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Abstract We tested whether diet-induced obesity results

from increased energy consumption, is associated with

changes in expression of genes involved in leptin signal

transduction, and is altered by hyperleptinemia. C57BL/6

mice were fed a low-fat diet (LFD) or high-fat diet (HFD)

for up to 15 weeks. HFD mice weighed significantly more

than LFD controls by 3 weeks, despite consuming less

energy. HFD mice had significantly greater leptin, insulin,

and glucose levels than LFD mice, suggesting leptin and

insulin resistance. Adiponectin levels declined with age but

were unaffected by diet. HFD was associated with altered

hypothalamic expression of genes whose products regulate

the activity or nuclear translocation of STAT3, an impor-

tant mediator of leptin actions. Expression of two isoforms

of the leptin receptor decreased at 15 weeks in hypothalami

of HFD mice in a tissue-specific manner. The type of fat

(saturated versus unsaturated) did not influence weight gain

on an HFD, but animals on LFD gained significantly more

weight and adiposity if the dietary fat consisted mostly of

saturated fats; this occurred despite no difference in energy

consumption or absorption. Replacement of leptin to lep-

tin-deficient ob/ob mice decreased hypothalamic leptin

receptor expression and did not prevent HFD-induced

weight gain. It is concluded that (1) increased energy

consumption is not required for HFD-induced obesity in

C57BL/6 mice, (2) HFD results in weight gain partly by

modulating hypothalamic leptin-signaling pathways, (3)

saturated fats induce weight gain even when total fat

content of the diet is low, and (4) the effects of HFD are

manifest in the presence or absence of circulating leptin.
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Introduction

Chronic consumption of a high-fat diet (HFD) is a con-

tributing factor to the advent of obesity in humans and in

animal models. When the obesity-prone strain of C57BL/6

mice are fed an HFD, they gain weight as a consequence of

increased adiposity [1]. Whether increased energy con-

sumption is part of the mechanism by which HFD induces

these changes is unresolved. In mice and rats, for example,

it has been reported that HFD is [2, 3] or is not [1, 4–6]

associated with an increase in caloric intake. Moreover, the

relative contributions of saturated and unsaturated fats to

HFD-induced weight gain are unclear. Thus, these funda-

mental questions regarding the mechanisms of HFD-

induced obesity remain to be answered.

Notwithstanding changes in energy consumption, the

mechanisms whereby HFD results in obesity may involve

aberrations in the central control of appetite and metabo-

lism. For example, the anorexigenic hormone leptin acts on

cells within the hypothalamus to inhibit appetite and

increase metabolic rate. A deficiency of leptin, or a resis-

tance of the hypothalamus to the actions of leptin, results in

obesity in rodents [7, 8] and in humans [9, 10]. HFD mice

develop hypothalamic resistance to leptin after several

weeks on the diet and become hyperleptinemic [1, 11]. The

cause of leptin resistance is unknown, but could arise by

several possible mechanisms, including changes in intra-

cellular leptin signaling [11, 12] and cytosolic inhibitors of

leptin action [13]. Leptin exerts its central and systemic

actions via at least three signaling pathways, including the

JAK2/STAT3, IRS2/PI3K, and MAPK/ERK pathways [7].
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Its effects on appetite and metabolism are mediated by

receptors located in the hypothalamus that activate the

JAK2/STAT3 pathway (reviewed in Ref. [14]), although

extra-hypothalamic sites have also been implicated [15].

Decreases in mRNA and protein of the long form of the

leptin receptor, OBRb, have been reported in hypothalami

of rodents fed an HFD [16, 17], although simultaneous

quantitative assessments of OBRa (short form of the

receptor) and OBRb mRNA remain to be done.

STAT3 is a cytosolic transcription factor that enters the

nucleus upon becoming activated by phosphorylation in

response to the binding of leptin to OBRb. The events

mediating translocation of STAT3 from the cytosol

through the nuclear envelope and its subsequent binding to

promoter regions appear to be controlled by several other

cytosolic proteins, including STAT3-interacting protein

1 (StIP1) [18] and two members of the family of importins,

or karyopherins [19, 20]. Whether expression of these key

genes is altered by chronic consumption of an HFD is

currently unknown and has never been examined. Here, we

hypothesize that dietary fat may be associated with changes

in gene expression that regulate the expression and action

of the leptin receptor and its intracellular signaling and

regulatory molecules in the hypothalamus.

It has been suggested that hyperleptinemia itself con-

tributes to leptin resistance in animal models of obesity,

possibly due to such events as ligand-induced down-regu-

lation of the leptin receptor (ObR) [21–24] or to leptin-

induced generation of intracellular inhibitory signals [13].

One way to address the question of how circulating leptin

and HFD interact over the long term in the development of

obesity is to examine the effects of HFD in leptin-deficient

mice with or without leptin replacement. ob/ob mice do not

produce active leptin protein because of a mutation in the

leptin gene [25]. These mice are hyperphagic and insulin-

resistant [25], with decreased metabolic rates compared to

wild-type C57BL/6 mice of the same genetic background

[26]. Recently, it has been demonstrated that ob/ob mice

have an altered hypothalamic circuitry [27, 28] that may be

the result of leptin-deficiency during development [27].

Notwithstanding, sufficient neuronal plasticity exists in the

adult ob/ob mouse hypothalamus such that the mice

become sensitive to administration of leptin with very little

latency [28]. Thus, leptin treatment reverses the obese

phenotype of ob/ob mice and restores body mass and

insulin-sensitivity to normal [25].

Because ob/ob mice lack circulating leptin, hyperlep-

tinemia does not occur in these animals as they become

obese. We anticipated that leptin replacement in obese

ob/ob mice would cause weight loss and improve the

metabolic profiles of the mice, as expected. However, we

hypothesized that HFD would cause additional weight gain

in these animals and that the weight gain would not be

prevented when circulating leptin was clamped at physio-

logical or supraphysiological levels. If true, this would

suggest that the chronic hyperleptinemia associated with

obesity in mice is not a prerequisite for development of the

obese phenotype in animals consuming HFDs.

In the present study, therefore, we sought to determine

(1) whether HFD-induced obesity was associated with

increased energy consumption and (2) with changes in

hypothalamic expression of genes associated with leptin

signaling and control of appetite and metabolism; (3) the

relative contributions to weight gain of saturated and

unsaturated fats in mice consuming diets that were either

high or low in total fat content; and (4) whether HFD could

induce weight gain in obese mice in which circulating

leptin levels were clamped. We hypothesized that saturated

fats would result in increased adiposity and body weight,

without altering energy consumption, possibly by increas-

ing the absorption efficiency of ingested calories. We

further hypothesized that leptin-deficient mice would gain

weight on an HFD with or without leptin-replacement.

Results

After several weeks on the diets, body weights of wild-type

HFD mice were significantly greater than low-fat diet

(LFD) controls (Fig. 1a). Although the weights appeared to

diverge by 3 weeks, an unexplained drop in body weight in

this experiment at 4 weeks in the HFD group resulted in

the first statistically significant increase above LFD ani-

mals at 5 weeks. HFD was associated with continued

weight gain throughout the remainder of the study period,

while body weights of LFD mice increased only slightly

during this time. Energy consumption by HFD mice, cal-

culated from measurements of 24-h food intake per cage of

four mice, was not significantly greater than in LFD mice

(Fig. 1b). In fact, at week 3 and again over the last few

weeks of the study, HFD mice consumed significantly less

energy than did LFD mice.

To more precisely determine the latency of the effects of

HFD on body weight, and to gain additional timepoints for

gene expression analyses, additional animals were estab-

lished on LFD or HFD for 2 days or 3 weeks and then

euthanized to obtain blood, liver, and hypothalami. The

first significant increase in body weight in the HFD animals

occurred at 12 days (Fig. 2).

To verify the anticipated endocrine and metabolic phe-

notype of HFD mice, plasma was obtained at 2 days,

3 weeks, and 15 weeks after changing diets. HFD resulted

in significantly greater plasma levels of leptin, insulin, and

glucose compared to LFD controls (Table 1). The differ-

ences in leptin and insulin were first apparent at 3 weeks;

glucose was only determined at 15 weeks. Plasma levels of

Endocr (2008) 33:176–188 177



total adiponectin (all forms), an adipokine implicated in

obesity, energy homeostasis, appetite control, and insulin

sensitivity, decreased significantly with age but were

unaffected by diet (Table 1).

Despite the lack of effect of diet on plasma levels of

adiponectin, adiponectin release, as determined by its

accumulation in the medium of incubated fat tissue, was

significantly greater from omental fat of HFD mice than

from LFD mice at 15 weeks (Fig. 3). There was no sig-

nificant effect of diet on release from subcutaneous fat

(Fig. 3).

Primers were developed to quantify expression of sev-

eral genes whose products are known or believed to play a

role in mediating the actions of leptin and STAT3, or to be

otherwise associated with appetite and metabolism. Real-

time PCR analysis of hypothalami from the mice in Fig. 1

revealed significant upregulation in HFD mice of several

genes with known or putative roles in STAT3 signaling,

including StIP1, importin a2 (KPNA2), importin b1

(KPNB1), and PIAS3 isoform 2 (Table 2). In addition, the

phosphorylated form of STAT3 was determined by ELISA

in extracts of hypothalami from HFD and LFD mice. There

was no difference in the pSTAT3 (tyr 705)/A280 ratio

between groups (LFD: 2.2 ± 0.4; HFD: 2.3 ± 0.4, arbi-

trary units).

By contrast, HFD was associated with first an increase

and then a significant decrease in hypothalamic levels of

OBRb mRNA (Table 2). The change in OBRb expression

was tissue-specific, as it did not occur in the liver

(Table 2). OBRa mRNA was significantly increased in

hypothalami of HFD mice at 3 weeks, but was not

detectable in hypothalami of mice from either group at

15 weeks (Table 2). As with OBRb, the changes in OBRa

were specific; in liver, the relative amount of OBRa mRNA

increased in HFD mice at both 3 and 15 weeks (Table 2).

Several other genes of interest were examined because

of their known or putative roles in leptin signaling and
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obesity and were found not to change in hypothalami as a

function of diet. These genes included SHP2, PDE3b,

TNFa, POMCa, SOCS3, CJUN, SREBP1, TTR, and the

truncated form of STAT3 (STAT3b) (data not shown).

In order to determine the relative contributions of satu-

rated and unsaturated fats to weight gain, animals were fed

diets that were either high or low in total fat content, and with

either a high or low ratio of saturated to unsaturated fats

(Fig. 4). Mice consuming an LFD that consisted primarily of

unsaturated fats maintained the lowest body weights. Ani-

mals fed an LFD but one that consisted primarily of saturated

fats gained significantly more weight than did animals fed

the same percentage fat but primarily unsaturated fats.

Regardless of fat composition, diets containing a high fat

content resulted in significant weight gain.

The differences in body weight of the mice in Fig. 4

were not reflected in similar differences in energy

consumption. There was no overall effect of diet on energy

consumption, and mice that were fed the low fat/unsatu-

rated diet did not consume significantly fewer calories than

did animals in all other groups (Table 3). The body mass

indices (BMIs) of mice were highest in the two high-fat

groups, intermediate in the low fat/saturated group, and

lowest in the low fat/unsaturated group (Table 3). Adi-

posity was estimated using a fat index consisting of the

combined weights of the inguinal and perirenal fat pads,

normalized to residual body mass, as shown in Table 3.

Adiposity showed a similar significant trend across the four

dietary groups as BMI. Plasma leptin concentrations fol-

lowed a similar pattern (Table 3). There was no difference

between diets in energy absorption over two 24 h periods,

as estimated by the difference in energy intake and energy

excretion (Table 3).

In order to determine whether HFD can induce weight

gain in already obese ob/ob mice with or without leptin

replacement, ob/ob mice were implanted with saline- or

leptin-filled miniosmotic pumps. Changes in body weights

of the mice on each diet (LFD or HFD) and in each

treatment group (saline or either 6 or 12 lg/day leptin) are

depicted in Fig. 5. As expected, control (saline-treated)

mice gained weight throughout the duration of the study

regardless of diet composition. Leptin administration

resulted in weight loss that was more rapid and more

pronounced in the higher dose group, declining to roughly

50% of pre-leptin weights. When switched to HFD, mice

implanted with saline pumps significantly gained weight

above their already obese levels and above those of LFD

controls within 1–2 days; this was replicated in both leptin

dose studies. In animals infused with 6 lg/day leptin, HFD

halted the weight loss compared to LFD counterparts

(Fig. 5a), while in animals infused with 12 lg/day leptin,

HFD resulted in resumption of weight gain (Fig. 5b).

Despite the increase in body weight induced by HFD in

saline-treated ob/ob mice, there was no significant effect of

diet on energy consumption in these mice as determined by

periodic measurements of caloric intake (data not shown).

Table 1 Endocrine and glucose levels in plasma of female wild-type mice fed either a low-fat diet (LFD) or high-fat diet (HFD)

Diet and duration Leptin (ng/ml) Insulin (ng/ml) Adiponectin (lg/mL) Glucose (mg/dL)

2-days LFD 5.1 ± 1.9 (8) 2.3 ± 0.6 (8) 16.8 ± 3.8** (8) ND

2-days HFD 8.4 ± 2.2 (8) 1.1 ± 0.3 (8) 15.0 ± 1.5** (8) ND

3-weeks LFD 2.6 ± 0.3 (8) 0.5 ± 0.2 (8) 9.0 ± 1.5 (8) ND

3-weeks HFD 36.0 ± 3.6* (8) 2.5 ± 0.9* (8) 5.9 ± 0.9 (8) ND

15-weeks LFD 18.5 ± 3.4 (32) 1.3 ± 0.4 (19) 1.4 ± 0.1 (12) 133.1 ± 13.9 (12)

15-weeks HFD 116.3 ± 1.6* (48) 2.7 ± 0.5* (11) 2.2 ± 0.2 (22) 208.5 ± 12.7* (22)

Note: Values are means and SEM with the number of animals in each group in parentheses. Leptin was determined in all animals at 15 weeks;

sufficient plasma was only available to determine insulin, adiponectin and glucose in a subset of animals

ND, not determined

* P \ 0.05 vs LFD for that timepoint; ** P \ 0.05 vs 3-week and 15-week LFD and HFD
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Thus, the saline-treated animals gained weight on HFD

without increasing their energy consumption. Both doses of

leptin resulted in a significant decrease in energy con-

sumption compared to saline-treated animals, as expected,

but the effect was transient and did not persist throughout

the experiment (data not shown).

Plasma hormone levels at the conclusion of each study

in Fig. 5 are given in Table 4. Plasma leptin levels were

undetectable in saline-treated ob/ob mice, as expected, and

were increased to within and beyond the usually reported

physiological range for this strain of mouse by the 6 and

12 lg/day leptin pumps, respectively. Plasma insulin levels

of ob/ob mice were significantly lower in the 12 lg/day

leptin-treated animals compared to saline controls, con-

firming the expected improved insulin sensitivity. As in

wild-type mice, plasma levels of adiponectin were not

significantly altered in ob/ob mice by diet, nor were they

altered by leptin. In addition, adiponectin mRNA was

determined in extracts of subcutaneous and omental adi-

pose tissue and was not significantly altered by diet or

leptin (data not shown). mRNA levels of OBRa and OBRb

were determined in extracts of hypothalami and livers

(Table 5). In hypothalami, the short isoform OBRa was

significantly and markedly decreased in leptin-treated

mice, but was unaffected by diet alone. The effect of leptin

on hypothalamic OBRa mRNA was specific as it was not

observed in livers of leptin-treated mice. mRNA of OBRb

also was significantly decreased in the hypothalamus

following chronic leptin treatment. As was true for

ObRa, hypothalamic mRNA levels of OBRb were not

significantly affected by diet. The decrease in hypotha-

lamic OBRb mRNA was also tissue-specific, as it was

increased in the livers of 12 lg/day leptin-treated mice.

Discussion

We report here that an HFD results in obesity in C57BL/6

mice without an increase in energy intake. This occurred in

both female and male animals, unlike in rats for which sex

differences in HFD-induced hyperphagia and obesity have

been reported [29]. Additionally, weight gain in the present

study was not related to a detectable increase in energy

absorption, had a latency of at least 12 days, and resulted

from either the presence of saturated fats or the total fat

content of the diets. Weight gain was paralleled by sig-

nificantly greater plasma levels of leptin, insulin, and

Table 2 Changes in hypothalamic and hepatic gene expression at 2 days, 3 weeks, and 15 weeks of HFD versus LFD feeding

2 days (n = 8) 3 weeks (n = 8) 15 weeks (n = 6)

Hypothalamus

KPNA2 0.95 (0.73–1.21) 1.32* (1.01–1.71) 3.8**,*** (3.0–4.88)

KPNB1 1.23 (1.04–1.43) 1.19 (1.01–1.41) 2.2** (1.71–2.89)

OBRa 1.07 (0.72–1.61) 1.64* (1.04–2.54) Undetectable in HFD

OBRb 1.05 (0.79–1.39) 1.97* (1.03–2.53) 0.4** (0.28–0.67)

PIAS3 isoform 2 1.31 (1.13–1.54) 2.14 (1.86–2.47) 1.7** (1.30–2.24)

StIP1 1.04 (0.90–1.20) 1.37* (1.18–1.59) 1.9**,*** (1.45–2.57)

Liver

OBRa 0.53 (0.39–0.72) 0.72 (0.51–1.02) 2.9** (2.4–3.4)

OBRb 1.09 (0.68–1.74) 1.21 (0.99–1.47) 1.0 (0.81–1.11)

Note: Values are the mean fold changes (HFD/LFD) for each time point (statistical ranges shown in parentheses). Statistical treatment was

performed on individual DDCt values (not shown). See Table 1 for abbreviations

* P \ 0.05 for 3-week HFD vs 2-day HFD; ** P \ 0.05 for 15-week HFD vs 3-week and 2-day HFD; *** P \ 0.05 vs LFD for that timepoint
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glucose, but no change in plasma adiponectin. We also

report for the first time that hypothalamic mRNA levels for

several genes whose products are associated with signaling

steps that occur before and after the activation of STAT3

by leptin were altered by HFD. Finally, we report here that

HFD induces weight gain in leptin-deficient mice with or

without leptin replacement at physiological or supraphys-

iological levels.

Consumption of an HFD is well known to trigger

pathophysiological changes in rodents and other mammals,

including humans. Among these are the development of

obesity with increased adiposity [4], and leptin and insulin

resistance [1, 21] characterized by reduced target cell

sensitivity to leptin and insulin and increased circulating

levels of the hormones. The increased body weights, adi-

posity and circulating hormones and glucose levels

observed in the present study confirmed the expected

phenotype of wild-type mice chronically consuming an

HFD.

Whether HFD induces obesity in part via increased

energy consumption is equivocal. Several groups have

reported increased energy consumption in mice or rats fed

an HFD [1, 4, 6, 30]. Others, however, have reported no

change [2, 3] or only a transient increase [31] in energy

consumed on an HFD, including in humans [32]. These

discrepancies may be related to strain and genetic back-

ground of the rodent models, the composition of fat in the

diet, and the duration of the study [5, 33–35]. Notwith-

standing, our results clearly demonstrate that an increase in

energy consumption in C57BL/6 mice is not a prerequisite

for HFD-induced weight gain; thus, the diet-induced

Table 3 Effects of saturated and unsaturated fats on body composition, plasma leptin, and energy consumption and absorption in male wild-type

mice

Diet

Low/unsaturated Low/saturated High/unsaturated High/saturated

BMI 0.29 ± 0.26a 0.33 ± 0.05a,b 0.36 ± 0.15b 0.37 ± 0.14b

Fat Index 2.5 ± 0.2a 5.3 ± 0.4b 8.8 ± 0.5c 8.5 ± 0.2c

Plasma leptin (ng/ml)

Day 0 4.6 ± 0.8a 4.0 ± 0.5a 9.3 ± 1.8b 5.6 ± 1.3a,b

Day 10 6.4 ± 0.5a 24.9 ± 6.0a,b 45.8 ± 6.1b,c 43.6 ± 3.4b,c

Terminal 5.9 ± 0.5a 39.4 ± 5.8b 82.0 ± 12.8c 64.6 ± 3.2b,c

Energy consumption (kcal/24 h/mouse) 16.7 ± 0.3 16.6 ± 0.9 18.0 ± 0.7 16.9 ± 0.2

Energy absorbed (kcal/24 h/mouse) 14.6 ± 0.6 15.0 ± 0.9 17.1 ± 0.9 14.7 ± 0.8

Note: Values are means and SE of 7–8 mice except those for day 0 leptin (n = 4–8) and those for energy absorbed (n = 6–8). Values for energy

consumption are from 21 to 28 determinations (3–4 cages of two mice per cage, determined on seven different days during the course of the

experiment). BMI: g/cm2 (nose-anus distance); Fat index: combined weights of both perirenal and both inguinal fat pads, divided by residual

body mass (9100). Plasma leptin was determined prior (day 0) to initiating diets, 10 days after, and at the conclusion of the study (terminal;

6 weeks). Energy consumption was calculated from seven separate 24 h food intake determinations. Energy absorbed was estimated as the

difference in total energy intake and total energy excreted (in feces) from two of the 24 h collection periods. Values with identical lettered

superscripts are not significantly different from each other within a row. No superscripts within a row indicates that none of the values were

statistically different from each other

Fig. 5 The effects of high-fat diets on body weights of ob/ob mice

with or without leptin-replacement. Male ob/ob mice were implanted

subcutaneously with Alzet mini-osmotic pumps on day 1. The pumps

released saline or (a) 6 lg/day or (b) 12 lg/day recombinant murine

leptin and were present throughout the duration of the experiment

(fresh pumps were implanted midway through the experiment to

replace the original pumps before they became depleted of leptin).

Values represent the mean and SEM of the changes in body weight

from day zero (just prior to pump implantation) of 4–5 animals per

group. Many error bars are obscured by the data symbols. Areas

indicated by the asterisks indicate significant differences between

LFD and HFD in a given group (saline or leptin). The time when half

the animals were switched from LFD to HFD is indicated by the

arrow. Prior to that time, all animals were on LFD as in Fig. 1.

Starting body weights on day zero ranged from 44.4 ± 1.1 g to

48.1 ± 1.6 g
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increase in body weight is due to factors other than

increased energy consumption.

An alternative hypothesis is that HFD results in a

reduction in metabolic rate, shifting the energy equation

toward energy storage. However, energy expenditure in

C57BL/6 mice fed a 45% fat diet for 12 or 16 weeks does

not differ from LFD controls [34, 35]. Likewise, rats fed a

59% fat diet have a transient decrease in energy expendi-

ture at 30 days, but no difference at 70 days compared to

LFD controls [31], and humans fed a 40% fat diet can gain

weight without decreased energy expenditure [32]. Thus,

the literature does not support the hypothesis that a long-

term decrease in metabolic rate accounts for HFD-induced

obesity. Since we did not attempt to confirm these obser-

vations, however, it remains possible that metabolic rate

did decrease in the mice used in our study under our par-

ticular housing and experimental conditions.

The divergence in body weights between wild-type

LFD and HFD mice did not occur immediately. Our

results and those of others [21, 31] demonstrate that at

least 12 days or longer are required before the body

weights of LFD and HFD mice and rats diverge. One

possible explanation for the latency is that consumption of

an HFD gradually induces changes in intestinal morphol-

ogy and surface area, enterocyte function, and fatty acid

transport such that the efficiency of nutrient absorption

from the gut is increased [36, 37]. These changes could

result in a greater percentage of consumed nutrients

entering the blood. Consistent with this hypothesis are

reports that HFDs are associated in rodents with numerous

changes in the small intestine, including enterocyte

expression of fatty acid binding proteins and transporters

[38], ratios of different cell populations [39], and intestinal

morphology and re-growth in an experimental model of

short-bowel syndrome [40]. However, we did not observe

a difference in the estimated energy absorption in wild-

type mice on diets of different fat content and saturated/

unsaturated fat ratios. This result suggests that energy

deposition in white adipose tissue is upregulated in

response to factors directly or indirectly attributable to the

amount of fat in the diet and not the total amount of

energy consumed or absorbed.

Table 4 Hormone values for ob/ob mice on low-fat diets (LFD) or high-fat diets (HFD), and implanted with either saline- or leptin-filled pumps

Treatment Diet Leptin (ng/ml) Insulin (ng/ml) Adiponectin (ng/ml)

Saline LFD Undetectable 6.1 ± 2.1* 11.4 ± 3.1

Saline HFD Undetectable 8.3 ± 1.2* 9.9 ± 1.4

Leptin (6 lg/day) LFD 3.6 ± 0.3 n/a n/a

HFD n/a n/a

Leptin (12 lg/day) LFD 15.0 ± 7.5 0.3 ± 0.2 11.4 ± 1.5

HFD 2.5 ± 1.1 13.6 ± 0.8

Note: Values are means and SEM (n = 4–10 animals/group). The plasma levels of leptin achieved by the pumps are reported for all animals of a

given dose regardless of diet

n/a, not available

* At least P \ 0.05 vs 12 lg/day leptin/LFD

Table 5 Real-time PCR quantification of two isoforms of the leptin receptor in hypothalamus and liver of ob/ob mice treated with saline or

leptin, and fed LFD or HFD

Treatment Diet Hypothalamus Liver

OBRa OBRb OBRa OBRb

Saline LFD 1.00 (0.67–1.49) 1.00 (0.75–1.33) 1.00 (0.89–1.13) 1.00 (0.71–1.41)

Leptin (6 lg/day) LFD 0.06* (0.05–0.08) 0.13* (0.11–0.15) 1.54 (1.10–2.15) 0.77 (0.59–0.99)

Leptin (12 lg/day) LFD 0.14* (0.08–0.25) 0.19* (0.16–0.23) 1.31* (0.74–2.34) 8.50* (6.44–11.24)

Saline HFD 0.60 (0.28–1.23) 0.47 (0.26–0.85) 0.86 (0.62–1.35) 1.73 (1.24–2.41)

Leptin (6 lg/day) HFD 0.04* (0.04–0.05) 0.13* (0.09–0.15) 0.85 (0.51–1.8) 2.01 (1.06–4.17)

Leptin (12 lg/day) HFD 0.91 (0.49–1.50) 0.17* (0.14–0.21) 0.64* (0.49–0.83) 11.40* (6.84–18.95)

Note: Tissues were collected from the animals in Table 1. Data are expressed as the mean fold-change relative to saline-treated animals on LFD

for that tissue and for that isoform. The range of fold changes (in parentheses) was calculated from the standard error of the DDCt values

according to Livak and Schmittgen [62]. Statistical analyses were performed on individual DDCt values and are only valid for comparisons

within a given column

* P \ 0.05 vs saline-LFD within a column
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Even on LFDs (10%), increasing the ratio of saturated/

unsaturated fats resulted in significant weight gain. Inter-

estingly, however, the type of fat had no impact on weight

gain when the total fat content of the diet was high (45%). At

least some component of the weight gain that resulted from

the high-fat/high-unsaturated fat diet, however, may have

been the result of saturated fats. Despite the lower percentage

of saturated fat in the diet, increasing the total fat content of

the diet from 10% to 45% would have resulted in an absolute

intake of saturated fat that was not much different from that

consumed by mice in the low-fat/high-saturated fat group.

The mechanisms by which saturated fats—particularly those

containing medium and long-chain fatty acids—alter weight

gain may include changes in fluidity of enterocyte plasma

membranes and transport processes [37], or could be related

to transport of fatty acids into white adipose tissue and

synthesis into triglycerides. For example, it is possible that

the expression and/or activity of lipoprotein lipase and acyl

CoA:diacylglycerol transferase (DGAT) are chronically

increased in white adipose tissue in mice after exposure to

HFDs. Indeed, mice deficient in DGAT are resistant to diet-

induced obesity [41].

The increase in body mass in wild-type HFD mice coin-

cided with significantly elevated plasma leptin levels,

consistent with the advent of leptin resistance. Of the various

signaling pathways induced by the binding of leptin to its

receptor (OBR) on target cells, the JAK2/STAT3 pathway is

believed to be the major mediator of the anorexigenic actions

of leptin on the hypothalamus [14]. Mice fed an HFD for

15 weeks have reduced leptin-activated STAT3 signaling in

the hypothalamus [42], although the mechanism of this is

uncertain. One way in which leptin resistance might arise is a

decrease in hypothalamic leptin receptor content, as occurs,

for example, during the period of weight gain in pregnant rats

[43]. We hypothesized that HFD may induce changes in

expression of genes associated with the activation and/or

inhibition of the JAK2/STAT3 pathway in hypothalami. We

report here quantitative assessment by qPCR of HFD-asso-

ciated changes in mRNA levels of hypothalamic genes with

known or putative functions related to the OBR/STAT3

signaling pathway. mRNA for hypothalamic OBRb, the only

receptor isoform with full signaling capability through the

STAT3 pathway [7, 44], was decreased by over 50% in wild-

type HFD animals, confirming previous reports in rodents

using non-quantitative methods or in which one but not both

receptor subtypes were determined [7, 16, 45].

We also report for the first time that the change in hypo-

thalamic OBRb mRNA was tissue-specific, as no change was

observed in the liver. The change in OBRb may account in

part for reduced hypothalamic signaling by leptin at

15 weeks as reported elsewhere [46], but it is important to

note in our study that expression of OBRb mRNA actually

increased in HFD mice at 3 weeks, when body mass and

plasma leptin levels were already increasing. Interestingly,

the other major signaling isoform of the receptor, OBRa, also

first increased at 3 weeks and then decreased at 15 weeks in

hypothalami of HFD mice. Again, this effect was tissue-

specific, as an entirely different pattern of expression was

observed in the liver. Thus, if receptor mRNA is correlated

with receptor protein in hypothalami, as is likely [47], it is

possible that the combined reduced hypothalamic expression

of the two major isoforms of the leptin receptor contribute to

leptin resistance and obesity in long term, but not short-term

wild-type HFD animals.

In contrast to wild-type mice, there was no significant

effect of diet on hypothalamic OBRa or OBRb mRNA in

leptin-deficient ob/ob mice. Leptin treatment in those mice,

however, resulted in a significant and marked decrease in

hypothalamic expression of both receptor isoforms on

either diet. The effect of leptin on leptin receptor isoform

expression was specific as it did not occur in the liver.

Thus, the reduced leptin signaling observed in wild-type

rodents fed an HFD may be at least partly secondary to

decreased hypothalamic OBRb levels, but other mecha-

nisms may be equally or more important, particularly in

leptin-deficient mice. In addition, the diet-independent

decrease in expression of hypothalamic leptin receptor

mRNA that occurred following leptin treatment in ob/ob

mice suggests a mechanism by which elevations in circu-

lating leptin may contribute to a worsening of diet-induced

obesity, without being an initial cause of the obesity.

Notwithstanding, in ob/ob mice, the quantity of receptors

remaining after long-term leptin treatment is clearly suffi-

cient for the animals to retain significant leptin

responsiveness, and the weight gain induced by HFD in

those animals cannot be attributable to an additional

decrease in leptin receptor mRNA beyond that induced by

leptin treatment.

Once leptin binds to its receptor, the occupied receptors

form dimers which activate an associated janus kinase

(JAK2) to cross-phosphorylate four tyrosine residues on

the receptor, including tyr1138 which binds STAT3.

STAT3 is then phosphorylated at tyr705 and ser727 and

forms a dimer. The phosphorylated STAT3 dimers act as

transcription factors that mediate the anorexigenic and

metabolic actions of leptin in the brain [24, 48]. We did not

detect a decrease in constitutive levels of the active,

phosphorylated form of STAT3 protein in whole hypo-

thalami of HFD mice at 15 weeks, which could suggest

that signaling through this step is intact in wild-type HFD

mice, despite the reduced receptor expression. However,

we did not determine whether leptin-induced phosphory-

lation of STAT3 was affected, nor did we assess individual

hypothalamic nuclei; Martin et al. [49], however, noted an

attenuated leptin-induced phosphorylation of STAT3 in

hypothalami of male FVB mice fed a 55% fat diet.
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Once STAT3 is activated by phosphorylation, it forms

dimers that translocate to the nucleus and bind to specific

regions of DNA. The steps that mediate this translocation

have not been elucidated, but are believed to require the

presence of several other proteins, including the importins.

Importins are a family of heteromeric proteins involved in

nuclear transport of proteins that contain a nuclear locali-

zation sequence, such as that present in STAT3. The

importins bind their cargo, and then bind each other, forming

part of the nuclear pore complex [50]; phosphorylated

dimers of STAT3 bind to members of the a importin family

[51]. Thus, it is reasonable to suggest that increased

expression of importins may facilitate nuclear translocation

of active phosphorylated STAT3, the constitutive levels of

which were unchanged in this study. We observed that HFD

was associated with increased hypothalamic expression of

mRNAs for importins a2 and b1. These results appear to

contradict the hypothesis that HFD results in reduced leptin

signaling in the hypothalamus. It is possible, therefore, that

upregulation of importins may be part of a complex com-

pensatory mechanism that partially offsets other factors that

reduce leptin signaling in diet-induced obesity, and could

one day provide an additional target for experimental

manipulation of leptin sensitivity in the hypothalamus.

Several intracellular factors have been identified that

inhibit the action of leptin on its target tissues, including

PIAS3 and StIP1. PIAS3 isoform 2 is an inhibitor of STAT3

binding to DNA (reviewed in Ref. [24]). In the present study,

mRNA levels of this gene were increased in the hypothalami

of HFD mice. StIP1 encodes a protein whose function is not

well defined, but is believed to have contrasting functions

related to STAT3 activity at different concentrations. At low

concentrations, StIP1 may act as a scaffold that facilitates

phosphorylation of STAT3 by activated JAK2, but at high

concentrations it may sequester STAT3 in the cytosol and

thereby prevent its nuclear translocation [18]. HFD induced a

nearly two-fold increase in StIP1 mRNA in hypothalamus,

which is consistent with its latter putative activity. These

results, along with those described above for the leptin

receptor, suggest that HFD induces a variety of changes in

gene expression that are consistent with and may explain in

part the reduced leptin signaling via pSTAT3 DNA-binding

in the hypothalamus observed by others [42, 46].

The changes in mRNA observed in this study were

restricted to whole hypothalami. Also, our studies do not

distinguish between a change in gene expression and a

change in mRNA half-life. It must be cautioned that dif-

ferent nuclei within the hypothalamus may respond

differently to HFD, or not at all, or at different times after

initiation of an HFD. Thus, we cannot conclude at this time

that the changes in mRNA we observed were specific to

leptin-sensitive cells. The anorexigenic and metabolic

actions of leptin appear to be primarily confined to the

arcuate and paraventricular nuclei of the rodent hypothal-

amus [52–55]. It is possible, therefore, that the magnitude

of the changes in mRNA we observed were obscured by

the use of whole hypothalami. Finally, in the absence of

protein measurements, we cannot conclude that changes in

mRNA were absolutely correlated with changes in protein

content, although this is not unlikely.

Recent evidence suggests that exposure of the rodent

brain to chronically elevated concentrations of leptin may

itself contribute to leptin resistance, thereby exacerbating

obesity [22, 23, 52]. If true, we would predict that when

mice are fed an HFD superimposed on a background of

leptin clamped at physiological levels, there should be less

weight gain than in corresponding animals treated with

chronically supraphysiological levels of leptin. To test this

hypothesis, we clamped circulating leptin levels in leptin-

deficient ob/ob mice at physiological or supraphysiological

concentrations found in wild-type C57BL/6 of the same

genetic background and age (see Table 1, and Refs. [13,

56, 57]). When control (saline-treated) mice were fed an

HFD, their weight increased to very obese levels in the

absence of leptin. Leptin replacement resulted in the

expected dose-dependent weight loss while the animals

were on an LFD. Seven weeks of leptin replacement at

either dose did not appear to result in leptin resistance as

indicated by continued weight loss in LFD animals.

However, when switched to the HFD, the weight loss

induced by leptin was halted and even reversed. These data

indicate that HFD results in weight gain in ob/ob mice

independent of the presence or absence of leptin at physi-

ological or supraphysiological levels. Interestingly,

however, body weights of HFD mice exposed to the higher

dose of leptin for several weeks began to increase on HFD,

whereas those on the lower dose stopped losing weight but

did not regain any. This suggests that leptin and HFD

interact in previously unrecognized ways to control leptin

sensitivity in this one animal model. It should be noted,

however, that the hypothalamic circuitry of ob/ob mice

differs significantly from that of wild-type C57BL/6 mice,

possibly due to the lack of leptin during critical windows of

development [27, 28, 58], making it difficult to fully

extrapolate the present data to the wild-type condition.

Adiponectin is an adipokine that improves insulin sensi-

tivity and, like leptin, is associated with inhibition of appetite

and a decrease in body weight in rodents [59]. Adiponectin

levels have been reported to decrease in plasma of obese

rodents [60], although a recent study reported no change in

circulating adiponectin in wild-type C57BL/6 mice that were

fed a high-fat/high-sucrose diet for 4 weeks [61]. In that

study, circulating adiponectin levels actually increased after

16 weeks of the altered diet [61]. Changes in plasma

adiponectin do not appear from our studies to be involved

in the early stages of obesity onset. We did not observe a
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diet-induced change in circulating adiponectin levels in

either wild-type or leptin-deficient mice, although we did

observe a significant age-dependent decrease in wild-type

mice, consistent with a recent report [62]. Therefore, a

decrease in circulating adiponectin does not appear to be a

ubiquitous marker of the progression of obesity. However, it

is noted that the radioimmunoassay (RIA) used to quantify

adiponectin in the current study does not distinguish among

all forms of circulating adiponectin; recent studies suggest

that the different circulating forms are not equally well

correlated with, for example, metabolic syndrome in humans

[63]. We did, however, observe that omental, but not sub-

cutaneous, fat released less adiponectin into the medium of

incubated fat samples obtained from HFD mice than from

LFD mice. Thus, it is important to distinguish between the

two fat depots when determining how or if adiponectin

regulation is altered during diet-induced obesity.

We conclude that in C57BL/6 mice a diet enriched in

saturated fats induces weight gain regardless of the total fat

content of the diet, independent of changes in energy

consumption, energy absorption, and circulating adipo-

nectin. Changes in hypothalamic OBR isoform expression,

hypothalamic STAT3-interacting proteins, and circulating

leptin levels may all contribute to various degrees to weight

gain in such mice.

Materials and methods

Effects of LFD and HFD on body weight, energy

consumption, and hormone levels in wild-type mice

All procedures were approved by the Boston University

Institute Animal Care and Use Committee. In the first

experiment, female C57BL/6 mice were obtained from

Taconic Laboratories at 7 weeks of age, and housed 4/cage

with lights on from 0700 to 1900 h. Mice were randomly

assigned to one of two dietary groups. LFD animals were

fed a diet composed of 10% kcal from fat consisting of

soybean oil and lard (Research Diets, Inc.). HFD animals

were fed a diet consisting of 60% kcal from fat, prepared

by increasing the percentage of lard from 4% (LFD) of

total kilocalories to 54% (HFD) without changing soybean

oil content, and reducing the carbohydrate content from

70% to 20% of total calories. The amount of protein was

identical between the diets (20% of total calories). The

complete compositions of the diets are available through

the supplier’s website, http://www.researchdiets.com

(Catalog #s D12450B and D12492).

Body weights were determined periodically for 15 weeks.

Food intake was measured every week by filling cylindrical,

plexiglass food cups with crushed powdered versions of the

above diets. The powdered diets were wetted and formed into

a mash which prevented the mice from extracting food from

the cup. The cups were attached to a plexiglass base that

prevented the cups from tipping. The opening to the cups was

sufficiently large to allow the mice to feed, but not to enter

the cup. Dry weights of food were obtained after filling the

cups with the mash and again after removing the cups from

the cage 24 h later and drying them in an oven to a constant

weight. Bedding was carefully examined for the possible

presence of food that may have been removed from the cups,

although this was never observed. The total amount of

energy consumed per cage of mice was determined using the

following conversions provided by the supplier: LFD =

3.85 kcal/g, HFD = 5.2 kcal/g.

In a separate study designed to more precisely document

the early changes in body mass and gene expression resulting

from a switch to an HFD, female C57BL/6 mice were placed

on the respective diets for 2 days or 3 weeks, with caloric

intake and body weight measurements as above.

Two days, three weeks, or fifteen weeks after beginning

their respective diets, mice were euthanized by CO2 gas

followed by decapitation between 1000 and 1100 h. Food

was removed from the cages at the time of lights-on, 3–4 h

prior to sacrifice. Hypothalami and livers were dissected,

frozen in a dry ice/acetone bath, and stored at -85�C until

use. To confirm the expected endocrine and metabolic

profiles, trunk blood was collected from a subset of animals

into heparin-containing tubes, and the plasma was frozen at

-20�C for future hormone and other assays.

Effects of saturated and unsaturated fats on body

weight, adiposity, energy consumption, and energy

absorption in wild-type mice

Saturated and unsaturated fats were altered in four addi-

tional diets to determine the contribution of each type of

fat to weight gain. These four new diets were specifically

designed to differ in the percentage of saturated and

unsaturated fat. Sixteen adult male C57BL/6 mice were

fed LFDs (10%) or HFDs (45%; it was necessary to

reduce the total fat content from 60% as above in order to

maintain physical consistency of the unsaturated diets).

Half of the animals in each group were further assigned to

a diet in which the fat content consisted of either 9.5 or

76.7% saturated, with the remaining fat being a mix of

mono- and polyunsaturated fats. Sucrose and protein

contents were the same in all four diets. Body weights and

food intakes were determined periodically as above; in the

case of food intakes, seven different measurements were

determined over the course of the experiment, and the

mean caloric intake per dietary group over seven mea-

surements was calculated. Blood samples were taken via

submandibular venipuncture prior to and 10 days after

initiating the diets. Trunk blood was collected at the time
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of sacrifice as described above; plasma samples were

subjected to RIA of leptin. Body mass index was calcu-

lated as g/cm2 (nose-anus distance). In addition, inguinal

and perirenal fat pads were removed and weighed to

obtain an estimated fat index, according to Ref. [56].

Finally, the feces accumulated during two separate 24 h

food intake periods were collected from the bedding, dried

to a constant mass, homogenized using a mortar and

pestle, and then an approximately 1 mg sample was sub-

jected to bomb calorimetry with a Phillipson Oxygen

Microbomb Calorimeter (Gentry Instruments, Inc., Aiken,

SC). Total energy content of a fecal sample was corrected

for total fecal mass over the 24 h period for each mouse.

Energy absorption on each diet was estimated as the dif-

ference in the total energy consumption for that collection

period, and total energy excreted (feces) in that same

period. The collections were made on two separate

occasions.

Interaction of HFD and leptin replacement on weight

gain in ob/ob mice

Two separate experiments were performed with different

doses of leptin. In each experiment, 20 ob/ob male mice

(Taconic) purchased at 7 weeks of age were singly housed

with lights on from 0700 to 1900 h and at an ambient

temperature of 22.6–23.8�. Mice of this genetic back-

ground are prone to develop idiopathic dermatitis and thus

were housed singly to minimize this possibility after

surgery. ob/ob mice are less able to thermoregulate at cold

ambient temperatures than are their wild-type counter-

parts, and this could potentially be exacerbated by being

singly housed. However, the mice were provided with

ample bedding of a type that facilitated adequate nesting

and consequently provided insulation when the mice were

in the nest. Moreover, the cages were plastic-bottomed to

minimize heat conduction, and filter-topped, which tends

to raise intra-cage temperatures by approximately 2�C

above ambient. The mice were fed standard rodent lab

chow for 1 week while they acclimated to their sur-

roundings. All of the animals were then switched to LFD

containing 10% total kilocalories as fat as in the experi-

ments reported in Fig. 1. At a later time (see below), half

the animals were changed to HFD containing 60% fat as

in Fig. 1.

To clamp circulating leptin levels, animals were anes-

thetized with isoflurane, and a single 200 ll Alzet

miniosmotic pump was surgically implanted subcutane-

ously in the midscapular region using aseptic technique.

The incision was sealed with veterinary grade superglue,

and the animals were returned to their cages. In one

experiment, the pumps contained either 0 (saline) or 1 lg/ll

recombinant mouse leptin; in a second experiment, pumps

contained either 0 (saline) or 2 lg/ll leptin. Separate saline

groups were included with each leptin dose study; this not

only controlled for the effect of pump implantation but

permitted an additional measure of replicability across

experiments. The pumps are specified by the manufacturer

to deliver product at a constant rate (0.25 ll/h) for up to

28 days; thus the daily doses of leptin were 6 and 12 lg/

day, respectively.

Three or four weeks after the minipumps were

implanted, when the leptin-treated animals had lost weight

and approached the typical wild-type body mass for

C57BL/6 male mice, the diets of half of the animals were

switched from LFD to HFD. The other half of the animals

remained on LFD. Also at that time, the spent minipumps

were removed under isoflurane anesthesia and replaced

with freshly filled minipumps, again containing either

saline, 6 or 12 lg/day leptin. Each mouse received the

same treatment (saline or 6 or 12 lg/day leptin) with both

pumps.

The study was continued for an additional 3–4 weeks.

At the conclusion of each study, mice were short-term

fasted by removing food from the cages at lights-on, 3–4 h

prior to sacrifice. Mice were euthanized by CO2 gas fol-

lowed by decapitation between 1000 and 1100 h.

Hypothalami and livers were dissected, frozen in a dry ice/

acetone bath, and stored at -85�C until use. Trunk blood

was collected into heparinized tubes for determination of

plasma leptin, insulin, and adiponectin by RIA. Sufficient

blood was not always available from each mouse to com-

plete each of these measurements.

Characterization of hypothalamic gene expression

Hypothalami and livers were processed for RNA using the

Qiagen RNeasy mini kit with Qiazol. RNA concentration

was measured by Nanodrop spectroscopy. RNA was reverse-

transcribed to cDNA using the Applied Biosystems reverse

transcriptase system. The cDNA was used for real-time PCR

using SyBR green PCR master mix and ABI Prism 7900HT

Sequence Detection System from Applied Biosystems. Pri-

mer sequences for each gene are given in Table 6. Primers

were designed using Primer Express software to amplify

ideal target sequences for qPCR; primers were optimized

before use to confirm equivalent rates of amplification with

housekeeping genes. All samples were run in quadruplicate.

Real-time PCR data were analyzed using the DDCt method

[64] with 18S RNA as a control. Data are presented as mean

fold-increases (HFD/LFD).

Adiponectin release from subcutaneous and omental fat

Approximately 100 mg samples of subcutaneous and per-

irenal omental fat were collected from mice at 15 weeks in
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both the LFD and HFD groups from the animals in Fig. 1.

The fat was minced and washed twice in 50 ml ice-cold

Krebs buffer (pH 7.4) containing 1 mg/ml each of glucose

and BSA, plus protease inhibitors. Each sample was then

incubated for 1 h in 1 ml fresh buffer as above at 37�C in a

humidified 95% oxygen/5% CO2 atmosphere. At the end of

the incubation period, the tubes were decanted over several

layers of cheesecloth. The medium was frozen at -20�C

for future RIA of adiponectin. The fat was then removed

from the cheesecloth and dried to a constant weight in a

drying oven. Data were normalized to mg dry fat mass.

Hormone and metabolic assays

Leptin and insulin were determined by RIA (Linco) in

10 ll unextracted plasma. Adiponectin was determined by

RIA (Linco) in 1 ll of plasma and 50 ll media, respec-

tively. The adiponectin RIA measures total adiponectin (all

circulating forms). Glucose was determined using the

glucose oxidase method (Pointe Scientific) in 10 ll plasma.

Data analysis

Statistical significance was determined by ANOVA to

compare dietary groups with respect to each other and to

time. In some cases, pairwise comparisons were then made

using the Bonferonni multiple comparison method. In vitro

adiponectin data were analyzed by ANOVA with Tukey

post-hoc test. Differences in hormone and glucose levels

between dietary groups were determined by student’s

unpaired t-test for leptin, insulin, and glucose at any

timepoint. For adiponectin, data were analyzed by ANOVA

followed by Tukey post-hoc test to evaluate age-dependent

changes in plasma adiponectin as well as possible diet-

dependent differences. Real-time PCR data were analyzed

using individual DDCt values to determine variance and

statistical significance by ANOVA with Tukey post-hoc

assessment; data are reported as the mean and range of the

fold-change in mRNA in HFD mice with respect to LFD

controls, as described elsewhere [64].
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25. M. Tschöp, M.L. Heiman, Exp. Clin. Endocrinol. Diabetes 109,

307–319 (2001)

26. M.J. Breslow, K. Min-Lee, D.R. Brown, V.P. Chacko, D. Palmer,

D.E. Berkowitz, Am. J. Physiol. 276, E443–E449 (1999)

27. S.G. Bouret, S.J. Draper, R.B. Simerly, Science 304, 108–110

(2004)

28. S. Pinto, A.G. Roseberry, H. Liu, S. Diano, M. Shanabrough,

X. Cai, J.M. Friedman, T.L. Horvath, Science 304, 110–115 (2004)

29. J.K. Young, D.M. Nance, R.A. Gorski, Physiol. Behav. 23, 577–

582 (1979)

30. E.C. Gayles, M.J. Pagliassotti, P.A. Prach, T.A. Koppenhafer,

J.O. Hill, Am. J. Physiol. Regul. Integr. Comp. Physiol. 272,

E188–E194 (1997)

31. J. Wilsey, S. Zolotukhin, V. Prima, P.J. Scarpace, Am. J. Physiol.

Regul. Integr. Comp. Physiol. 285, R1011–R1020 (2003)

32. L.S. Piers, K.Z. Walker, R.M. Stoney, M.J. Soares, K. O’Dea, Int.

J. Obes. Relat. Metab. Disord. 26, 814–821 (2002)

33. H. Wang, L.H. Storlien, X.F. Huang, Am. J. Physiol. Endocrinol.

Metab. 282, E1352–E1359 (2002)

34. N. Takahashi, H.R. Patel, Y. Qi, J. Dushay, R.S. Ahima, Horm.

Metab. Res. 34, 691–697 (2002)

35. E. Kokkotou, J.Y. Jeon, X. Wang, F.E. Marino, M. Carlson,

D.J. Trombly, E. Maratos-Flier, Am. J. Physiol. Regul. Integr.

Comp. Physiol. 289, R117–R124 (2005)

36. S. Paradis, E. Phillippe, M. Cabanac, Physiol. Behav. 90,

664–668 (2007)

37. L. Drozdowski, A.B. Thomson, World J. Gastroenterol. 12,

4614–4627 (2006)

38. H. Poirier, I. Niot, P. Degrace, M.C. Monnot, A. Bernard,

P. Besnard, Am. J. Physiol. Gastrointest. Liver Physiol. G273,

289–295 (1997)

39. A. Becerril, G. Castillo-Robles, M. Gonzalez-Hernandez,

I. Villanueva, Eur. J. Morphol. 42, 201–207 (2005)

40. I. Sukhotnik, Z. Vadasz, A.G. Coran, M. Lurie, E. Shiloni,

O.A. Hatoum, J.G. Mogilner, Pediatr. Surg. Int. 22, 9–15 (2006)

41. S.J. Smith, S. Cases, D.R. Jensen, H.C. Chen, E. Sande, B. Tow,

D.A. Sanan, J. Raber, R.H. Eckel, R.V. Farese Jr., Nat. Genet. 25,

87–90 (2000)

42. P.J. Enriori, A.E. Evans, P. Sinnayah, E.E. Jobst, L. Tonelli-

Lemos, S.K. Billes, M.M. Glavas, B.E. Grayson, M. Perello, E.A.

Nillni, K.L. Grove, M.A. Cowley, Cell Metab. 5, 181–194 (2007)

43. M.C. Henson, V.D. Castracane, Biol. Reprod. 74, 218–229

(2006)

44. L.C. Schulz, E.P. Widmaier, in Leptin, ed. by V.D. Castracane,

M.C. Henson (Springer, New York, 2006)

45. J. Kurose, A. Iqbal, Y. Rao, Y. Murata, Y. Hasegawa, M. Tera-

shima, K. Kojima, I.J. Kangawa, J. Clarke, J. Neuroendocrinol.

17, 331–340 (2005)

46. K. El-Haschimi, D.D. Pierroz, S.M. Hileman, C. Bjorbaek,

J.S. Flier, J. Clin. Invest. 105, 1827–1832 (2000)

47. B.A. Morash, A. Imran, D. Wilkinson, E. Ur, M. Wilkinson, Mol.

Cell. Endocrinol. 210, 1–8 (2003)

48. Y. Cui, L. Huang, F. Elefteriou, G. Yang, J.M. Shelton,

J.E. Giles, O.K. Oz, T. Pourbahrami, C.Y. Lu, J.A. Richardson,

G. Karsenty, C. Li, Mol. Cell. Biol. 24, 258–269 (2004)

49. T.L. Martin, T. Alquier, K. Asakura, N. Furukawa, F. Preitner,

B.B. Kahn, J. Biol. Chem. 281, 18933–18941 (2006)

50. K.O. Otis, K.R. Thompson, K.C. Martin, Curr. Opin. Neurobiol.

16, 329–335 (2006)

51. R. Ushijima, N. Sakaguchi, A. Kano, A. Maruyama, Y. Miyam-

oto, T. Sekimoto, Y. Yoneda, K. Ogino, T. Tachibana, Biochem.

Biophys. Res. Commun. 330, 880–886 (2005)

52. R. Coppari, M. Ichinose, C.E. Lee, A.E. Pullen, C.D. Kenny,

R.A. McGovern, V. Tang, S.M. Liu, T. Ludwig, S.C. Chua Jr.,

B.B. Lowell, J.K. Elmquist, Cell. Metab. 1, 63–72 (2005)

53. H. Dhillon, J.M. Zigman, C. Ye, C.E. Lee, R.A. McGovern,

V. Tang, C.D. Kenny, L.M. Christiansen, R.D. White,

E.A. Edelstein, R. Coppari, N. Balthasar, M.A. Cowley, S. Chua

Jr., J.K. Elmquist, B.B. Lowell, Neuron 49, 191–203 (2006)

54. N. Balthasar, R. Coppari, J. McMinn, S.M. Liu, C.E. Lee,

V. Tang, C.D. Kenny, R.A. McGovern, S.C. Chua Jr., J.K.

Elmquist, B.B. Lowell, Neuron 42, 983–991 (2005)

55. H. Masuzaki, Y. Ogawa, M. Aizawa-Abe, K. Hosoda, J. Suga,

K. Ebihara, N. Satoh, H. Iwai, G. Inoue, H. Nishimura, Y. Yo-

shimasa, K. Nakao, Diabetes 48, 1615–1622 (1999)

56. F.M. Gregoire, Q. Zhang, S.J. Smith, C. Tong, D. Ross, H. Lopez,

D.B. West, Am. J. Physiol. Endocrinol. Metab. 282, R703–R13

(2002)

57. L. Jacobson, Am. J. Physiol. Endocrinol. Metab. 282, E786–E793

(2002)

58. S.G. Bouret, R.B. Simerly, Endocrinology 145, 2621–2626

(2004)

59. M. Lafontan, N. Viguerie, Curr. Opin. Pharmacol. 6, 580–585

(2006)

60. J.W. Bullen, S. Bluher, T. Kelesidis, C.S. Mantzoros, Am. J.

Physiol. Endocrinol. Metab. 292, E1079–E1086 (2007)

61. C. Bonnard, A. Durand, H. Vidal, J. Rieusset, Diabetes Metab.

34, 52–61 (2008)

62. Y.H. Yu, H. Zhu, Am. J. Physiol. Endocrinol. Metab. 286, E402–

E410 (2004)

63. Y. Liu, R. Retnakaran, A. Hanley, R. Tungtrongchitr, C. Shaw,

G. Sweeney, J. Clin. Endocrinol. Metab. 92, 4313–4318 (2007)

64. K.J. Livak, T.D. Schmittgen, Methods 25, 402–408 (2001)

188 Endocr (2008) 33:176–188


	High-fat diet-induced changes in body mass and hypothalamic gene expression in wild-type and leptin-deficient mice
	Abstract
	Introduction
	Results
	Discussion
	Materials and methods
	Effects of LFD and HFD on body weight, energy consumption, and hormone levels in wild-type mice
	Effects of saturated and unsaturated fats on body weight, adiposity, energy consumption, and energy absorption in wild-type mice
	Interaction of HFD and leptin replacement on weight gain in ob/ob mice
	Characterization of hypothalamic gene expression
	Adiponectin release from subcutaneous and omental fat
	Hormone and metabolic assays 
	Data analysis

	Acknowledgments
	References



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (None)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (ISO Coated v2 300% \050ECI\051)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Perceptual
  /DetectBlends true
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /SyntheticBoldness 1.00
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 524288
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveEPSInfo true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth -1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 150
  /GrayImageDepth -1
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputCondition ()
  /PDFXRegistryName (http://www.color.org?)
  /PDFXTrapped /False

  /Description <<
    /ENU <>
    /DEU <>
  >>
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [5952.756 8418.897]
>> setpagedevice


