined as
a significant leptin-induced inhibition of food intake and weight gain, therefore the test was
repeated when the rats had been on diet for 21 days, at which time the HFruc-fed rats were
leptin resistant. On this day a tail blood sample was collected at the same time as food intake
was measured 2 hours after leptin injection for measurement of serum leptin (Rat leptin RIA
kit, MP Biomedicals, Solon, OH) and TG (L-Type TG H kit; Wako Chemicals)
concentrations.

Four days after demonstration of peripheral leptin resistance (25 day on diet) the central
leptin responsiveness of the rats was tested. Food was removed from the cages at 8.00 a.m.
At 5.30 p.m. each rat received an icv infusion of 0, 0.5 or 1.0 ug leptin in a 2 ul volume
infused over 1 minute. At 6.30 p.m. food was returned to the cages and food intake was
recorded 2, 14, 24 and 38 hours after infusion. Body weight was measured 14 and 38 hours
after infusion. Each rat was tested in random order with each dose of leptin and there was a
period of at least 4 days between tests to ensure that the rats recovered any weight loss
before they were tested again. The rats had been on diet for 45 days by the end of the study.
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Experiment 2: Changes in serum triglyceride concentrations and hypothalamic
phosphorylated STAT3 in rats fed a high fructose diet

Experiment 1 indicated that rats fed HFruc diet were resistant to peripheral, but not central
leptin administration. The objective of this study was to determine whether an increase in
serum TG could potentially account for this resistance and whether the HFruc diet prevented
an increase in phosphorylation of STAT3 in hypothalamic and brainstem tissue of rats
receiving i.p. injections of leptin.

Twenty-six rats were adapted to the environment for one week, were divided into two
weight-matched groups and were offered the LFruc or the HFruc diet. Body weight was
recorded twice each week for the duration of the study. Serum TG were measured after 7
days on diet when all rats would be expected to be leptin responsive and again after 21 days
on diet when HFruc-fed rats would be expected to be leptin resistant. On the day of
measurement food was removed from the cages at 8.00 a.m. The rats were weighed at 6.00
p.m., a small blood sample was taken by tail bleeding and then the rats were given free
access to food. Additional blood samples were collected 2, 4 and 6 hours after food was
returned. Food intake was measured during the 2 hours between the first two blood samples.

The effect of peripheral leptin on central PSTAT3 was tested when the rats had been on
experimental diet for 26 days. This was a time at which the rats were resistant to peripheral
leptin, but responsive to central leptin in Experiment 1. Food was removed from the cages at
10.00 a.m. Starting at 6.30 p.m. each rat received an i.p. injection of either 1 mg leptin/kg or
an equivalent volume of PBS. Exactly 20 min after injection the rat was decapitated and the
brain was rapidly removed. Blocks of tissue that included the hypothalamus or brain stem
were dissected and shap frozen. The optic tract was used as an anterior marker and the
interpeduncular fossa as a posterior marker for the hypothalamic section. The block was cut
laterally to include the lateral hypothalamus and a dorsal cut was made through the
mammillothalamic tract. The anterior cut for the hindbrain included the medial vestibular
nucleus and the posterior cut included spinal vestibular nucleus. A ventral cut was made to
include the medial nucleus of the solitary tract [34]. The tissue was subsequently
homogenized in sucrose buffer (20 mmol/L Tris-HCI, 1 mmol/L EDTA, 255 mmol/L
sucrose, pH 7.4), 1% nonidet-P40 containing protease and phosphatase inhibitors (1 ng/mL
leupeptin, 1 ug/mL aprotinin, 2 umol/L phenylmethylsulfonylfluoride, 10 mmol/L sodium
fluoride, 2 mmol/L sodium vanadate, 1 mmol/L molybdate). PSTAT3 was detected by
Western blot using Phospho-Stat3 (Tyr705) antibody (Cell Signaling Technology Inc.,
Danvers, MA) and, after stripping the membrane, total STAT3 was detected using Stat3
antibody (Cell Signaling Technology). The blots were developed using chemiluminescence
(Perkin Elmer Life Sciences Inc., Boston, MA), exposed to BioMax-MR X-ray films
(Eastman Kodak Co., Rochester, NY) and the films were scanned and images digitized
using UN-SCAN-IT™ gel version 5.1 software (Silk Scientific, Orem, UT). Data were
expressed as the ratio of PSTAT3/STATS in arbitrary units. A common sample was tested
on each membrane to standardize results.

Experiment 3: Response to peripheral leptin injections in rats fed a high-fructose, high-fat

diet
In Experiments 1 and 2 the HFruc diet had a low fat content but a very high fructose content
and HFruc-fed rats gained less weight than LFruc-fed animals (see Results). This
experiment tested leptin responsiveness in rats fed low- and high-fructose diets that also had
a relatively high fat content. The fat content of the diet was increased to prevent the
reduction in body weight observed in HFruc-fed rats, but also allowed us to compare the
effects of fructose on the development of leptin resistance in rats fed low- and high-fat diets.
The fructose content of the diet had to be reduced from that in the HFruc diet (60% kcal
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fructose) in order to increase dietary fat content to 30% kcal, therefore, we tested a diet
containing 40% kcal fructose, 10% glucose and 30% kcal fat (MFruc/HF diet).

Thirty six rats were adapted to the environment and then were divided into four weight-
matched groups. Each group was offered one of the experimental diets described in Table 1:
LFruc/LF, LFruc/HF, MFruc/LF, MFruc/HF. Daily body weights were recorded until the
end of the study (49 days), and daily food intakes were recorded for the first 27 days.
Because we anticipated that dietary fat would accelerate the onset of leptin resistance in rats
fed the MFruc/HF diet we tested leptin responsiveness starting at 7 days on diet. Food intake
of the rats was measured 14 hours after an i.p. injection of 2 mg leptin/kg. Body weight was
recorded 14, 38 hours after injection. After 7, 10 and 21 days on diet both MFruc/HF and
LFruc/LF groups responded to the peripheral injection of leptin. Leptin responsiveness of all
groups of rats was tested after 36 and 39 days of the experiment. Rats that were injected
with leptin on day 36 were injected with PBS on day 39 and vice versa. At this time
measurements of 14 hour food intake and weight change indicated that rats fed the LFruc/
HF diet were leptin resistant. Ten days after the last injection (day 49 on diet) the rats were
killed for determination of inguinal, epididymal, retroperitoneal and mesenteric fat pad
weights, body composition [35], and serum leptin, glucose (Glucose assay kit GAGO20;
Sigma-Aldrich, St. Louis, MO), insulin (Rat Insulin RIA kit, MP Biomedicals) and TG.

Experiment 4: Response to peripheral leptin injections in rats fed Gluc/HF diet

The previous experiment demonstrated that the MFruc/HF diet prevented the development
of leptin resistance that was present in LFruc/HF-fed rats. The objective of this study was to
test whether this was fructose-specific or whether a similar protective effect would be
provided by a different monosaccharide; glucose.

Thirty-two rats were adapted to the environment for 1 week and then were divided into 3
groups. Ten rats were offered the LFruc/HF diet, 11 were offered the MFruc/HF diet, and 11
were offered a diet containing an equivalent amount of glucose in place of the fructose
(Gluc/HF: 50% kcal glucose, 30% kcal fat. Research Diets, Inc.) Body weight was recorded
twice each week and the rats were tested for leptin responsiveness after 36 and 39 days on
diet. On day 36 half of the rats in each group received leptin and half received PBS and on
day 39 treatments were reversed. All treatment groups were leptin responsive, therefore the
experiment was continued and the rats were tested again after 64 and 67 days, at which time
the LFruc/HF rats were leptin resistant.

Four days after the LFruc/HF-fed rats were shown to be leptin resistant (71 days) the rats
were food deprived for 4 hours in the morning and then were injected i.p. with either 2.0 mg
leptin/kg or PBS. Exactly 20 minutes after injection the rats were anesthetized with
ketamine (100 mg/kg) and perfused pericardially for fixation of the brain which was
collected and stored in 4% paraformaldehyde at 4°C and then transferred to 25% sucrose,
0.01% sodium azide solution. Using coordinates in the Paxinos Rat Brain Atlas [36], 30 um
serial coronal slices were made through the ARC (Anteroposterior to bregma: —2.12 mm to
—4.13 mm) and the medial nucleus of the solitary tract (NTS) (Anteroposterior to bregma:
—13.68 mm to —14.30 mm). Every fourth section was used to detect PSTAT3 using the
protocol described by Ellacott et al [37] for free floating sections. The sections were
mounted and counterstained with cresyl violet.

PSTAT-3 was visualized using a Nikon microscope and images captured using ImagePro
Plus Software (Media Cybernetics, Inc., Bethesda, MD). A 27 mm reticule 10x10 1 mm
square grid (Nikon Instruments, Melville, NY) was inserted in the microscope and this grid
was aligned to a 10x10 grid in Photoshop that was superimposed onto the image of each
section. PSTAT-3 positive nuclei were counted for the ARC and the medial NTS.

Physiol Behav. Author manuscript; available in PMC 2012 October 24.
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Experiment 5: Response to central leptin in rats fed MFruc/HF or Gluc/HF diets

The previous experiment suggested that both fructose and glucose prevented the
development of peripheral leptin resistance in rats fed a high-fat diet. The objective of this
experiment was to determine whether the monosaccharides influenced central leptin
responsiveness of rats.

Thirty rats were each fitted with a third ventricle guide cannula and one week after cannula
placement was confirmed the rats were divided into three groups and offered one of the diets
used in Experiment 4. Body weights were recorded weekly and starting from day 53 daily
body weights and food intakes were recorded to adapt the rats to procedures for testing for
leptin responsiveness. Central leptin responsiveness was tested after the rats had been on
diet for 57 or 60 days. Each rat was tested with leptin and with PBS with the treatments
randomized across the 2 days of testing. The procedure was as described for Experiment 1
except that a 1.5 ug dose of leptin was used. On day 65 the rats were killed and inguinal,
retroperitoneal and epididymal fat depots were weighed.

Statistical Analysis—Data were analyzed by one or two-way ANOVA. Differences
between specific treatment groups were determined by post-hoc Duncans Multiple Range
test if rats were tested in only one condition. If rats were tested with both PBS and leptin,
then the response was compared by paired t-test. P<0.05 was considered significant. All
statistical comparisons were made using Statistica Software (StatSoft, Inc., Tulsa, OK). Data
are expressed as mean + SEM.

RESULTS

Experiment 1: Response to peripheral and central leptin injections in HFruc-fed rats

There was no effect of diet on basal food intake of the two groups of rats (LFruc: 22.2 + 1.1
g/day, HFruc: 22.1 £ 0.9 g/day, n=11). An i.p. injection of 2.0 mg leptin/kg caused a
significant inhibition of food intake in HFruc-fed rats when they had been adapted to diet for
2 weeks (Figure 1A: Diet: NS, Leptin: P<0.02, Interaction: NS), but not when they had been
on the diet for 3 weeks (Figure 1B: Diet: NS, Leptin, P<0.002, Interaction: P<0.07).
Similarly, the leptin injection inhibited weight gain of HFruc-fed rats at 2 weeks (Figure 1A:
Diet: NS, Leptin: P<0.006, Interaction: NS), but not at 3 weeks (Figure 1B: Diet: NS,
Leptin, P<0.003, Interaction: P<0.01), indicating the development of peripheral leptin
resistance. At 3 weeks, serum leptin measured 2 hours after leptin injection was not different
between dietary groups, but was much higher in leptin-injected than PBS-injected rats (PBS-
injected: 8 £ 2 ng/mL, leptin-injected: 634 £ 9 ng/mL). At 3 weeks there was no effect of
leptin and no effect of diet on post-prandial TG (HFruc: 74 + 10 mg/dL, LFruc: 61 £ 7 mg/
dL). There was no difference in the weight of the rats after 2 weeks on diet (LFruc: 342 £ 5
g, HFruc: 344 + 4 g), but HFruc-fed rats weighed significantly less than LFruc-fed rats at the
start of testing for central leptin responsiveness (392 £ 5 g vs. 411 + 7 g: P<0.05).

HFruc-fed rats were at least as responsive to central leptin administration as the LFruc-fed
rats (Figure 1C: Diet: NS, Leptin: P<0.03, Time: P<0.001, Leptin x Time: P<0.003).
Cumulative food intake 24 hours after infusion was inhibited by both 0.5 and 1.0 ug leptin in
HFruc-fed rats, but not Lfruc-fed rats (Diet: NS, Leptin: P<0.007, Int: P< 0.05), whereas
intake of both HFruc-fed and LFruc-fed rats was significantly inhibited at 38 hours (Diet:
NS, Leptin: P<0.04, Int: NS). Leptin inhibited weight gain in both dietary groups at all time
points measured suggesting that leptin stimulated energy expenditure (Figure 1D: Diet: NS,
Leptin: P<0.0001, Time: P<0.001, Leptin x Time: P<0.01). The HFruc-fed rats took longer
to correct for the inhibition and had not compensated 62 hours after leptin infusion.

Physiol Behav. Author manuscript; available in PMC 2012 October 24.
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Experiment 2: Changes in serum TG and hypothalamic PSTAT3 in rats fed HFruc diet

There was no effect of diet on post-prandial serum TG concentrations after either 7 or 21
days on diet (Figure 2A and B: Diet: NS, Time: P<0.001, Interaction: NS). HFruc-fed rats
weighed less than LFruc-fed rats after both 7 (390 + 4 g vs. 408 + 3 g, P<0.001) and 21 days
(419 £ 7 gvs. 439 £ 5 g, P<0.02), but there were no differences in food intake during the 2
hours before blood sampling on day 21 (LFruc: 4.3 £ 0.5 ¢/2 h, HFruc: 4.5+ 0.5 g/2 h).

Measurement of hypothalamic and brainstem PSTAT3 in these rats after 26 days on
experimental diet showed no effect of diet or leptin injection on PSTAT3 in the brainstem
(Figure 2C). By contrast, leptin caused a significant increase in PSTAT3 in hypothalamic
tissue of rats from both dietary groups (Figure 2D: Diet: NS, Leptin: P<0.001, Interaction:
NS)

Experiment 3: Response to peripheral leptin injections in rats fed MFruc/HF diet

Rats fed the LFruc/HF diet had the highest energy intake and those fed the LFruc/LF diet
had the lowest, but all groups gained the same amount of weight during the experimental
period (Table 2). Both LFruc/LF and MFruc/HF rats responded to leptin injections on days
7, 14 and 21 by reducing energy intake (Figure 3A: Diet: P<0.05, Leptin: P<0.0001,
Interaction: NS) and weight gain (Figure 3A: Diet: NS, Leptin: P<0.0001, Interaction: NS).
On days 36 and 39 of the study, there was an overall significant effect of leptin on 14 hour
energy intake and weight gain of the rats (Figure 3B: Diet: NS, Leptin: P<0.001, Interaction:
NS). Post-hoc comparisons showed that food intake was inhibited in all but the LFruc/HF
rats, but inhibition of weight gain was not significant for any specific dietary group. There
also was an overall inhibitory effect of leptin on weight gain 38 hours after injection (Figure
3B: Diet: NS, Leptin: P<0.01, Interaction: NS), but post hoc analysis showed a significant
effect only in MFruc/HF-fed rats.

At the end of the study there were no differences in body composition or fat depot weights
of the different groups of rats (Table 2). Serum glucose, insulin and TG were not different,
but leptin was higher in LFruc/HF rats than in LFruc/LF or MFruc/HF rats (Table 2).

Experiment 4: Response to peripheral leptin injections in rats fed MFruc/HF diet

Animals in this study were fed 30% kcal fat diets containing different types of carbohydrate.
After 64 days on experimental diet leptin inhibited 14 hour food intake (Figure 4A: Diet:
NS, Leptin: P<0.02, Interaction: NS) and post hoc comparisons indicated a significant effect
of leptin in MFruc/HF and Gluc/HF rats, but not LFruc/HF animals The inhibitory effect of
leptin on 14 hour weight gain (Figure 4A: Diet: NS, Leptin: P<0.01, Interaction: NS)
showed the same pattern of response. There was no effect of leptin at later time points.

PSTAT-3 was measured as an index of leptin receptor activation in two brain areas. There
was no effect of leptin or diet on PSTAT-3 in the ARC (Figure 4B). A peripheral injection
of leptin increased PSTAT-3in the medial NTS (Figure 4C: Diet: NS, Leptin: P<0.005,
Interaction: P<0.09). Post-hoc comparisons showed a significant effect only in MFruc/HF-
fed rats. The levels of PSTAT-3 in tissue from both PBS and leptin treated LFruc/HF rats
were the same as those of leptin-treated rats from the MFruc/HF and Gluc/HF groups.

Experiment 5: Response to central leptin in rats fed MFruc/HF or Gluc/HF diets

Central leptin responsiveness was tested in rats that had been consuming MFruc/HF, Gluc/
HF or LFruc/HF diets for 57 or 60 days. MFruc/HF rats ate significantly less than LFruc/HF
rats and there was a significant overall effect of leptin on cumulative food intake 24 and 38
hours after injection (Diet: P<0.02, Leptin: P< 0.04, Interaction: NS), but the only specific
response was inhibition of 38 hours intake of LFruc/HF rats. The inhibitory effect of leptin
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on weight gain was significant only at 38 hours after injection (Diet: P<0.04, Leptin: P<
0.002, Interaction: NS). Post hoc comparisons indicated that leptin inhibited weight gain in
both LFruc/HF and Gluc/HF rats. Data from the 24 and 38 hour time points are shown in
Figures 5A and B. At the end of the study the LFruc/HF rats were significantly heavier than
the two other groups (LFruc/HF: 453 £ 13g, MFruc/HF: 416 + 10g, Gluc/HF: 416 + 10 g)
even though there were no differences in the 3 day intakes of the isocaloric diets measured
before testing for leptin responsiveness (LFruc/HF: 59 + 2 g/3 d, MFruc/HF: 55 * 4 g/3d,
Gluc/HF: 59 * 2 g/3d). Fat depots from LFruc/HF rats were also larger, but the difference
was not significant if depot weight was expressed as a percentage of body weight (data not
shown).

DISCUSSION

The objective of studies described here was to determine whether a relatively short period of
consumption of a high-fructose diet caused leptin resistance in rats and whether increased
concentrations of both fat and fructose in the diet would accelerate the onset of leptin
resistance. Leptin responsiveness was detected by measuring food intake and weight gain in
rats given an acute dose of leptin either as a peripheral injection or as a third ventricle
infusion. Shapiro et al [30] recently used the acute response to a peripheral injection of
leptin to demonstrate the development of leptin resistance in rats fed a 67% kcal fructose
diet for 6 months. The results of the studies described here indicate that the effect of dietary
fructose on leptin responsiveness can occur within 4 weeks, but is more complicated than
expected. Rats were resistant to peripheral injections of leptin after consuming a high-
fructose, low-fat diet (HFruc) for 3 weeks. We did not determine whether the development
of leptin resistance in rats fed a low-fat diet could be extended to dietary glucose, or any
other monosaccharide. Surprisingly, the results of Experiments 3, 4 and 5 showed that
increased concentrations of either fructose or glucose in the diet prevented leptin resistance
in rats fed a high-fat diet. This beneficial effect of monosaccharides is in stark contrast to the
current belief that dietary fructose has negative effects on metabolism and health [21-22]
and was the opposite of the outcome that we had anticipated. More work is needed to
determine the threshold amount of fructose required to prevent leptin resistance in high-fat
fed rats because the levels included in experiments described here were higher than would
be consumed in a normal human diet. Further studies also are needed to determine whether
dietary fructose delays the onset of leptin resistance in humans because it is clear from the
studies described here and by others [38] that high fructose diets do not necessarily produce
the same metabolic disruption in rats as have been reported for human subjects consuming
fructose [25-28]. It also is possible that consumption of fructose in liquid form would have a
different metabolic impact than when it is consumed as part of a composite dry diet. Some,
if not all of the fructose supplement in the human studies was provided in sweetened
beverages [25-28] and consumption of sugar sweetened beverages has recently been
associated with increased risk for obesity [39] and type 2 diabetes [40].

In Experiment 1 rats fed the HFruc diet were resistant to peripheral injections of leptin, but
remained responsive to central injections, implying that leptin was unable to cross the blood
brain barrier. Others have shown that high-fructose diets cause hypertriglyceridemia in
humans [25-26] and rats [30, 41] and Banks et al [29] reported that intraperitoneal injections
of whole milk, but not intralipid, inhibited transport of leptin across the blood brain barrier
in anaesthetized mice. Leptin transport appeared to be significantly inhibited when serum
TG concentrations reached or exceeded 150 mg/dL [29]. In Experiment 1 described here
leptin response was tested in rats that had been fasted for 12 hours, therefore they ate a
relatively large meal soon after they were injected, but there was no clear relation between
serum TG concentration measured 1 hour after the start of feeding and leptin responsiveness
of the rats. In addition, the HFruc-fed rats had serum TG concentrations in the range of 100
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mg/dL which would not be expected to have caused any substantial change in the brain/
serum leptin ratio [29]. Experiment 2 confirmed that the HFruc diet did not increase serum
TG concentrations compared with the LFruc diet. In this study the rats were food deprived
for 9 hours during the light period and serum TG concentrations were measured every 2
hours for 6 hours after food was returned. Equal quantities of the two diets were consumed
during the first 2 hours that food was returned to the cages and Chong et al [26] reported that
there was a significantly greater increase in circulating TG in overnight fasted human
subjects 4 to 6 hours after consumption of a high fructose meal compared with a low
fructose meal. Therefore, we would have detected a diet-induced difference in serum TG of
the rats if it had existed.

Other have reported that fructose increases serum TG concentration in rats, but this may be
dependent upon factors other than the fructose content of the diet. For example, Lindquist et
al [42] found an increased energy intake, accelerated weight gain and a doubling of serum
TG concentration in rats offered 23% liquid fructose for two weeks. By contrast, Botezelli et
al [38] found a small increase in energy intake, no change in rate of weight gain and no
change in serum TG of rats offered a dry 66% fructose diet for 13 weeks. Oron-Herman et al
[43] reported a substantial increase in serum TG concentration of rats offered a dry 60%
fructose diet for 7 weeks, but the fructose rats in this study were compared with controls
eating chow, whereas control rats in the Botezelli study were consuming a formulated low
fructose diet, similar to the controls in our experiments. Furthermore, Gutman et al [44] have
reported that dietary sucrose has a phasic effect on serum TG, with an initial elevation (2
weeks), a normalization (7 weeks) and then later development of hyperlipidemia (17 weeks).
In addition, Cohen et al [45] reported that a 70% fructose diet raised TG only in rats that
also were susceptible to diabetes. In the study reported by Shapiro et al [30] rats fed a 67%
fructose diet were leptin resistant and hypertriglyceridemic compared with their controls.
Obvious explanations for the different results from the Shapiro study [30] and those
described here are the duration of exposure to the diet and the age of the rats at the time that
TG were measured. In addition, the diets were obtained from different manufacturers and it
is possible that a dietary component other than fructose was responsible for the different
effects on serum TG. Because of the difference in metabolic phenotypes of the rats in the
Shapiro study [30] and those described here it also is possible that the mechanistic basis for
leptin resistance was different for the two groups of animals. We did not find any evidence
of leptin changing post-prandial TG concentrations in the rats, even though others have
reported that leptin rapidly inhibits hepatic TG secretion [46] by promoting fatty acid
oxidation [47]. Because we measured total TG it is possible that we would have detected a
difference if we had specifically measured VLDL-TG.

If leptin transport across the blood brain barrier was the cause of the leptin resistance in
HFruc-fed animals, then peripheral injections of leptin would not be expected to activate
central leptin receptors. Surprisingly, in Experiment 2 we found that i.p. injections of leptin
caused a robust increase in PSTAT3 in the ARC of both LFruc-fed and HFruc-fed rats even
though a lower dose of leptin was used to test for PSTAT3 than was used to test for a
suppression of food intake. These results contrast with those of Shapiro et al [30] who found
reduced levels of hypothalamic PSTAT3 in rats fed high fructose diet for 6.5 month, but
Shapiro et al [30] did not determine whether peripheral leptin injections increased PSTAT3
in any of the rats and differences in relative levels of hypothalamic PSTAT3 in the two
studies may be explained by duration of exposure to the diet. There are several potential
explanations for our observations of increased hypothalamic PSTAT3 in rats that did not
respond energetically to i.p. leptin injections. The first is that because we used blocks of
tissue to measure PSTAT3 it is possible that leptin increased PSTAT3 in hypothalamic
structures other than the ARC and that the ARC was leptin resistant. Consistent with this,
Munzberg [48] has reported that the ARC, but not the ventromendial or dorsomedial
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hypothalamus become leptin resistant in diet induced obese mice. The second is that the
leptin resistance resulted from an impairment in the leptin signaling cascade downstream of
PSTATS3, such as increased expression of the PSTAT3 inhibitor SOCS3, but if either of
these possibilities had been the case, then HFruc-fed rats would not have responded to
central leptin injections in Experiment 1. Alternatively, the leptin resistance could be
independent of hypothalamic PSTATS3 activation. It is now well established that leptin can
influence food intake through reward pathways [5] and at the level of the caudal brainstem
[6] as well as the more traditional hypothalamic structures. In addition, Rahmouni et al [49]
have suggested that hypothalamic extracellular signal-regulated kinase (ERK) mediates the
effects inhibitory of leptin on food intake and weight gain and that blockade of ERK1/2
blocks the stimulatory effects of leptin on sympathetic activation of brown adipose tissue,
but does not prevent leptin-induced phosphorylation of STAT3 [49].

In contrast to the results from rats fed a low fat diet, addition of either fructose (MFruc/HF)
or glucose (Gluc/HF) to a high fat diet prevented the development of peripheral leptin
resistance even though it was not clear that the rats remained centrally responsive to leptin
(Figure 5) and a peripheral injection of leptin failed to increase PSTAT3 activity in the
ARC. Changes in NTS PSTATS3 activity correlated with responsiveness to peripheral leptin
in the MFruc/HF and Gluc/HF rats and implied an important role for the caudal brainstem in
mediating the changes in energy balance of these rats. A dominant role of the caudal
brainstem also would explain the minimal effect of a third ventricle infusion of leptin on
food intake even though the rats responded to peripheral leptin administration. This also
would be consistent with a report by Skibicka et al. [6] that leptin infusions into the 4t
ventricle inhibit food intake, increase core temperature and cause weight loss in rats through
a mechanism that is dependent upon activation of melanocortin receptors. In both the
MFruc/HF and Gluc/HF-fed rats non-stimulated levels of NTS PSTAT3 were lower than
those of rats fed LFruc/HF diet, which was more consistent with the results from Shapiro et
al [30].

At the end of the 6 months on high fructose or no fructose diets the rats in the Shapiro study
[30] were offered a very high-fat diet (60% kcal lard) and those that had been fed high-
fructose initially ate more high-fat diet and gained significantly more weight than the
controls. Body fat did not account for the difference in weight, implying increased lean body
mass. In the studies described here we found that rats fed the HFruc diet or the MFruc/HF or
Gluc/HF diets weighed less than their controls although body fat expressed as a percent of
body weight was not different between the three groups fed HF diet. Others have reported
that fructose inhibits adipose tissue lipogenesis in rats [50] and increases obligatory
thermogenesis [51] which could contribute to the reduced body mass in our studies. Our
animals were not switched to a low monosaccharide diet, but it is clear that including high
levels of monosaccharide in a high fat diet attenuated growth of the rats.

We did not attempt to determine the metabolic basis of leptin resistance in HFruc-fed rats, or
why diets containing high concentrations of fructose or glucose prevent leptin resistance
caused by a high-fat diet. The majority of fructose that is consumed is metabolized by the
liver and promotes lipid synthesis, therefore it is possible that the resulting increased
availability of fatty acids interferes with the normal metabolic impact of leptin in the
periphery. It has been suggested that incomplete oxidation of fatty acids can inhibit
phosphorylation of leptin receptor signaling proteins and that this accounts for the
development of hepatic leptin resistance in rats offered fructose solution [52]. It is difficult
to envision how this mechanism would reverse leptin responsiveness in high-fat fed rats that
also would be expected to have increased rates of hepatic fatty acid oxidation.
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CONCLUSION

The results of the studies described here demonstrate that very high concentrations of
fructose in a low fat diet promote the development of peripheral, but not central leptin
resistance. By contrast high levels of fructose or glucose inhibit the development of
peripheral leptin resistance of rats consuming a high-fat diet. There does not appear to be an
association between leptin responsiveness and serum TG concentrations or body fat mass,
suggesting modification of a metabolic process that is essential for the effects of leptin on
food intake and weight gain.
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Food intake and body weight gain of rats in Experiment 1 following an i.p. injection of 2.0
mg/kg leptin after two (Panel A) or three weeks on diet (Panel B). Controls were injected
with phosphate buffered saline (PBS). Data for 14 h food intake or weight gain that do not
share a common superscript are significantly different at P<0.05. Panel C shows cumulative
food intake and Panel D shows weight change following a third ventricle infusion of 0.5 or
1.0 ug leptin. An asterisk indicates a significant (P<0.05) effect of leptin on cumulative food
intake or body weight gain.
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Figure 2.

Top panels show serum TG concentrations measured during the first half of the dark cycle in
rats fed LFruc or HFruc diet for 7 (Panel A) or 21 days (Panel B) in Experiment 2. Bottom
panels show the ratio of PSTAT3 to total STAT3 in brainstem (Panel C) or hypothalamic
(Panel D) tissue collected from rats fed LFruc or HFruc diet for 26 days. Values for
hypothalamic tissue that do not share a common superscript are significantly different at
P<0.05.
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Energy intake and weight gain of rats in Experiment 3 treated with leptin following 21 days
(Panel A) or 36 and 39 days on diet (Panel B). Data are means + SEM for groups of 9 rats.
Values in Panel A within a specific time interval that do not share a common superscript are
significantly different at P<0.05. In Panel B, asterisks indicate a significant (P<0.05) effect

of leptin on 14 hour energy intake or 36 h weight gain of rats within a dietary group.
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Figure 4.

Energy intake and weight gain of rats during the first 14 hours following leptin
administration after 64 days on diet (Panel A) in Experiment 4. Data are means + SEM for
groups of 10 or 11 rats. An asterisk indicates a significant effect of leptin for a specific
dietary group. Panel B shows the quantification of PSTAT3 in the ARC and medial NTS 20
minutes after a peripheral injection of leptin. Values for PSTAT3 in the medial NTS that do
not share a common superscript are significantly different at P<0.05.
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Energy intake and weight change of rats 24 hours (Panel A) and 38 hours after a third
ventricle injection of 1.5 ug leptin in rats adapted to diet for 57 or 60 days in Experiment 5.
An asterisk indicates a significant effect of leptin on energy intake or weight gain of rats

within a dietary group.
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Table 1
Composition (g/kg) of diets used in Experiment 4

LFruc/LF  LFruc/HF  MFruc/LF  MFruc/HF
Casein 200 200 200 200
Glucose 100 100 100 100
Fructose 151 151 402 402
Corn Starch 414 251 198 0
Maltodextrin-10 35 0 0 0
Cellulose 50 50 50 50
Soybean oil 25 25 25 25
Lard 20 108 20 108
Mineral Mix 10 10 10 10
Vitamin Mix 10 10 10 10
Energy density (kcal/g) 3.8 43 3.8 4.3
% kcal protein 20 20 20 20
% kcal fat 10 30 10 30
% kcal fructose 15 15 40 40
Research Diets Product#  D02022705 D02022706 D02022708 D02022707
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Table 2

Body composition and serum hormones of rats in Experiment 3

LFruc/LF LFruc/HF MFruc/LF MFruc/HF
Start Wt (g) 274+3 273+3 27442 274+2
End Wt (g) 39911 41415 393+8 399+ 11
Cumulative Intake (kcal/27 d) 1980 +70A 2336+92B 2124+61AB 2154+ 73 4B

Carcass Fat (g) 22+1 26+2 23+2 22+2
Carcass Lean Body Mass (g) 360 + 10 387 £ 16 353+7 361+9
Glucose (mg/dL) 66 + 2 69+1 68 +2 68+1
Insulin (ng/mL) 13+0.1 11+0.1 13+0.2 1.1+0.1
Total TG (mg/dL) 118 + 17 96 + 10 86+ 11 113+8
Leptin (ng/mL) 2.9+04A 4.7+0.88 2.9+0.8°B 26+0.3°

Data are means + SEM for groups of 9 rats fed experimental diet for 49 days. Values for energy intake or serum leptin that do not share a common
superscript are significantly different at P<0.05.
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