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Abstract

Background: Rats maintained on a ketogenic diet (KD; 80%
fat, 15% protein, 5% carbohydrate) have increased adiposity
and leptin as compared to chow-fed controls (CH; 16% fat,
19% protein, 65% carbohydrate), although body weights and
daily caloric intakes do not differ. Methods: Rats maintained
on a KD or CH were assessed for responsivity to intraperito-
neal (i.p.) or intracerebroventricular (i.c.v.) leptin. Hypotha-
lamic gene expression was evaluated to determine the
effects of KD on proopiomelanocortin (POMC) mRNA ex-
pression and components of the leptin-signaling system.
Results: Caloric intake by KD rats was decreased at a lower
dose of i.p. leptin (100 wg) than was required to reduce intake
by CH rats (leptin, caloric intake was reduced in KD rats as
compared to intake following i.p. saline; p < 0.05). In a sepa-
rate experiment to evaluate responsivity to i.c.v. leptin, the
minimal dose of leptin required to significantly reduce 24-
hour caloric intake did not differ between the groups. In the
arcuate nucleus, POMC mRNA was elevated after a lower
dose of i.c.v. leptin in KD rats (5 ng) than was required to in-
crease POMC mRNA expression in CH rats (15 wg) or reduce
caloric intake in either group. Finally, evaluation of the level

of phosphorylated STAT3 (pSTAT3) in the arcuate and SOCS3
MRNA in the hypothalamus revealed significantly more
pSTAT3-positive cells and increased SOCS3 mRNA expres-
sion at baseline for KD rats, compared to CH, neither of which
was further increased following i.p. leptin administration.
Conclusion: These data demonstrate that despite increased
adiposity, leptin and markers of leptin resistance, responsiv-
ity to the anorectic effects of exogenous leptin is retainable
during maintenance on a KD. Copyright © 2010 S. Karger AG, Basel

Introduction

Energy balance is mediated by multiple, complex sys-
tems that act in concert to control food intake and regu-
late body weight. One important regulator of energy bal-
ance is the adiposity hormone leptin. Leptin is secreted
in proportion to fat mass such that levels of circulating
leptin correlate with body adiposity [1-3]. Accordingly,
leptin levels are elevated in obese individuals and de-

This research was supported by NIH R0O1DK078654. The content is
solely the responsibility of the authors and does not necessarily rep-
resent the official views of NIDDK or the National Institutes of Health.

KARG ER ©2010 S. Karger AG, Basel
Fax +41 61 306 12 34
E-Mail karger@karger.ch
www.karger.com

Accessible online at:
www.karger.com/nen

Kimberly Kinzig

Department of Psychological Sciences and Ingestive Behavior Research Center
Purdue University, 703 Third Street

West Lafayette, IN 47907 (USA)

Tel. +1 765 496 8220, Fax +1 765 496 1264, E-Mail kkinzig@ purdue.edu



creased after weight loss or fasting. Both central and pe-
ripheral administration of leptin reduces food intake, in-
creases energy expenditure, and limits adiposity [4-6].

Many of the actions of leptin are due to its actions in
the hypothalamus [7, 8]. Leptin enters the brain through
a saturable transport process [9], and activation of the
long form of the leptin receptor (Ob-Rb) has been dem-
onstrated to mediate its physiological actions [10-13].
Leptin receptors are expressed in many areas of the brain,
and one location important to the regulation of food in-
take is in the arcuate nucleus on neuropeptide Y (NPY)
and proopiomelanocortin (POMC) neurons [14-16]. In
lean rodents, exogenous administration of leptin sup-
presses NPY mRNA expression and stimulates POMC
mRNA expression [17-20]. In the brain, leptin induces
the Janus kinase signal transducer and activator of tran-
scription (JAK-STAT) tyrosine kinases and activates sig-
nal transducer and activator 3 (STAT3). STAT3 activates
the transcription of POMC as well as the signaling in-
hibitor suppressor of cytokine signaling 3 (SOCS3), which
is a negative regulator of the JAK-STAT signaling path-
way [21, 22].

Diet-induced obese (DIO) animals become resistant to
the anorectic effects of leptin [23-26]. Two hypotheses of
the mechanisms underlying leptin resistance have gar-
nered a great deal of attention. One hypothesis is that pe-
ripheral leptin becomes unable to reach its targets in the
brain due to saturation of the system responsible for
transporting leptin across the blood brain barrier (BBB),
such that the ratio of peripherally circulating leptin to
levels of leptin in the cerebrospinal fluid is reduced [27,
28]. Resistance to peripherally administered leptin oc-
curs shortly after the start of high-fat diet exposure, when
sensitivity to leptin delivered into the CNS remains [29].
A second hypothesis is that leptin resistance is attribut-
able to defects in CNS pathways/neurons that mediate
leptin’s actions [for review, see 30]. It has been demon-
strated that diet-induced obesity, concomitant with in-
creased circulating leptin levels, inhibits the ability of
leptin to activate hypothalamic signaling [24, 31-34]. As
part of the leptin-signaling cascade, SOCS3 is stimulated
and acts to inhibit Ob-Rb signaling [24, 30, 35]. Leptin
resistance is associated with elevated SOCS3 levels in the
arcuate in response to high-fat diet feeding, and increased
activity of SOCS3 may be a potential mechanism for
leptin resistance [24, 36]. Studies in mice have demon-
strated a relationship between SOCS3 and the CNS mela-
nocortin system. Leptin induces a greater increase in
POMC expression in SOCS3-deficient mice than in wild-
type mice [37].

Leptin Sensitivity and the Ketogenic Diet

We have previously demonstrated that maintenance of
rats on a ketogenic diet (KD) alters the behavioral, endo-
crine and hypothalamic factors involved in the regula-
tion of energy balance, when compared to rats main-
tained on diets that do not induce ketosis. Rats main-
tained on a KD consume the same number of kilocalories
per day and have similar body weights to chow-fed con-
trols (CH). However, maintenance on a KD results in in-
creased adiposity and correspondingly high levels of plas-
ma leptin, although insulin levels are suppressed. More-
over, the KD affects the hypothalamic melanocortin
system such that KD rats are more responsive to the ano-
rectic effects of MTTI, have less POMC mRNA expression
in the arcuate nucleus and elevated MC4R mRNA in the
paraventricular nucleus as compared to rats maintained
on CH [38].

Because obesity and increased adiposity in rats main-
tained on high-fat non-KDs are associated with leptin re-
sistance, our current experiments sought to determine
whether maintenance on a KD affected responsivity to
the anorectic effects of leptin and leptin signaling within
the hypothalamus. Rats were maintained on CH or KD
for 4 weeks. Responsivity to the anorectic effects of intra-
peritoneal (i.p.) and intracerebroventricular (i.c.v.) leptin
was assessed, as were the effects of administration of
peripheral and central leptin on levels of hypothalamic
POMC mRNA. Furthermore, the level of phosphoryla-
tion of STAT3 in the arcuate nucleus and the expression
of SOCS3 and Ob-Rb mRNA in the hypothalamus were
measured to determine whether these factors were atfect-
ed by maintenance on a KD under basal or leptin-stimu-
lated conditions.

Methods

Animals and Diets

Male Long Evans rats (Harlan, Indianapolis, Ind., USA)
weighing 250-300 g were individually housed in stainless steel
hanging wire cages and maintained at a constant temperature
(25°C) on a 12:12 h light/dark cycle (lights on at 4:00 a.m.). All
rats had 24-hour access to food and tap water during all portions
of the experiment, except where noted. After 1 week of acclima-
tion to the laboratory, during which time rats were given ad libi-
tum access to rodent chow (CH; 3.3 kcal/g; Harlan Teklad 2018),
rats were weight-matched and divided into 2 separate diet groups.
In each experiment, 1 group of rats was maintained on CH, and
the other was maintained on a low-carbohydrate KD (6.1 kcal/g;
Research Diets D06040601, Research Diets Inc., New Brunswick,
N.J., USA; table 1). Caloric intake and body weights were mea-
sured and recorded daily. All procedures were approved by the
Purdue University Animal Care and Use Committee.
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Experiment 1A: Responsivity to the Anorectic Effects of

Peripherally Administered Leptin in Rats Maintained on a

Low-Carbohydrate KD

Following 4 weeks of maintenance on CH (n =9) or KD (n =
11), rats were subjected to a series of i.p. injections to determine
the effectiveness of peripheral leptin to reduce caloric intake. All
rats were injected i.p. with the vehicle (physiological saline, 1 ml)
and 2 doses of leptin (100 and 200 pg; CalBiochem, San Diego,
Calif., USA) in a counterbalanced manner, with no less than 5
days between injections. On test days, food was removed 1 h prior
to injection. Rats were injected 30 min prior to the onset of the
dark cycle, at which time food was replaced in the cage. Intake was
measured 4 and 24 h later, and spillage was collected at each time
point to ensure accurate intake measures.

Experiment 1B: Responsivity to the Anorectic Effects of

Peripherally Administered Leptin in Rats Maintained on CH

Based on the results of experiment 1A, an additional group of
rats was maintained on CH (n = 8) for 4 weeks as described above.
Rats were then given an i.p. injection of saline and 2 mg/kg leptin
in a counterbalanced manner, with at least 5 days between injec-
tions. Food intake was recorded 4 and 24 h after injection, and
spillage was collected as described above.

Experiment 2: Responsivity to the Anorectic Effects of
Centrally Administered Leptin in Rats Maintained on a
Low-Carbohydrate KD

After 4 weeks on CH (n = 12) or KD (n = 9), rats were stereo-
taxically implanted with cannulas aimed at the lateral cerebral
ventricle. Briefly, rats were anesthetized with 1 ml/kg of a 4/3
mixture of ketamine (100 mg/ml) and xylazine (20 mg/ml) and
placed into a stereotaxic instrument. A 23-gauge guide cannula
(10 mm in length) was inserted 1.8 mm posterior to the bregma,
1.6 mm lateral to the midline (with bregma and lambda at the
same vertical coordinate), and 3.3 mm ventral to the dura [39]. A
30-gauge, 11.5-mm obturator was placed in the guide cannula.
The cannula was secured to the skull with 4 screws and dental
acrylic. Following surgery, rats received intramuscular penicil-
lin (60,000 units), an intramuscular injection of the analgesic
banamine (1.1 mg/kg), and 10 ml of saline subcutaneously. Upon
recovery of pre-surgical body weight, cannula placement was ver-
ified by angiotensin II (AII) testing. All rats drank at least 5 ml
more after AII injections (5 nmol) than they drank after i.c.v. sa-
line injection (in 30 min) and were therefore deemed to have cor-
rect cannula placement.

One week after recovery of pre-surgical body weight, rats be-
gan a series of i.c.v. injections to determine the effectiveness of
leptin to reduce caloric intake in the 2 dietary groups. A within-
subjects design was used such that rats received i.c.v. injections of
physiological saline or leptin (10 and 15 pg in 2 wl). Each rat re-
ceived saline and both doses of leptin, with not less than 5 days
between injections, in a counterbalanced sequence. On test days,
food was removed 1 h prior to injection. Rats were injected 30 min
prior to the onset of the dark cycle, at which time food was re-
placed in the cage. Intake was measured 4 and 24 h later.

After continued maintenance on CH or KD for 2 weeks fol-
lowing the injection series, rats were sacrificed. On the day of
sacrifice, food was removed 8 h prior to the onset of the dark cycle
and rats were rapidly decapitated under ether inhalation anesthe-
sia 6 h later. Fifty microliters of blood was used to determine the
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B-hydroxybutyrate concentration in blood using a StatSite meter
(Stanbio Laboratory, Boerne, Tex., USA) and StatSite Blood Ke-
tone Test Cards (Stanbio Laboratory). Levels of B-hydroxybuty-
rate in blood were measured as an indication of whether an ani-
mal was in a state of ketosis, as 3-hydroxybutyrate is the ketone
body produced in the highest amount during ketosis [40]. Trunk
blood was collected into chilled K"EDTA vacutainer tubes (Fisher
Scientific, Pittsburgh, Pa., USA), briefly placed in ice, and then
centrifuged at 4°C for 15 min at 2,000 rpm. Plasma was aspirated
into Eppendorf tubes. Plasma was subsequently analyzed for tri-
glyceride and leptin levels. Epididymal, subcutaneous, and retro-
peritoneal fat pads were also removed and weighed (table 2).

Experiment 3: Effect of Peripheral or Central Leptin

Administration on Arcuate POMC mRNA Expression

in Rats Maintained on a Low-Carbohydrate KD

To determine the effects of peripheral leptin administration
on arcuate POMC mRNA expression in rats maintained on CH
or KD, rats were maintained on CH (n = 24) or KD (n = 16) for 4
weeks. Based on the results of experiment 1 and the determina-
tion of effective doses of i.p. leptin to reduce food intake in CH-
and KD-fed rats, the CH group was weight-matched and divided
such that 1 group received an i.p. injection of saline (n = 8), the
2nd received an i.p. injection of 100 g leptin (n = 8), and the 3rd
received an i.p. injection of 2 mg/kg leptin (n = 8). For the KD
group, saline was given i.p. to 1 group (n = 8) and 100 pg leptin
was given i.p. to the other (n = 8). On injection day, food was re-
moved 6 h prior to the onset of the dark cycle rats were injected
according to group assignment 4 h later. Food was not replaced
and rats were sacrificed 2 h later by rapid decapitation after expo-
sure to ether. Brains were submerged into iced isopentane for
25 s and immediately stored in dry ice and then at -80°C until
processing.

To evaluate the effects of central leptin administration on ar-
cuate POMC mRNA levels, rats were maintained on CH (n = 24)
or KD (n = 24) for 4 weeks and implanted with a cannula aimed
at the lateral ventricle, as described in experiment 2. Placement
was verified by drinking response following AIl administration.
After recovery of body weight lost due to surgery, rats were weight-
matched within dietary groups to form 3 groups per diet. One
group was given an i.c.v. injection of 2 pl saline, a 2nd was inject-
ed i.c.v. with 5 g leptin in 2 pl saline, and the 3rd was injected
i.cv.with 15 pgleptinin 2 plsaline. As described for thei.p. leptin
experiment above, food was removed 6 h prior to the onset of the
dark cycle and rats were injected with according to group assign-
ment 4 h later. Food was not replaced and rats were sacrificed 2 h
later by rapid decapitation after exposure to ether. Brains were
submerged into iced isopentane for 25 s and immediately stored
in dry ice and then at -80°C until processing.

Experiment 4: Effects of a Low-Carbohydrate KD on Leptin

Signaling in the Hypothalamus

Twenty-one male, Long Evans rats (Harlan) served as experi-
mental subjects for measurement of phosphorylated STAT3
(pSTAT?3) by immunohistochemistry. After 1 week of acclimation
to the laboratory, rats were weight-matched and placed on CH or
KD and allowed to feed ad libitum for 4 weeks. After overnight
food deprivation, rats were perfused transcardially for measure-
ment of pSTAT?3 following an i.p. injection of leptin (2 mg/kg) or
saline. The 2-mg/kg dose was selected based on a dose-response
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curve generated to determine the lowest dose at which hypotha-
lamic pSTAT3 was detectable by immunohistochemistry in CH
rats.

To determine the effects of KD on the level of expression of
mRNA for SOCS3 and Ob-Rb in the hypothalamus, rats were
placed on CH (n = 16) or KD (n = 16) for 4 weeks. Rats were then
weight-matched within dietary groups. For each dietary group,
halfwas given ani.p. injection of saline and the other half received
2 mg/kgleptin i.p. On the day of sacrifice, food was removed from
the cage 6 h prior to the onset of the dark cycle, injections were
given 4 h later and rats were sacrificed under ether inhalation an-
esthesia, followed by rapid decapitation immediately prior to the
onset of the dark cycle. Brains were promptly removed and stored
in RNAlater (Ambion, Austin, Tex., USA) until processing for
gene expression via quantitative real-time PCR.

Plasma Analyses

Radioimmunoassays (Millipore, St. Charles, Mo., USA) were
used to determine levels of plasma leptin. The rat leptin RIA kit
had a sensitivity of 0.5 ng/ml. The inter-assay precision was 3.0-
5.7%, and the intra-assay precision was 2.0-4.6%. Volumes of 100
wl plasma were used in duplicate samples for each assay, as di-
rected by the manufacturer. Plasma triglycerides were measured
using a colorimetric, two-enzyme assay (Wako Chemicals USA,
Inc., Richmond, Va., USA).

In situ Hybridization

Brains were coronally sectioned at 14 pm, mounted onto elec-
trostatically charged Superfrost Plus slides (Fisher Scientific), and
stored at —80°C. Brain slices were fixed with 4% paraformalde-
hyde and dehydrated with an ascending series of alcohols. Sec-
tions from each rat containing the arcuate nucleus of the hypo-
thalamus were selected and stored at -80°C for future processing.
The POMC plasmid was linearized with the appropriate restric-
tion enzyme and the antisense riboprobe was labelled with %S-
labelled UTP (Perkin Elmer, Boston, Mass., USA), using in vitro
transcription systems with T3 polymerase, according to protocols
provided by the manufacturer (Promega Corporation, Madison,
Wisc., USA). The probe was then purified using Quick Spin RNA
columns (Roche Diagnostics, Indianapolis, Ind., USA).

For processing, slides were warmed and rinsed in triethyl-
amine buffer (pH 8.0) and triethylamine with acetic anhydride.
Sections were incubated in hybridization buffer comprised of 50%
formamide, 0.3 M NaCl, 10 mM Tris HCI (pH 8.0), 1 nM EDTA (pH
8.0), 1X Denhardt’s solution (Teknova, Hollister, Calif., USA),
10% dextran sulfate (Fisher Scientific), 10 mM dithiothreitol
(DTT, Sigma, St. Louis, Mo., USA), 500 p.g/ml yeast tRNA (Sig-
ma), and 10® cpm/pul ¥*S-UTP, and incubated overnight in a 56°C
humid chamber. After hybridization, sections were washed three
times in 2X SSC (3.0 M NaCl, 0.3 M sodium citrate; Invitrogen,
Carlsbad, Calif., USA) followed by one wash in 2x SSC + DTT at
56°C. Slides were then treated with 20 pg/ml RNase A in buffer
containing 5 M NaCl, 0.5 M EDTA, 1 M Tris, pH 7.5 and ddH,O0.
Sections were washed twice in 2X SSC + DTT, and then twice in
0.1x SSC + DTT, and dehydrated in an ascending series of alco-
hols. Slides were exposed to Kodak Biomax film for 2 days. Auto-
radiographic images were then scanned, and quantified with Sci-
on Image software (National Institutes of Health), utilizing auto-
radiographic *C-microscales (GE Healthcare, Piscataway, N.J.,
USA) as a standard. An observer blinded to the treatment of the
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experimental groups performed scanning and quantification.
Data for each animal were means of the product of hybridization
area X density, with the background density subtracted from the
three sections, reflecting the region-specific levels of gene expres-
sion. Data for each animal were normalized to controls as 100%,
and are expressed as mean * standard error (SEM).

PpSTAT3 Immunohistochemistry

Ninety minutes after leptin administration, rats were anesthe-
tized with an i.p. injection of sodium pentobarbital and transcar-
dially perfused with ice-cold 0.1 M phosphate-buffered saline
(PBS) followed by 4% paraformaldehyde. Brains were removed,
post-fixed in fixative for 4 h and stored in 20% sucrose at 4°C. The
following day, brains were frozen and cut into 25-pm-thick free-
floating sections. Sections were collected in three series and
stored at 4°C overnight in 0.1 M PBS containing 0.02% sodium
azide. Sections were rinsed in 1% H,0, and 1% sodium hydroxide,
0.3% glycine, and 0.03% sodium dodecyl sulfate. Blocking was
performed in a solution of 0.1 M PBS, 0.025% Triton, 0.2% sodium
azide, and 3% normal goat serum for 1 h at room temperature.
Incubation with rabbit polyclonal primary antibody for phos-
phorylated (Tyr’%%) STAT3 (Cell Signaling Technology, Danvers,
Mass., USA) was performed at a dilution of 1:1,000 in blocking
solution for 24 h at room temperature. Incubation was continued
for another 24 h at 4°C. Sections were then washed and incubated
with biotinylated anti-rabbit antibody (1:1,000 in blocking so-
lution without sodium azide), followed by avitin-biotin-complex
labeling (Vectastain, Vector Labs, Burlingame, Calif., USA).
Products of these reactions were visualized with 3,3’-diaminoben-
zidine. Free-floating sections were then mounted on electrostati-
cally charged microscope slides (VWR, West Chester, Pa., USA)
and covered witha 24 X 60 mm Slip-Rite glass coverslip (Richard
Allan Scientific, Kalamazoo, Mich., USA), which was affixed with
DPX tissue mountant.

Cell Counting and Quantification for Immunohistochemistry

All sections were examined for staining within the acruate
nucleus and photographed using SPOT Advanced Software.
Stained cell density was determined using Image] software (Na-
tional Institutes of Health, Bethesda, Md., USA). The area of the
arcuate nucleusin each section was measured and all stained cells,
regardless of staining intensity, within the measured area were
counted to determine the density of stained cells in each section.
All sections containing the arcuate nucleus were counted for each
rat, with the mean density measurement used for analysis.

Quantitative Real-Time PCR

Hypothalamic blocks were dissected according to the follow-
ing limits: posterior border of the optic chiasm, anterior border of
the mammillary bodies, lateral hypothalamic sulci, and ventral
border of the thalamus [39, 41]. Each hypothalamus was then ho-
mogenized in 1 ml of Trizol Reagent (Invitrogen). Following cen-
trifugation of this mixture, RNA was recovered from the aqueous
phase by isoproponal precipitation. Any contaminating genomic
DNA was then removed by treatment with DNA-free DNase
Treatment and Removal Reagents (Applied Biosystems/Ambion),
and RNA integrity was determined by agarose gel electrophoresis.
cDNA was synthesized from 5 g of RNA using a SuperScript ITI
First-Strand Synthesis System (Invitrogen) for RT-PCR and di-
luted 1:3 in nuclease-free water for storage at —20°C.
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Each primer set was optimized such that the correlation coef-
ficient was 0.99-1.0 and the PCR efficiency was 90-100%. The
integrity of the cDNA was confirmed by conventional RT-PCR
amplification of L32, a housekeeping gene whose expression
serves as a benchmark for comparison to that from the gene of
interest [42]. A control reaction for each RNA sample was also
performed with no reverse transcriptase enzyme added. Primers
for each gene of interest are presented in table 3. Real-time PCR
was performed in duplicate using an iCycler and the iQ SYBR
Green Supermix (BioRad, Hercules, Calif., USA) with two-step
amplification (95°C for 10 s, 60°C for 45 s) for 40 cycles. L32 was
amplified from each sample for use as an endogenous control.

Statistics

In experiments 1A and 2, caloric intake data were analyzed by
repeated measures ANOVA followed by Newman-Keuls post hoc
comparisons. Data from experiment 1B were analyzed by Stu-
dent’s t test. Differences in dietary groups for triglycerides, leptin
and fat pad weights were analyzed by individual t tests. The ex-
pression of POMC mRNA and number of pSTAT3-positive cells
in the arcuate nucleus were analyzed by one-way ANOVA and
Tukey’s Multiple Comparison Test for post hoc analyses, with the
saline-treated CH group serving as the control.

For quantitative RT-PCR analysis, primers for the genes of in-
terest, Ob-Rb and SOCS-3 as well as the housekeeping ribosomal
gene L32 were optimized with a temperature gradient as well as a
standard curve usinga 1:5 decreasing dilution factor to determine
correlation coefficients and reaction efficiencies for each of the
primer sets. All primer sets had PCR efficiencies between 98 and
100% (for a six-dilution standard curve) and correlation coeffi-
cients of 0.99, and were therefore determined to be comparable.
Following optimization of the primer sets, the method of Livak
and Schmittgen [43] (or the 2*-AACT method) was used to deter-
mine relative changes in the genes of interest relative to the house-
keeping gene L32. ACTs (i.e. Ob-Rb - L32) were calculated using
the mean of duplicates for each sample and were subtracted from
the average ACT for the defined control group. The AACTs were
then used to calculate a fold change relative to the control group.
CH values were compared to KD values by a Student’s t test. A
value of p < 0.05 was considered significant, and all data are rep-
resented as a mean * standard error of the mean (SEM).

Results

Experiment 1: Responsivity to the Anorectic Effects of

Peripherally Administered Leptin

As depicted in figure la, analysis of caloric intake
24 h after injection revealed that in CH rats, a dose of
2 mg/kg was required to significantly reduce intake as
compared to 24-hour intake following i.p. saline injection
(p <0.05). In contrast, caloric intake was reduced in KD
rats 24 h after both doses of leptin (100 and 200 pg) as
compared to intake following i.p. saline (p < 0.05 in both
cases).
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Table 1. Composition of the low-carbohydrate, high-fat KD
(D06040601, Research Diets Inc., New Brunswick, N.J., USA)

g kcal

Protein

Casein, 80 mesh 151 604

L-Cysteine 1.5 6
Carbohydrate

Corn starch 40 160

Cellulose, BW200 50 0
Fat

Soybean oil 25 225

Lard 336 3,024
Vitamin mix, V10001 10 40
FD&C Yellow Dye No. 5 0.025 0
FD&C Blue Dye No. 1 0.025 0
Total 660.55 4,059

Table 2. Effects of diet type on adiposity, B-hydroxybutyrate,
plasma leptin and triglyceride levels

CH KD

Body weight change from

start of experiment, g 99.2%54 105.7 £11.7
Epididymal fat, g 2.81%£0.35 5.14+0.89*
Retroperitoneal fat, g 2.61%£0.42 4.68+0.56%
Subcutaneous fat, g 3.65+0.38 3.97£0.42
B-Hydroxybutyrate, mmol/l 0.21£0.02 0.33£0.03*
Leptin, ng/ml 2.99%0.26 8.65+1.99%
Triglyceride, mg/dl 94.02+1595  100.52*14.0

* p < 0.05: significant difference between CH and KD groups.

Experiment 2: Responsivity to the Anorectic Effects

of Centrally Administered Leptin in Rats Maintained

ona KD

There were no differences in responsivity to the ano-
rectic effects of i.cv. leptin between the dietary groups.
Rats in both dietary groups significantly reduced caloric
intake 24 h after i.cv. injection of 15 pg leptin as com-
pared to intake following i.c.v. saline. CH and KD intake
were similarly reduced after 15 pg leptin i.cv. (p < 0.05
for both diet groups; fig. 2a, b).

As described in table 2, there were no diet-related dif-
ferences in change in body weight. Epididymal and retro-
peritoneal fat gain was significantly greater in KD rats
(p<0.05in both cases). Maintenance on a KD did indeed
result in significantly elevated 3-hydroxybutyrate levels
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kcal
100

80 -

60

40 +

20 +

T I T
a Saline 100 pg 200 g 2mg/kg

kcal
100

80 * *

60

40 +

20

T I
b Saline 100 pug 200 ug

Fig. 1. Caloric intake after i.p. leptin. Rats maintained on CH (a) or KD (b) were injected i.p. with saline or leptin
and caloric intake was measured 24 h later. For CH rats, a dose of 2 mg/kg was required to significantly reduce
caloric intake at 24 h. In contrast, KD rats reduced caloric intake in response to both 100 and 200 pg leptin.
* p < 0.05 when intake was compared to intake following saline administration.

Table 3. Primer sequences for each

Primer sequences

Temperature, °C

Forward: 5'-CAG ACG CAC CAT CGA AGT TA-3" 60

Reverse: 5'-AGC CAC AAA GGA CGT GTT TC-3'

Forward: 5'-TTC TTT ACC ACC GAC GGA AC-3" 60

Reverse: 5'-TTT CCC ACA TCT TGT GAC CA-3’

gene are presented with the annealing Gene
temperature
L32
SOCS3
Ob-Rb

Forward: 5'-TTC TTT ACC ACC GAC GGA AC-3" 60

RNA isolated from whole hypothalamus was used for cDNA synthesis. Quantitative
PCR was used to compare hypothalamic gene expression compared to the L32 house-

keeping gene.

in KD rats (p < 0.05), and while leptin levels were signif-
icantly increased in KD as compared to CH (p < 0.05),
plasma triglyceride levels were significantly reduced in
KD rats (p < 0.05).

Experiment 3: Effect of Peripheral or Central Leptin
Administration on Arcuate POMC mRNA Expression
in Rats Maintained on a Low-Carbohydrate KD
Administration of i.p. leptin increased POMC mRNA
in CH-fed rats following the 2-mg/kg dose by 55.8% as
compared to expression levels following i.p. saline (p <
0.05; fig. 3a), but was unaffected by 100 pg leptin. This is
in contrast to the effects of i.p. leptin in KD rats. As ex-

Leptin Sensitivity and the Ketogenic Diet

pected from our previous research [38], POMC mRNA
expression was significantly lower in KD rats after saline
injection (59.75% of control level). After 100 g leptin,
POMC mRNA expression was increased to 207.6% of the
level of expression in controls (p < 0.05).

Following i.c.v. leptin injection, CH rats had signifi-
cantly increased POMC mRNA in the arcuate after 15 g
leptin as compared to CH controls (p < 0.05). As depicted
in figure 3b, 5 pgleptin did not affect POMC mRNA ex-
pression levels in CH rats. As previously described [38],
rats maintained on a KD had a significantly lower level of
POMC mRNA expression than CH rats at baseline (p <
0.05; fig. 2b). Following administration of 5 g leptin,
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Fig. 2. Caloric intake after i.c.v. leptin. Rats maintained on CH (a) or KD (b) were injected into the lateral ven-
tricle with saline or leptin. Caloric intake was measured 24 h after injection. For both dietary groups, caloric
intake was significantly decreased 24 h after i.c.v. administration of 15 wg leptin. * p < 0.05 when intake was
compared to intake following saline administration.
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Fig. 3. Hypothalamic neuropeptide mRNA expression following i.p. or i.c.v. leptin. POMC mRNA expression
levels in the arcuate nucleus were assessed by in situ hybridization following i.p. (a) or administration of leptin
in CH and KD rats (b). At baseline, POMC mRNA was significantly lower in KD rats. Following i.p. adminis-
tration of leptin, POMC was increased in rats under both dietary conditions. i.c.v. administration of 5 pg leptin
was sufficient to normalize POMC mRNA expression levels in KD rats to those of CH controls, and both dietary
groups significantly increased POMC mRNA in response to 15 g leptin. Data are means = SEM and different
symbols (* and #) denote significant differences between treatment responses (p < 0.05) as compared to expres-
sion levels in CH rats after saline treatment.

106

Neuroendocrinology 2010;92:100-111 Kinzig/Honors/Hargrave/Davenport/

Strader/Wendt



CH-Saline

a 250 um
KD-Saline
< ; 250 um
3,000 4
*
* -
& *
£ 2,000 -
£
>
2
(7]
©
< 1,000
V)
0 - T T
S A
S & b N
X \2\,% Oﬂ«
e C ©

POMC mRNA expression was normalized to that of CH
controls and significantly higher than in saline-treated
KD rats (p < 0.05). POMC mRNA expression was in-
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KD-Leptin
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Fig. 4. STAT3 phosphorylation in the arcuate nucle-
us in response to i.p. leptin. Microphotographs of
pSTAT3 immunohistochemistry from saline-treat-
ed CH rats (a), leptin-treated CH rats (b), saline-
treated KD rats (c) and leptin-treated KD rats (d).
Rats were treated with 2 mg/kg leptin and killed 30
min later. Images are representative matched sec-
tions, and each panel represents one animal. e The
number of pSTAT3-positive cells is increased in KD
rats as compared to CH rats, after saline and leptin
treatment. * Statistically significant differences from
the CH-saline group (p < 0.05).

Experiment 4: Effects of a Low-Carbohydrate KD on
Leptin Signaling in the Hypothalamus
Maintenance on a KD resulted in significant differ-

creased to 255% of CH control values following 15 wg ences in pSTAT3 levels (fig. 4). In CH rats, leptin treat-
leptin (p < 0.05). ment induced significantly more STAT3 phosphorylation
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Fig. 5. Hypothalamic SOCS3 mRNA. Following 4 weeks of main-
tenance on CH or KD, SOCS3 mRNA was significantly increased
in KD rats as compared to CH rats. SOCS3 mRNA expression was
increased in CH rats after leptin treatment, but did not change
from baseline in KD rats. * Statistically significant differences
from the CH-saline group (p < 0.05).
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Fig. 6. Hypothalamic Ob-Rb mRNA. Following 4 weeks of main-
tenance on CH or KD, there were no differences in hypothalamic
Ob-Rb expression between the dietary groups.

in the arcuate nucleus as compared to CH rats that were
treated with saline (fig. 4a vs. b, p < 0.05; fig. 4e). The
level of pSTAT3 in KD rats after saline treatment was sig-
nificantly greater than that in saline-treated CH rats
(tig. 4a vs. ¢, p < 0.05; fig. 4e). Whereas leptin treatment
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increased the number of pSTAT3-positive cells in CH
rats, it was ineffective at increasing pSTAT3 in KD rats
as compared to pSTAT3 in saline-treated KD rats (fig. 4c
vs. d).

Similar to the effects of a KD on pSTAT3, rats main-
tained on a KD had significantly increased expression of
SOCS3 mRNA in the hypothalamus as compared to CH-
fed controls. Following saline treatment, SOCS3 mRNA
expression was 93.2% greater in KD rats than in CH rats
(fig. 5). Leptinadministration (2 mg/kg) increased SOCS3
mRNA expression in CH rats (71.6%) as compared to the
expression level after saline administration. In KD rats,
leptin administration did not increase SOCS3 mRNA ex-
pression as compared to the level of expression in KD rats
after saline treatment. Finally, analysis of expression lev-
els of Ob-Rb in the hypothalamus demonstrated that
there was no effect of diet on this parameter (fig. 6).

Discussion

The KD is high in fat content, as are many diets used
to investigate diet-induced obesity. It differs from tradi-
tional high-fat diets, however, in that the carbohydrate
content is severely reduced and consumption of this diet
results in the production of ketone bodies. The purpose
of our current experiments was to evaluate how mainte-
nance on a KD may affect sensitivity to the anorectic ef-
fects of leptin, as the effects of ketone bodies on factors
involved in the neuroendocrine regulation of energy bal-
ance have not been elucidated.

We have previously reported that rats maintained on
a KD consume the same amount of calories and gain the
same amount of overall body weight as do CH controls,
but have increased adiposity and plasma leptin levels, and
decreased POMC mRNA expression in the arcuate nucle-
us [38]. Importantly, while KD rats weigh the same as CH
rats, the increases in plasma leptin and adiposity are sig-
nificantly greater than in rats maintained on a high-fat
non-KD [38]. Because leptin resistance has been well doc-
umented in rats maintained on high-fat non-KDs that
induce increased adiposity and concomitant high-leptin
levels [5, 25, 31, 44], and KD rats have increased plasma
leptin levels, reduced POMC mRNA in the arcuate nucle-
us, and do not decrease caloric intake as compared to CH
controls, we hypothesized that KD rats may have a loss of
sensitivity to the anorectic effects of leptin. Our present
experiments, however, demonstrate the opposite. A lower
dose of leptin was required to reduce the caloric intake of
KD rats than was required to do so in CH rats when leptin
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was delivered peripherally, demonstrating a lack of resis-
tance to peripheral leptin in KD rats. In the brain, the
same dose that reduced caloric intake in CH rats reduced
caloric intake in KD rats, demonstrating a lack of central
leptin resistance.

Given that KD rats remained responsive to the anorec-
tic effects of peripheral and central leptin administration,
we sought to determine the effects of KD exposure on
components of the hypothalamic signaling system that
mediates leptin’s actions. We have previously demon-
strated the effects of a KD on the central melanocortin
system, including decreased basal POMC mRNA expres-
sion in the arcuate, increased responsivity to agonism
of MC3/4R, and increased expression levels of MC4R
mRNA in the paraventricular nucleus of the hypothala-
mus [38]. Here we report that POMC neurons in the arcu-
ate nucleus of the hypothalamus were responsive to ad-
ministration of peripheral and central leptin in KD rats.
Whereas CH rats required 2 mg/kg i.p. in order to elicit
an increase in POMC mRNA expression levels in the ar-
cuate, POMC was increased in KD rats with 100 pg i.p.
leptin. These results differ from the effects of leptin on
POMC mRNA expression in DIO mice. Previous re-
search has demonstrated that i.p. leptin administered to
DIO mice was unable to stimulated POMC mRNA ex-
pression above baseline levels [36]. Interestingly, in our
current experiments we report that i.c.v. leptin adminis-
tration to KD rats at a dose that was ineffective at reduc-
ing caloric intake in either dietary group normalized
POMC expression to that of saline-treated CH rats, and
significantly increased POMC as compared to saline-
treated KD rats. A similar increase in POMC was ob-
served in CH and KD rats after central administration of
leptin at the dose required to reduce caloric intake. Col-
lectively, these data demonstrate that while endogenous
leptin in KD rats is insufficient to increase POMC mRNA,
POMC neurons are highly sensitive to exogenous lep-
tin stimulation.

While intact POMC responsivity to exogenous leptin
administration provides one mechanism by which leptin
may retain its ability to reduce caloric intake in KD
rats, the effect of a KD on the level of phosphorylation of
STAT-3 in the arcuate nucleus and of SOCS3 in the hypo-
thalamus complicates interpretations. Evaluation of the
pSTAT3 in the arcuate nucleus revealed that KD rats had
basal levels of pSTAT3 that were indistinguishable from
those elicited by leptin stimulation in CH rats. Addition-
ally, the number of pSTAT3-positive cells was not in-
creased in KD rats as compared to those after saline treat-
ment in KD, as it was in CH rats. While the lack of leptin-
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stimulated pSTAT3 increase in KD rats is consistent with
the effects of maintenance on a high-fat diet [24], the bas-
alincrease suggests that maintenance on a KD may result
in a chronically increased level of phosphorylation of
STATS3, rendering the system constitutively more active
than in rodents maintained on other types of diets.

Similar to the effects of a KD on pSTAT3, KD rats had
higher basal levels of SOCS3 mRNA expression in the hy-
pothalamus as compared to CH controls. Whereas SOCS3
mRNA expression increased in CH-fed animals after
leptin administration, it remained the same in KD rats fol-
lowing leptin administration. Because increased SOCS3
has been demonstrated in DIO, leptin-resistant rodents
[24, 35], it would follow that increased SOCS3 in KD rats
would be associated with leptin resistance. Additionally,
in CH-fed rodents, STAT3 has been demonstrated to acti-
vate not only SOCS3 but also transcription of POMC [22].
While the STAT3-SOCS3 relationship is intact in KD rats,
the lack of increased POMC in the basal state suggests a
disconnection of the relationship between STAT3 and
POMC that requires further investigation. Importantly,
there are multiple signaling pathways by which leptin ex-
erts its actions, including autophosphorylation of Jak2 and
activation of the IRS/phosphatidylinositol-3'-kinase path-
way [for review, see 45]. The effects of a KD on these sig-
naling pathways have not yet been elucidated, and may
provide evidence for the mechanisms by which KD main-
tenance results in the preservation of the ability to respond
to exogenous leptin administration.

Responsivity to the anorectic effects of exogenous
leptin in KD rats, despite levels of pSTAT3 and SOCS3
that would suggest leptin resistance, is potentially due to
multiple factors attributable to the unique neuroendo-
crine profile induced by maintenance on this diet. For
example, there is generally a positive correlation between
leptin and insulin; however maintenance on a KD results
in increased plasma leptin with decreased plasma insulin
levels. Thus, the KD induces a state in which the brain
receives signals of abundant energy stores in the form of
increased leptin, yet also receives information signaling
lack of energy stores in the form of low insulin, in addi-
tion to the presence of ketone bodies. The consequences
of disconnecting these two adiposity signals are current-
ly unknown, and likely play a role in mediating overall
effects of a KD on energy balance. Additionally, whether
the effects of a KD on the leptin system as reported here
are an early adaptation to the diet or persist over time and
the role of hindbrain leptin signaling with regard to KD
maintenance are unknown and require further investi-
gation.
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In addition, the level of plasma triglycerides affects re-
sponsivity to peripheral leptin. Banks et al. [46] have
demonstrated that triglycerides inhibit transport of lep-
tin across the BBB, mediating resistance to peripherally
circulating leptin. Triglycerides regulate the rate at which
leptin is transported across the BBB in an inverse rela-
tionship such that greater levels of serum triglycerides
result in a decreased rate of leptin transport [46]. Despite
the high level of dietary fat in KD, plasma triglyceride
levels are not elevated in association with KD consump-
tion as compared to CH rats. Diet-related differences in
triglyceride levels may, regardless of elevated adiposity,
help preserve the ability of the leptin transport system
across the BBB that is impaired when adiposity and tri-
glyceride levels are increased. Although speculative at
this juncture, it is possible that KD effects on triglycerides
may prevent the triglyceride-associated decrease in the
rate of leptin transport across the BBB.

In our studies, maintenance on a KD (5% carbohy-
drate, 80% fat, and 15% protein) induces a unique meta-
bolic state in which plasma leptin levels are elevated,
whereas insulin levels are suppressed. This effect appears
to be dependent on diet type and species, as other low-
carbohydrate diets do not produce the profound increas-
es in leptin and adiposity, and mice and humans have
been demonstrated to lose weight on KDs [47-50]. In rats,
Morens et al. [51] implemented a low-carbohydrate diet
from which 5.1% of the calories were derived from carbo-
hydrate sources, 60.2% from fat, and 34.7% from protein.
Maintenance on this diet resulted in body weights that
were indistinguishable from those of rats maintained on
CH, as is the case with the KD used in our present stud-
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