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Plasma leptin concentrations are independently
associated with insulin sensitivity in lean and
overweight cats
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This study investigated relationships between plasma leptin, insulin
concentrations, insulin sensitivity and glucose tolerance in lean and overweight
cats. Leptin concentrations were measured in 16 cats during glucose tolerance
tests before and after gaining weight, and after feeding a test meal in
overweight cats.

An important finding of this study is that in both lean (r= −0.79) and
overweight (r= −0.89) cats, the higher the leptin concentrations, the more
insulin resistant the cat, independent of the degree of adiposity. Leptin
concentrations at baseline and after consuming a meal tended to be higher in
overweight cats with glucose intolerance, compared to overweight cats with
normal glucose tolerance, although the difference was not significant. After
feeding the test meal to overweight cats in the early morning, plasma leptin
concentrations initially decreased before subsequently rising to peak 15 h later,
which coincided with late evening. The leptin peak occurred 9 h after the
insulin peak following ingestion of the test meal.

Importantly, this study suggests that increased leptin concentrations may
contribute to the diminished insulin sensitivity seen in overweight cats.
Alternatively, the compensatory hyperinsulinaemia found with insulin
resistance in overweight cats could stimulate leptin production.

© 2002 Published by Elsevier Science Ltd on behalf of ESFM and AAFP.
Introduction

Obesity in cats and humans is associated
with multiple abnormalities of glucose
metabolism including insulin resistance,

hyperinsulinaemia, impaired glucose tolerance
and diabetes (Kolterman et al 1980, Nelson et al
1990, Panciera et al 1990, Biourge et al 1997,
Appleton et al 2001a). The mechanism by
which obesity leads to insulin resistance and
increases the risk of diabetes is unclear, but may
involve molecules secreted from fat such as the
hormone leptin (Cohen et al 1996, Müller et al
1997). Secretion of leptin from adipose tissue is
increased in proportion to body fat mass in
cats, humans and rodents (Maffei et al 1995,
Considine et al 1996, Appleton et al 2000, Backus
et al 2000). Fasting plasma leptin concen-
trations increased more than three times
(7.88±4.02 ng/ml HE vs 24.5±12.1 ng/ml HE) in
cats which gained an average of 1.9 kg or 44%
1098-612X/02/020083+11 $35.00/0 © 2002 Publis
body weight (Appleton et al 2000). We found
that plasma leptin was most strongly correlated
with body weight in lean cats and with body fat
percent or total fat mass in overweight cats
(Appleton et al 2000).

It is postulated that leptin is a mediator of
some of the metabolic consequences of obesity.
Insulin resistance is associated with increased
leptin concentrations in lean and obese humans
(Larsson et al 1996, Segal et al 1996, Haffner et al
1997, Nyholm et al 1997, Zimmet et al 1998).
Logically, the relationship between leptin and
insulin sensitivity may not be causal, but be
related to fat mass, as leptin concentrations are
proportional to fat mass, and obesity causes
insulin resistance. However, these studies
showed that this relationship occurs indepen-
dent of fat mass.

There is other evidence indicating that insulin
resistance and leptin may be causally related. In
vitro, leptin has been shown to desensitise liver
hed by Elsevier Science Ltd on behalf of ESFM and AAFP.
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Materials and methods
Plasma glucose, insulin and leptin concen-
trations were measured during glucose tolerance
and insulin sensitivity tests in 16 cats before and
after 44% weight gain. These hormones were also
measured after weight gain during a meal re-
sponse test. Before and after weight gain, rela-
tionships between plasma leptin, glucose and
insulin concentrations, and indices of glucose
tolerance and insulin sensitivity were evaluated
after controlling for differing levels of adiposity.

The protocol for this study and the care and
handling of these animals were approved by the
Animal Experimentation Ethics Committee of
the University of Queensland.
Animals

Before and after weight gain, cats (six castrated
males and 10 spayed females) were assessed as
healthy by clinical examination and routine hae-
matological and serum biochemical analyses.
Accurate ages were unknown, however all were
estimated by visual assessment and examination
of dentition to be young adults between 1 and
5 years of age.

After 10 months of ad lib feeding energy dense
diets, mean weight gain was 1.9 kg per cat
(44.2%) (Appleton et al 2001a). Mean initial body
weight of the cats was 4.37±0.76 which increased
significantly to 6.28±1.26 kg after weight gain
(Appleton et al 2001a). Body condition score and
body mass index were also significantly higher
after weight gain (Appleton et al 2001a). Six cats
were classified as overweight and 10 classified as
obese based on having a body condition score of
4 or 5 respectively (Sunvold & Bouchard 1998).
Body composition was estimated by dual energy
X-ray absorptiometry (DEXA) scans after weight
gain, and percentage body fat content was
above 30% in all cats (41.3%±3.96, range 34.2–
48.7), classing them as overweight or obese
(Butterwick 2000).

Metabolic characteristics determined from the
glucose tolerance and insulin sensitivity tests in
these cats before and after weight gain have been
previously reported and include significantly
lower insulin sensitivity and glucose effective-
ness, and significantly higher insulin concen-
trations and indices (Appleton et al 2001a). In
addition, seven of the 16 cats became glucose
intolerant with weight gain (Appleton et al
2001a).
Experimental protocol

Intravenous glucose tolerance and insulin sensi-
tivity tests were performed in the mornings on
alternate days in each cat, at least 24 h after
jugular catheter placement under general anaes-
thesia (Appleton et al 2001b). Food was removed
12 h prior to commencement of each metabolic
test. No cat underwent more than one test per
24-h period. During testing, cats were housed
individually. After completion of initial testing,
cats were transferred to group housing and of-
fered a combination of two extruded foods with
high energy density (448 and 480 kilocalories of
metabolisable energy per 100 g). The compo-
sition of the diets were 33% protein, 22.3% fat,
30.2% carbohydrate; and 40% protein, 26.6% fat,
17.2% carbohydrate as fed, respectively. These
diets were fed ad libitum for an average of
10.5±1.1 months (range, 9–12 months) to pro-
mote weight gain. After weight gain cats were
and fat cells to insulin (Cohen et al 1996, Walder
et al 1997, Mueller et al 1998). If the same is true in
vivo, elevated leptin levels could contribute to the
pathophysiology of insulin resistance in obesity.
Alternatively, the relationship between insulin re-
sistance and leptin might be secondary to a stimu-
latory influence of insulin on leptin synthesis and
secretion. This hypothesis is supported by several
reports. Firstly, insulin has been shown to stimulate
leptin synthesis in human and rodent adipocytes in
vitro (Saladin et al 1995, Kolaczynski et al 1996,
Wabitsch et al 1996). Secondly, plasma leptin
concentrations in humans increase when plasma
insulin is increased, for example, within 4–6 h of
consuming high carbohydrate meals (Mohamed-
Ali et al 1996, Coppack et al 1997, Dallongeville
et al 1998, Havel et al 1999) or in response to
glucose or insulin infusions (Sonnenberg et al 1996,
Utriainen et al 1996, Saad et al 1998a). Thus, the
hyperinsulinaemia that accompanies insulin resist-
ance in obesity may stimulate leptin production.

Little is known about the relationship between
leptin, obesity, and the metabolism of glucose
and insulin in cats. Studies in other species
suggest that there is an inter-relationship be-
tween leptin, insulin resistance and also
with diabetes. This study was undertaken to
determine if plasma leptin concentrations are
associated with insulin concentrations, insulin
sensitivity or glucose tolerance in cats before and
after weight gain, and also, to study the effects of
consumption of a meal on plasma leptin in
overweight cats.
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again individually housed, insulin sensitivity
and glucose tolerance tests were repeated, and
meal response tests were performed over 18 h on
a separate day.
Glucose tolerance tests

During the glucose tolerance test, plasma glu-
cose, insulin and leptin concentrations were
measured at baseline and at 2, 5, 10, 15, 30, 45, 60,
90 and 120 min after glucose infusion (Appleton
et al 2001b). Glucose half-life (T1/2) was calcu-
lated by linear regression analysis of the semi-
logarithmic plot of glucose concentration vs time
between 15 and 90 min after glucose admin-
istration (Link & Rand 1998). Areas under the
glucose and insulin curves (AUC) were calcu-
lated by the trapezoidal method (Rowland &
Tozer 1989). The curves were calculated from
above the lower limit of sensitivity for the indi-
vidual assays which was 3 mg/dl for glucose,
and 3 �U/ml for insulin. Insulin secretion in
response to the glucose infusion was estimated
as the incremental area above baseline for each
cat during the first 10 min, representing first
phase insulin response, the first 60 min and for
the second 60 min of the test, which has been
used as a measure of second phase insulin
response (Nelson et al 1990, Biourge et al 1997).

After weight gain, cats were divided into two
groups based on their glucose tolerance status.
Impaired glucose tolerance (n=7) was defined as
being present when one or more of the values for
T1/2 or plasma glucose concentrations at 0, 60, 90
or 120 min during a glucose tolerance test,
exceeded the upper limit of the population 95%
tolerance intervals (Appleton et al 2001a). The
tolerance intervals for these values were deter-
mined previously using the same protocol in 32
clinically healthy, normal weight cats, 16 of
which were used in the current study (Appleton
et al 2001b). The upper limit of the normal
reference range for T1/2 was 74 min, and for
glucose concentrations at 0, 60, 90 and 120 min
were 104, 223, 163, and 108 mg/dl, respectively
(Appleton et al 2001b). Body fat percent and total
fat mass were not significantly different between
cats that maintained normal glucose tolerance
after weight gain (n=9), and cats that developed
glucose intolerance (n=7).
Insulin sensitivity tests with minimal model
analysis

The insulin-modified, frequently sampled intra-
venous glucose tolerance test with minimal
modelling analysis (Bergman et al 1979,
Finegood et al 1990), was used to determine the
insulin sensitivity index (SI) (Appleton et al
2001a). This index is a measure of how a given
change in plasma insulin can increase the clear-
ance of plasma glucose (Beard et al 1986). An
increasing index value indicates that the subject
is more insulin sensitive. Other parameters de-
termined from the test included the acute insulin
response to glucose (AIRg) and the glucose-
mediated glucose disposal or glucose effective-
ness (SG), defined as the increase in fractional
disappearance of glucose per unit increase in
glucose at basal insulin (Finegood & Tzur 1996).
Meal response tests

Meal response tests (Appleton et al 2001a), were
performed only after weight gain. Plasma glu-
cose, insulin and leptin concentrations were
determined at baseline and at 1, 2, 4, 6, 8, 10, 12,
15 and 18 h after cats were fed a test meal
containing 50% of their calculated normal daily
food intake. After the meal, cats remained fasted
for the 18-h test duration. Test meals were fed
between 06.15 and 06.30 in the morning. Post-
prandial sampling began at 07.30 h, which was
1 h after cats finished the test meal, and the last
blood sample was obtained at 00.30 h the follow-
ing morning. The test meal contained 448 Kcal
per 100 g metabolisable energy and consisted of
30.2% carbohydrate, 33% protein, 22.3% fat and
1.6% crude fibre. Areas under the glucose, insu-
lin and leptin curves (AUC) were calculated by
the trapezoidal method (Rowland & Tozer 1989).
The curves were calculated from above the lower
limit of sensitivity for the individual assays
which was 0.3 mg/dl for glucose, 3 �U/ml for
insulin and 1 ng/ml HE for leptin.
Sample handling and analysis

All samples were handled similarly. After collec-
tion, blood samples were placed into chilled,
sterile EDTA vacuettes containing the proteinase
inhibitor, aprotinin (Trasylol; Bayer Australia
Ltd, Pymble, NSW) added to the vacuettes at
0.05 ml per ml of blood. After centrifugation for
8 min at 1500 g, each plasma sample was split,
placed into a 500 �l vials, and stored at −70°C
until assayed.

Glucose concentrations were measured in
plasma using an automated glucose analyser
(YSI 2300 Stat Plus; Yellow Springs Instrument
Company, Yellow Springs, OH). Insulin was
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measured using a commercially available kit,
validated for use in cats (Phadeseph Insulin RIA;
Pharmacia & Upjohn Diagnostics AB, Uppsala,
Sweden), (Lutz & Rand 1993). Plasma leptin
concentrations were determined with a radio-
immunoassay (Multi-species Leptin Radio-
immunoassay Kit; Linco Research Inc, St Charles,
MO). This kit was developed to quantitate leptin
in plasma or serum from several species and has
been validated for use in cats (Backus et al 2000).
The multi-species leptin antibody in the kit was
raised against human leptin and human leptin
standards are used in the assay. The manufac-
turers therefore recommend using ng/ml
Human Equivalent or ng/ml HE as the unit of
measure.
Statistical analysis

Unless otherwise stated, statistical analyses were
performed using a statistical software package
(Sigmastat, Version 2.0 for windows; SSPS Soft-
ware, Chicago, IL). Pearson product moment
correlation tests were used to measure the
strength of association between plasma leptin,
glucose, insulin concentrations and glucose
tolerance and insulin sensitivity indices. When
comparing leptin concentrations between cats
with impaired or normal glucose tolerance,
Students t-tests were performed.

Partial regression analysis was performed with
SAS (Proc REG, Version 8.0 for windows, SAS
Institute Inc, Cary, NC), to examine relationships
between plasma leptin concentrations, glucose,
insulin and indices of glucose tolerance and
insulin sensitivity, independent of adiposity.
Before weight gain, body weight and body mass
indexes were used as measures of adiposity.
After weight gain, measures of adiposity used
in statistical analysis included body weight,
body mass indexes, and DEXA-derived body fat
percent and total body fat mass.

Analysis of covariance (ANCOVA) was per-
formed using SAS (Proc GLM, Version 8.0 for
windows, SAS Institute Inc) for the dependent
variable leptin. The independent variables used
in the model were the presence or absence of
glucose intolerance. To adjust for the influence of
obesity, each measure of adiposity was included
as an independent covariate in the regression
analysis.

To investigate whether there were significant
changes from baseline in the serial measure-
ments of glucose, insulin or leptin concentrations
during the glucose tolerance and meal response
tests, paired t-tests were performed. All data are
reported as mean±1 standard deviation (SD),
followed by range in parentheses. A P value of
<0.05 was considered significant.
Results
Glucose tolerance test

Plasma leptin concentrations were significantly
lower than baseline at most time points during
the glucose tolerance test both before, and after
weight gain, in contrast to the increased glucose
and insulin concentrations throughout the test
(Fig 1).

In lean cats, fasting plasma leptin concen-
trations were significantly related to glucose
tolerance status as measured by fasting glucose
concentrations (r=0.50), and area under the glu-
cose curve after glucose infusion (r=0.69). After
controlling for the influence of body weight,
these relationships strengthened (r=0.80 and
r=0.81, respectively). There was no relationship
between fasting leptin and insulin concentrations
or derived insulin parameters in lean cats.

In contrast, in overweight cats there was no
relationship detected between fasting plasma
leptin and parameters of glucose tolerance in-
cluding fasting plasma glucose, glucose half-life
(T1/2) or area under the glucose curve. Also in
contrast to lean cats, fasting leptin and insulin
parameters were related in overweight cats.
After gaining weight, cats with the highest fast-
ing plasma leptin concentrations, had the highest
fasting insulin concentrations (r=0.63), area
under the insulin curve (r=0.74), and insulin
response during the second hour after glucose
infusion (r=0.54). After controlling for the effect
that body fat percent has on increasing both
insulin secretion and leptin concentrations, the
relationship with area under the insulin curve
and second phase insulin secretion remained
significant and were strengthened (increased
from r=0.74 to r=0.86 and from r=0.54 to r=84,
respectively).

When lean, there was a non-significant trend
toward higher baseline leptin concentrations in
cats that developed glucose intolerance after
gaining weight, compared with those that main-
tained normal glucose tolerance (8.96±5.34 ng/
ml HE and 7.03±2.64 ng/ml HE, respectively).
Baseline leptin concentrations in overweight
cats also tended to be higher in those with
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glucose intolerance compared to those with nor-
mal glucose tolerance (27.7±13.4 ng/ml HE and
22.1±11.1 ng/ml HE, respectively) however, the
difference was not significant. After adjusting for
body fat percent or total fat mass, this trend was
no longer evident.
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Fig 1. Mean and standard deviation of plasma leptin (A), glucose (B) and insulin (C) concentrations during a glucose
tolerance test in 16 cats before and after gaining an average of 44% body weight. Significantly (*P<0.05. **P<0.001) different
from baseline concentration. Lean cats, — —; obese cats — —.
Insulin sensitivity test

In lean cats, the lower a cat’s insulin sensitivity,
the higher the fasting leptin concentrations
(r= −0.50), a relationship which strengthened
after controlling for the effect of body weight
(r= −0.79). After cats gained weight, decreased
insulin sensitivity (insulin resistance) was also
strongly related to elevated leptin concen-
trations, even after controlling for the influence
of body fat percent (r= −0.89) (Fig. 2). However,
this relationship was not evident in all cats.
Initially, there appeared to be no association
between fasting plasma leptin and the insulin
sensitivity index in cats after weight gain
(r= −0.42, P=0.10). However, the results from one
cat appeared to greatly distort the relationship.
This cat was atypical in that despite gaining a
relatively large amount of weight (1.9 kg or 37%
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of its bodyweight), its insulin sensitivity did not
diminish, its fasting plasma insulin concen-
tration decreased, and it did not develop glucose
intolerance. In fact this cat’s insulin sensitivity
actually improved by 30% (1.92×10−4 min−1/
�U/ml to 2.49×10−4 min−1/�U/ml) and its fast-
ing insulin diminished by 12% (11.4 �U/ml to
10.2 �U/ml) with weight gain. If the data from
this cat were treated as an anomaly and re-
moved, a strong inverse relationship was evident
between leptin and insulin sensitivity in all
other cats, which was independent of adiposity
(Fig 2).

After controlling for body fat percent in over-
weight cats, the higher the leptin concentrations,
the larger the acute insulin response to glucose
(r=0.92). Leptin concentrations were not associ-
ated with glucose effectiveness (SG) either before
or after weight gain.

Meal response test

As expected, both glucose and insulin concen-
trations increased in response to consuming a
test meal (average 154 kcal consumed per cat
over 15 min), (Fig. 3). In contrast, plasma leptin
concentrations initially decreased between base-
line and 2 h after the meal, before subsequently
increasing until they were significantly higher
than baseline 15 and 18 h after the test-meal
(Fig. 3). The modal times for peak absolute
leptin, glucose and insulin concentrations were
15 h, 18 h and 6 h, respectively. There was a
non-significant trend for plasma leptin concen-
trations to be higher at all sampling times before
and after consuming a meal in glucose intolerant
cats compared with overweight cats with normal
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Fig 2. Linear regression between baseline plasma leptin
concentrations and the insulin sensitivity index (SI) in 15 cats
after the removal of one inconsistant data point. The corre-
lation coefficient was −0.77 (P<0.001) prior to controlling for
the effect of body fat percent.
glucose tolerance (Fig. 4). This resulted in over-
weight glucose intolerant cats having a larger
(14%) area under the leptin curve than glucose
tolerant cats, however the difference was
not significant (22,611 ng/ml . min HE and
19,817 ng/ml . min HE, respectively).

Discussion
The most important new finding in this study is
that in both lean and overweight cats, the higher
the leptin concentrations, the more insulin resist-
ant the cat. In both cats and humans, increasing
body fat is accompanied by insulin resist-
ance and a compensatory increase in insulin
secretion (Kolterman et al 1980, Nelson et al
1990, Appleton et al 2001a), as well as elevated
leptin concentrations (Maffei et al 1995, Appleton
et al 2000, Backus et al 2000). It could therefore be
argued that the relationship between increased
leptin and reduced insulin sensitivity is con-
founded by their shared relationship with
body fat. However, partial regression analysis
adjusting for body weight in lean cats and body
fat percent in overweight cats, revealed that
the association between these factors not only
remained, but was strengthened. Similarly in
humans, high plasma leptin levels are associated
with insulin resistance, regardless of the level of
adiposity (Segal et al 1996, Nyholm et al 1997,
Zimmet et al 1998). These data suggest that
leptin overproduction may contribute to the
diminished insulin sensitivity seen in overweight
cats and humans or alternatively, the compen-
satory hyperinsulinaemia found with insulin
resistance could stimulate leptin production.

Interestingly, the relationship between el-
evated plasma leptin levels and reduced insulin
sensitivity, after adjusting for body fat percent,
did not initially appear to be significant in over-
weight cats. On further examination of the data,
it was evident that one cat’s basal insulin concen-
tration did not increase with weight gain, its
insulin sensitivity did not diminish, and it main-
tained normal glucose tolerance. In contrast, the
elevated fasting leptin concentration in this cat
(47.04 ng/ml HE), was entirely expected consid-
ering it gained 1.9 kg, resulting in an obese body
weight of 7.1 kg, 56% of which was adipose
tissue. Leptin levels have consistently been
shown to correlate with body fat in humans,
rodents and recently, also in cats (Lönnqvist et al
1995, Maffei et al 1995, Considine et al 1996,
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Fig 3. Mean and standard deviation of plasma leptin (A), glucose (B) and insulin (C) concentrations during a meal response
test in 16 obese cats. Significantly (*P<0.05, **P<0.001) different from baseline concentration.
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centrations over 18 h during a meal response test in nine
obese cats with normal glucose intolerance (NGT, — —)
and in seven obese cats with impaired glucose tolerance
(IGT, — —). *Significantly different from baseline concen-

trations.
Appleton et al 2000, Backus et al 2000). Re-
analysing the data without this cat, demon-
strated a strong relationship (r= −0.89), between
diminished insulin sensitivity and elevated lep-
tin concentrations independent of the percentage
body fat percent.

The inconsistent data from this one cat is
similar to what is reported in humans. Although
most humans develop insulin resistance with
obesity, obesity does not always result in the
development of insulin resistance, and in fact,
some obese humans are quite insulin sensitive
(Taniguchi et al 2000). This cat’s phenotype may
be better suited to the modern lifestyle of exces-
sive food intake and physical inactivity than the
majority of cats, which develop insulin resistance
and hyperinsulinaemia with obesity.
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Although we have demonstrated a strong re-
lationship between leptin and insulin resistance
in cats, it is still unclear whether leptin is caus-
ally involved in this relationship. In obese hu-
mans, increased secretion of leptin from adipose
tissue has been postulated to be a mechanism by
which weight gain causes insulin resistance
(Taylor et al 1996). In vitro, leptin has been
shown to impair important metabolic actions of
insulin in isolated rat fat cells including stimu-
lation of glucose transport, glycogen synthase,
lipogenesis and protein synthesis (Müller et al
1997). Leptin also inhibits insulin binding to
insulin receptors in isolated rat fat cells (Walder
et al 1997). Although the exact mechanism of
leptin-induced insulin resistance is unknown, it
is postulated to occur early in the insulin-
signalling cascade, close to the insulin receptor,
and may involve signalling factors (Müller et al
1997). In hepatocytes, leptin was found to attenu-
ate some of insulin’s signals and reduce suppres-
sion of gluconeogenesis (Cohen et al 1996). If
these effects are also present in vivo, they repre-
sent mechanisms by which increased leptin
levels could contribute to the pathophysiology of
insulin resistance in obesity and thus possibly to
type 2 diabetes mellitus.

A recent study suggests that glucose transport
into fat cells may be an important determinant of
insulin sensitivity in muscle and liver cells (Able
et al 2001). Mice that were genetically modified to
have selective depletion of the glucose trans-
porter GLUT 4 in fat cells, had markedly reduced
insulin-stimulated glucose uptake, not only in fat
cells, but also in muscle and liver (Able et al 2001).
Importantly, humans with obesity or type 2 dia-
betes have also been found to have a selective
decrease in the levels of GLUT 4 in fat cells
(DeFronzo 1997, Shepherd & Kahn 1999). Based
on the study in mice, it was postulated that when
insulin-stimulated glucose uptake into fat cells is
impaired, fat cells release a molecule that second-
arily induces insulin resistance in muscle and
liver. Shortly after this report, a new protein
called resistin was identified, which is secreted by
fat cells and causes insulin resistance in muscle
and liver (Steppan et al 2001). Resistin is postu-
lated to be one of the key factors mediating the
insulin resistance of obesity. It is interesting to
speculate whether the reported in vitro effect of
leptin to impair glucose transport into adipo-
cytes is the trigger for the release of resistin,
and whether this occurs as a result of leptin-
induced depletion of GLUT 4 in fat cells. If this
mechanism occurs, it would link leptin, resistin
and obesity-induced insulin resistance. While the
exact connection between obesity and insulin re-
sistance is still to be elucidated, these studies
indicate that adipocyte-secreted proteins such as
leptin, resistin, and/or other fat-factors secreted
from GLUT 4-depleted adipocyte cells are in-
volved.

Studies in humans indicate that insulin has a
role in chronic, but not acute regulation of leptin
concentrations. There appears to be a lag time of
between 4 and 6 h before the impact of consum-
ing a high carbohydrate meal (Mohamed-Ali
et al 1996, Coppack et al 1997, Dallongeville et al
1998, Havel et al 1999), or infusions of glucose or
insulin (Sonnenberg et al 1996, Utriainen et al
1996, Saad et al 1998a), can be seen on leptin
secretion in humans. This delay can extend out
to 12–16 h if a lower glucose infusion rate is used
(Sonnenberg et al 1996). Thus, the magnitude
and the promptness of the response of plasma
leptin to feeding and subsequent insulin release
in humans, appears to be dependent on the dose
and duration of exposure to glucose and insulin
(Sonnenberg et al 1996). In our study, insulin
secretion induced by feeding did not appear to
affect leptin secretion in overweight cats until
15–18 h after consumption of the meal. The test
meal in our study contained 30% carbohydrate
(as fed basis), and cats consumed only 50% of
their daily energy requirements. This relatively
small meal stimulus may explain the longer
post-prandial delay in leptin increase in our
study, compared with studies in humans fed
high carbohydrate meals. Also, cats have been
shown to have a smaller and more prolonged
increase in post-prandial glucose, compared to
humans and dogs (Bouchard & Sunvold 2000),
which may delay leptin secretion. In normal cats,
glucose and insulin concentrations did not return
to baseline until 18 h after feeding, compared
to between 4 and 6 h in humans and dogs
(Bouchard & Sunvold 2000). Based on human
data, leptin concentrations in the cats would
have been expected to fall at 15–18 h rather than
increase, as the cats were fasted for 18 h after
they consumed the test meal. In humans
extended fasting is associated with a signifi-
cant decline in plasma leptin concentrations
(Sonnenberg et al 1996, Pratley et al 1997). There-
fore, the significant post-prandial increase in
leptin concentrations seen in our overweight cats
at 15–18 h is likely due to the delayed post-
prandial increase in insulin concentrations. Our
results suggest that insulin is involved in increas-
ing leptin secretion in cats, as it is in other
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Conclusion
This is the first study to demonstrate that in-
creased plasma leptin concentrations are associ-
ated with decreased insulin sensitivity in cats,
independent of adiposity. Whether this relation-
ship involves elevated leptin concentrations
contributing to the insulin resistance in obesity,
or whether insulin resistance and its associated
hyperinsulinaemia stimulate leptin secretion is
unknown.

The change in plasma leptin concentrations in
response to feeding overweight cats may reflect a
delayed influence of meal-stimulated insulin
secretion, possibly with a superimposed diurnal
rhythm. However, species differences exist for
leptin regulation, and mechanisms of control in
cats are currently unknown.

In summary, these results suggest that there
may be a possible physiological role for leptin in
the link between obesity and insulin resistance.
Further studies are needed to determine whether
the hyperleptinaemia/insulin resistance relation-
ship has a role in the natural history of obesity
and type 2 diabetes.
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species. Thus, conditions characterised by insulin
resistance and hyperinsulinaemia such as
obesity, would be expected to have concurrent
hyperleptinaeima.

Based on studies in other species, it would be
unlikely to observe any direct effects of acute
elevations of glucose or insulin on plasma leptin
during the relatively short, 2-h duration of the
glucose tolerance test. A physiological expla-
nation for the acute decline (commencing at
2 min after glucose infusion) in plasma leptin
concentrations during the glucose tolerance test
is that the osmotically active glucose dose may
have resulted in haemodilution, thus causing a
relative lowering of plasma leptin concentrations
throughout the test.

Studies in humans and rats have demonstrated
that leptin secretion follows a diurnal rhythm,
rising nocturnally to peak around midnight and
the early morning, before declining gradually to
reach a late morning or early afternoon nadir
(Saladin et al 1995, Sinha et al 1996, Saad et al
1998b). This nocturnal rise of leptin appears to be
related to meal-induced insulin excursions in
humans (Laughlin & Yen 1997, Saad et al 1998b),
and does not occur if the subjects are fasted
(Boden et al 1996). In our study, cats consumed
their test meal between 06.15 to 06.30 h. Subse-
quently, leptin concentrations decreased during
the morning, before rising back to baseline and
eventually peaking 15–18 h after the meal was
consumed. This variation coincides with a day-
time nadir and a night time peak similar to that
seen in humans. The initial fall in leptin levels
after eating may simply be reflective of a normal
diurnal rhythm, with the levels continuing to de-
cline during the morning from a nocturnal peak.
Thus when cats are meal-fed, plasma leptin secre-
tion may also undergo diurnal variations related
to food intake. However, additional studies in cats
are required to investigate this theory further.

Although this study has shown a relationship
between leptin and insulin resistance indepen-
dent of adiposity, it is not known whether leptin
is causally involved. If future studies prove lep-
tin to contribute to insulin resistance, research
efforts may be directed at decreasing excessive
leptin secretion in an attempt to minimise insulin
resistance. For instance, diets that result in the
lowest 24-h post-prandial insulin and glucose
excursions would be expected to reduce daily
leptin secretion. Studies have shown that
humans consuming a high carbohydrate, low fat
diet (60% and 20% respectively) have higher
overall insulin and glycaemic responses, and
higher 24 h leptin secretion compared with sub-
jects consuming low carbohydrate, high fat diets
(20% and 60% respectively), (Havel et al 1999).
Some brands of dry cat food regularly incorpor-
ate carbohydrate at this level in their formu-
lations. Studies in cats have also shown that
feeding diets with starch sourced from sorghum,
corn or barley result in lower insulin responses
than those based on rice (Bouchard & Sunvold
2000), and may therefore result in lower leptin
concentrations. Furthermore, vitamin A supple-
mentation at levels well below the AAFCO rec-
ommended maximum, has been shown to
minimise weight gain and to reduce plasma
leptin levels by 41% in cats fed a high-fat diet
(Scarpace et al 2000, American Feed Control
Officials Inc., 2000 No. 915). It is therefore poss-
ible that formulating a diet with lower overall
carbohydrate content and/or changing to a
starch source such as sorghum or corn, in com-
bination with vitamin A supplementation, may
result in lower overall leptin secretion, thereby
improving insulin sensitivity. Further studies in
cats are required to explore this theory.
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