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We have shown recently that fasting permits leptin to modulate
both luteinizing hormone (LH) and insulin secretion in cows. In
rodents, leptin causes divergent effects on LH and insulin re-
lease that are dose dependent. To test the hypothesis that leptin
effects on LH and insulin secretion in fasted cows are dose
related, we examined the effects of various doses of recombi-
nant ovine leptin (oleptin) in mature cows. Twenty ovariecto-
mized beef cows, each bearing an estradiol implant to maintain
basal estradiol concentrations, were used. All cows were fasted
for 60 hr with free access to water and were assigned randomly
to one of four groups (n = 5/group): 1) saline control; 2) leptin,
0.2 pg/kg; 3) leptin, 2.0 pg/kg; and 4) leptin, 20 ug/kg body wt.
Blood samples were collected at 10-min intervals for 6 hr on
Days 0 and 2, with saline or oleptin injected intravenously im-
mediately after the first intensive sample on Day 2 (54 hr). Lep-
tin caused a dose-related increase (P < 0.001) in mean concen-
trations of circulating LH. Stimulation of LH release by leptin
was significant at the lowest (141% of control) and middle
(122% of control) doses used, but no increase was observed for
the highest dose. Increased mean concentrations of LH ap-
peared to result from an augmentation of basal secretion, as
pulse characteristics were not affected. After 54 hr of tasting,
plasma insulin concentrations were lowered (P < 0.01) in all
treatment groups compared to Day 0. After leptin injections,
plasma insulin concentrations increased (P < 0.01) and reached
highest concentrations during the first hour of sampling. How-
ever, this increase was sustained for several hours only in the
intermediate (2.0 pg/kg) dose group. Collectively, our results
show that leptin has potent positive effects on both tH and
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insulin secretion in fasted cows, but the anterior pituitary and
endocrine pancreas appear to become downregulated in the
presence of excess ligand. Exp Biol Med 228:325-330, 2003
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he discovery of the adipocyte-produced hormone

leptin has had a significant influence on research

related to energy homeostasis and reproduction in
animals. As a result, the body of literature on the role of
leptin in the central regulation of luteinizing hormone (LH)
release and secretion of peripheral hormones, especially in-
sulin, has developed rapidly. The majority of information in
this area has been obtained from research with human sub-
jects (1, 2) and laboratory rodents (3, 4).

In ruminants, the acute link between the central repro-
ductive axis and changes in nutrient intake is less discrete
than in monogastrics, and short-term feed restriction does
not measurably reduce pulsatile LH release except in sexu-
ally immature females and castrate, estradiol-implanted
males (5, 6). Nonetheless, our laboratory has shown recently
that fasting sensitizes the hypothalamic—pituitary axis to
leptin in mature cows, permitting it to modulate basal se-
cretion of LH (7, 8). This effect appears to be primarily at
the level of the anterior pituitary (8) and is likely indepen-
dent of leptin-mediated increases in insulin (6, 8). More-
over, in the rat, potent effects of leptin on gonadotropin
secretion have been demonstrated in vitro (9). In that study,
a dose-related increase in LH and follicle-stimulating hor-
mone (FSH) release was observed using relatively small
doses of leptin, with gonadotropin secretion decreasing at
higher doses to values not different from controls.

Several observations indicate that leptin can also modu-
late pancreatic B-cell function. Leptin and insulin are both
secreted under the same metabolic circumstances. Each pep-
tide provides short-, as well as long-term signals, related to
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metabolism and energy balance, and is transported to the
central nervous system via receptor-mediated uptake (10,
11). The presence of the leptin receptor (OB-R) has been
demonstrated in rat (12) and mice (13) islets of Langerhans,
suggesting that leptin can directly regulate the secretion of
insulin as part of an adipoinsular endocrine axis (14); how-
ever, results have been conflicting, including reports of
positive and/or neutral effects using small doses of leptin
(12, 15), and negative effects when higher doses were used
(13, 14).

Although our recent studies in fasted, mature cows in-
dicated positive responses of both the anterior pituitary and
endocrine pancreas to recombinant oleptin (7), inconsistent
and contradictory observations across species make it dif-
ficult to predict or integrate the physiological consequences
of leptin action at these sites. The current experiment tested
the hypothesis that divergent pituitary and pancreatic re-
sponses to leptin, in addition to being strongly influenced by
nutritional state, are exquisitely related to the mass of ligand
reaching target tissues over time.

Materials and Methods

All animal-related procedures used in these studies
were approved by the Institutional Agricultural Animal
Care and Use Committee of the Texas A&M University
System.

Animal Model and Delivery of Recombinant
Ovine Leptin (oleptin). The animal model used was the
ovariectomized, mature beef cow bearing an estradiol im-
plant. Hormonal implants provide a constant level of estra-
diol negative feedback without the complications associated
with ovarian cyclicity. In the present study, mean (+SEM)
concentrations of estradiol in implanted cows were of
3.3 + 0.4 pg/ml. Ovariectomized, steroid-treated females
and castrated, steroid-treated males have proven to be good
models for studying the effects of nutrition on the neuroen-
docrine axis (7, 16). In the present experiments, recombi-
nant oleptin was administered intravenously (17).

Procedures. Twenty mature, ovariectomized, estra-
diol-implanted beef cows were used. All cows were fasted
for 60 hr with free access to water. Before onset of fast-
ing, cows were assigned randomly to one of four groups
(n = 5/group): 1) saline control; 2) leptin, 0.2 png/kg; 3)
leptin, 2.0 ng/kg; and 4) leptin, 20 pg/kg body wt. Con-
centrations of the leptin solutions for each dose were
11.525, 129, and 1217 pg/ml, respectively. On the day be-
fore the start of dietary treatments (Day —1), all cows were
fitted with jugular catheters (polyethylene tubing, 1.4 mm
inside diameter, 1.9 mm outside diameter; Becton Dickin-
son, Parsippany, NJ) for intensive blood sampling. Cows
were placed in stanchions and allowed to stand without
further restraint during periods of intensive blood sampling
on Days 0 and 2.

Blood samples were collected at 10-min intervals for
6 hr on Day 0 and Day 2 of the experiment, with a single
saline or oleptin injection administered intravenously im-
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mediately after the first intensive sample on Day 2 (54 hr;
Fig. 1). Blood samples were dispensed into tubes containing
150 pl of a solution containing heparin (1000 IU/ml) and
5% EDTA and placed immediately on ice. Plasma was har-
vested by centrifugation and stored at —20°C until radioim-
munoassay (RIA) for leptin, LH, insulin, and estradiol.

Hormone Analyses. Circulating concentrations of
leptin were determined using a highly specific oleptin RIA
validated for use in bovine serum (18). Use of this assay for
determining plasma concentrations of leptin in the bovine
has been reported previously from our laboratory (7). De-
terminations of circulating concentrations of leptin were
performed in samples collected every 10 min for the first
2 hr and every 30 min for the following 4 hr on Day 2 of the
experiment. Plasma concentrations of insulin were deter-
mined as validated previously (19) in samples collected ev-
ery hr on Day 0 and every 30 min on Day 2. Plasma con-
centrations of LH were determined in all 10-min samples on
Day 0 and 2 with a validated RIA (20). Serum estradiol was
assayed in selected daily samples as reported previously
(21). Intra- and interassay coefficients of variation for LH
and insulin assays were 7.6 and 15% and 9.8 and 16%,
respectively. The intraassay coefficients of variation of
the single leptin and estradiol assays were 5.1 and 3.5%,
respectively.

Statistical Analysis. Hormone data were analyzed
by analysis of variance for repeated measures using the
General Linear Models procedure of the Statistical Analysis
System (SAS 8.1; SAS Institute Inc., Cary. NC). Frequen-
cies and amplitude of LH pulses were determined using a
pulse detection algorithm, Pulsefit 1.2 (22). Sources of
variation were day, treatment, cow (treatment), and appro-
priate interactions. The least significant mean procedure
was used to compare means when a significant F value was
obtained. Because of random differences in LH concentra-
tions between groups on day 0, LH values were converted to
a percentage of time O values. To test the temporal effects of
leptin administration on plasma leptin and insulin concen-
trations, the 6-hr intensive sampling period on Day 2 was

Day 0 - beginning of fasting
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Figure 1. Timeline for experimental procedures. Blood samples
were collected at 10-min intervais for 6 hr on Days 0 and 2. The
intravenous infusion of oleptin is indicated by the arrow.
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Figure 2. Mean (+SEM) concentrations of leptin on Day 2 of the
experiment. Intravenous injection of oleptin at 20 pg/kg increased
(P <0.01) mean concentrations of leptin through Period Vi compared
with the Control group. Doses of 0.2 and 2.0 pg/kg of oleptin in-
creased (P < 0.05) circulating concentration of leptin only during
Period .

subdivided into six periods (I-V]). Hormone data were ana-
lyzed using analysis of variance for repeated measures.
Sources of variations included treatment, period, cow (treat-
ment) and appropriate interactions. The least significant dif-
ference procedure was used to compare means when sig-
nificant F values were obtained.

Results

Plasma Concentrations of Leptin. Single intrave-
nous injections of leptin on Day 2 caused a dose-related
increase (P < 0.001) in mean concentrations of circulat-
ing leptin (Fig. 2). Concentrations of leptin were greater
(P < 0.001) than controls during all periods (from I to VI)
at the highest leptin dose employed. Doses of 0.2 and
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2.0 pg/kg of leptin increased (P < 0.05) plasma leptin con-
centrations above controls only during Period I.

Plasma Concentrations of LH and Patterns of
Release. As expected, fasting did not suppress LH secre-
tion in the mature cows used in this study. However, leptin
caused a dose-related increase (P < 0.001) in mean concen-
trations of circulating LH. Overall, stimulation of LH re-
lease by leptin was significant at the lowest (141% of con-
trol; P < 0.01) and middle (122% of control; P < 0.001)
doses used (Fig. 3). Secretion of LH increased slightly
(P < 0.05) during the first hour with the highest dose, but
did not differ from controls thereafter or overall (Fig. 3). LH
pulse characteristics (frequency, amplitude, and pulse size
as determined by the area under each pulse) were not af-
fected (P > 0.10). The lack of effect of leptin on pulse
characteristics, while affecting the mean baseline, is dem-
onstrated graphically in Figure 4. Patterns of LH secretion
on Days 0 (onset of fasting) and 2 (leptin or saline treat-
ments) in two leptin-treated cows (0.2 pg/kg) are shown in
which the baselines are clearly elevated but frequencies of
pulses are not affected.

Plasma Concentrations of Insulin. On Day 2 of
the experiment, mean concentrations of insulin were lower
(P < 0.01) in all treatment groups compared with Day 0
(Fig. 5). However, after the start of leptin infusions, plasma
insulin concentrations increased (P < 0.01) in all leptin-
treated groups, reached highest concentrations during Pe-
riod I (1 hr of sampling), and were greater (P < 0.01) than
the control group (Fig. 6). The stimulation of insulin secre-
tion during the first hour of the experiment (Period I) was
greatest (P < 0.001) at the intermediate dose (2.0 pg/kg)
relative to the control group, and to the rest of the leptin-
treated groups (0.2 and 20 pg/kg, respectively). This

EDay 0 mDay 2

Leptin 2.0 Leptin 20

Treatment

Figure 3. Dose-related effect of recombinant oleptin on mean concentrations of circulating LH. Results are expressed as mean percent
(+SEM) of Day 0 for each group. Mean concentrations of LH were proportionally greater than controls at the lowest (141% of controf) and
middle (122% of control) doses used. ** and *** denote differences from controls (P < 0.01 and P < 0.001, respectively).

DOSE-RELATED LEPTIN EFFECTS 327



—®— Day 0

12 7 cow # 2, Leptin 0.2 —&— Day 2

10 1

LH ng/ml

L]

= T T T L T T T T T T T

cow # 28, Leptin 0.2

L7 3]

LH ng/ml
w

Hours

Figure 4. Patterns of LH secretion in two representative cows
treated with the lowest dose (0.2 pg/kg) of recombinant oleptin. A
proportional increase in the concentration of LH is apparent for each
cow on Day 2 (day of leptin treatment) compared with Day 0 in the
absence of detectable changes in pulse frequency.

increase persisted through Period IIL Increases in insu-
lin caused by the lowest and the highest doses remained
above controls (P < 0.05) only during Period I of the study
(Fig. 5).
Discussion

The stimulation of LH release by the lowest and inter-
mediate doses of leptin in this study appeared to result from
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an augmentation of basal secretion, as pulse characteristics
were not affected. Acute feed restriction (48-72 hr) sup-
presses plasma concentrations of insulin, but has no effect
on circulating glucose or on the pattern or quantity of LH
released in intact mature ruminants (7). Nonetheless, fasted,
mature cows become hyper-sensitized to leptin and display
a marked increase in mean concentrations of LH after acute
treatment with the recombinant peptide (7). Although this
occurs concomitant with increases in serum insulin, similar
to that reported in the current study, direct effects of leptin
on LH secretion can be observed in vitro with anterior pi-
tuitary explants taken from fasted cows (8). Moreover, in
ruminant models that exhibit fasting-mediated declines in
LH pulse frequency (e.g., estradiol-implanted wethers; pre-
pubertal heifers), leptin attenuates the reduction without
measurable effects on plasma insulin (6, 23). Collectively,
these observations indicate that the effects of leptin on LH
secretion in cattle are independent of changes in insulin
release.

It is noteworthy that similar to reports in rodents (9),
the high dose of leptin in the current experiment did not
increase LH release. Yu er al. (9) demonstrated that leptin
produced a dose-related increase in FHS and LH release
from hemi-anterior pituitaries, with peak responses occur-
ring at 10~° and 107'° M leptin, respectively. Gonadotropin
release was lower at higher concentrations of leptin (1077 to
10~> M) and mean concentrations were not different from
that of control-treated pituitaries. Various lines of evidence
have implicated leptin as a direct regulator of anterior pitu-
itary function (9, 24). The OB-R is expressed in rat anterior
pituitary and hypothalamus (25). Whether high doses of
leptin can prevent oligomerization of receptors, thus induc-
ing desensitization or leading to a loss of nuclear STAT3
activation (26), needs to be clarified.
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Figure 5. Mean (+SEM) concentrations of insulin on Day 2 of the experiment in control and leptin-treated cows. Mean concentrations of insulin
were lower in all treatment groups on Day 2 compared with Day 0. ** denotes differences from controls (P < 0.01).
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Figure 6. Mean (+SEM) concentrations of insulin on Day 2 of the
experiment before and after infusions of saline or recombinant olep-
tin. Plasma insulin concentrations increased (P < 0.01) in all leptin-
treated groups and reached highest concentration during Period I.
The stimulation of insulin secretion (Period 1) was highly significant
(P < 0.001) at the leptin dose of 2.0 ug/kg relative to both the control
and other leptin-treated groups.

We have reported recently (7) that intracerebroven-
tricular infusions of oleptin normalize fasting-mediated de-
clines in circulating insulin and increase secretion of LH in
mature cows. Fasting-induced decreases in insulin were ac-
companied by reductions in plasma leptin, which in cows
not treated with leptin, were associated with diminished
leptin gene expression in adipose tissue (7). It should be
noted that the effects of peripherally administered oleptin on
insulin secretion in the present study were strikingly similar
to the results that we obtained by administrating leptin cen-
trally, although plasma insulin concentrations did not return
to those observed before fasting. Perhaps the most novel
observation was that the increase in insulin after leptin treat-
ment was dose dependent. Although, doses of 0.2 and
20 pg/kg of leptin increased circulating insulin briefly, the
intermediate dose of leptin (2.0 pg/kg) elevated plasma
insulin concentrations for at least 3 hr.

Stimulatory effects of leptin on insulin secretion by
pancreatic $-cells support our current and previous obser-
vations in fasted cattle, and have been observed in labora-
tory rodents (12, 27). Concentrations of circulating leptin in
cattle range from 2 to 15 pg/ml, depending upon age, adi-
posity, and season (28). A low dose of leptin (concentration
within physiological range or less) has been shown to have
either no effect or increased basal release of insulin in iso-
lated rodent islets (12). In contrast, several experiments
have failed to find any effect of leptin on either basal or
glucose-induced insulin secretion from perfused rat pan-
creas (15, 29). Other groups, using higher doses of leptin,
have noted a suppression of basal (13, 14) or glucose-
stimulated (30) insulin secretion from islets isolated from
normal or ob/ob mice and rats. Emilsson e al. (13) and
Kieffer et al. (14) demonstrated significant effects of leptin
on the inhibition of insulin secretion at leptin concentrations
of 10 nmol/l and 100 ng/ml (~6 nmol/1), respectively, both
of which produced concentrations of leptin that were within
the range observed in obese animals. However, they found

no effect at 1 nmol/l of leptin (~16 ng/ml), a dose that
increased circulating concentrations to within the physi-
ological range of rodents (0.1-5 nmol/l; Ref. 13). In the
current study, the highest dose of oleptin, similar to the
lowest dose, increased insulin concentrations only during
the first period of the experiment (60 min), with insulin then
decreasing to concentrations below that in the control
group. At least two reports in sheep (6, 31) have reported no
effect of leptin on insulin secretion after large doses were
injected peripherally.

Morton et al. (26) suggested that the high circulating
concentrations of leptin that occur in obese individuals may
exert an inappropriate inhibitory action on B-cell insulin
secretion, and may contribute to the development of non-
insulin dependent diabetes mellitus. In humans, many obese
subjects with high circulating leptin concentrations are not
diabetic (1), and animal studies show that exogenously ad-
ministered leptin generally improves insulin action in obese
animals (13, 14). Moreover, high leptin concentrations
could have detrimental effects on leptin receptor number or
on signaling molecules. Pancreatic B-cells express leptin
receptors and both Janus kinase and a signal transducer and
activator of transcription have been reported as intracellular
mediators of leptin-receptor interaction (24, 26). Receptors
of this class are activated by ligand-induced homo- and
hetero-dimerization or oligomerization before activation of
receptor associated kinases. Moreover, tissue exposed to
relatively large concentrations of leptin, as found in states
of obesity, accumulate excessive amounts of suppressors of
leptin signaling, which could be a potential mechanism
of leptin resistance (32, 33). As a result, downregulation of
leptin signaling is observed, which can invoive internaliza-
tion or degradation of leptin receptors (30, 33). However,
Kieffer et al. (14) proposed that leptin acts on pancreatic
cells via hyperpolarization of B-cells that are activated
through ATP-sensitive potassium channels. Leptin can also
affect pancreatic endocrine functions through the sympa-
thetic nervous system (34).

Taken together, data in the present studies indicate
that leptin has a dose-dependent, bimodal influence on
the normal sensing mechanism of the pancreatic 8-cell, and
on basal secretion of LH from the gonadotroph. In both
cases low doses of leptin optimized endocrine responses,
while the highest doses attenuated them. However, methods
of leptin delivery. nutritional status, sex and species also
likely contribute to these responses, which in ruminants
are permitted only in the presence of negative energy
balance.
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