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Leptin is thought to play a significant role in energy balance as an afferent signal to the hypothalamus that reflects body fat
content. In addition, leptin may also act as an acute sensor of energy balance independent of body fat mass, since ob gene
expression and plasma leptin concentrations are decreased in lean animals and humans in response to short-term caloric
deprivation. However, in obese animals and humans, the acute response of leptin to fasting is less clear. We investigated the
effects of a 24-hour fast on circulating plasma leptin concentrations in lean and obese Psammomys obesus (Israeli sand rats). In
the lean, insulin-sensitive group (n = 25} a 24-hour fast caused a 44% decrease in plasma leptin, whereas in the obese,
insulin-resistant group (n = 24) plasma leptin increased by 18% after fasting (P < .003). There was no difference between the
two groups regarding the effect of a 24-hour fast on body weight, blood glucose, or plasma insulin. Within the insulin-resistant
group, there was no difference in the response of leptin to fasting between hyperglycemic and normoglycemic animals. We
conclude that there is a dysregulation of leptin in response to acute caloric deprivation in obese, insulin-resistant but not in

lean, insulin-sensitive P obesus.
Copyright © 1998 by W.B. Saunders Company

EPTIN, the product of the ob gene, is secreted exclusively

from adipocytes and is thought to play an important role

in the regulation of energy metabolism and body weight.! The

hyperphagia, obesity, and insulin resistance that characterize the

ob/ob mouse phenotype were all shown to be rapidly reversed

by leptin administration, which also caused significant weight
loss in wild-type mice.2*

Numerous studies in both humans®#® and animal models of
obesity other than ob/ob mice?*%10 have demonstrated that ob
gene expression and plasma leptin concentrations reflect body
fat mass, and suggest that leptin may act as an afferent signal to
the brain influencing energy balance.

The proposal that leptin plays an important role in the control
of energy balance and utilization has led to interest in the
short-term regulation of ob gene expression and the circulating
plasma leptin concentration. In wild-type mice, fasting for 48 to
72 hours decreased plasma leptin by 60% to 70%,'"-12 while ob
gene expression decreased by 85% after a 16-hour fast!® and
90% after a 48-hour fast.!# In lean conirol rats, fasts of 16 to 72
hours’ duration decreased plasma leptin by 50% to 80%.1315-17
Similarly, in lean humans, fasting for 24 to 60 hours caused a
60% to 70% reduction in plasma leptin.'®%° It appears that
fasting significantly reduces ob gene expression and plasma
leptin in lean, healthy animals and humans.

In obesity, the response of leptin to fasting is less clear.
Fasting did not significantly reduce ob gene expression in ob/ob
mice after 16 hours, in diet-induced obese mice after 48 hours,
or in fa/fa rats after 72 hours.!>1416 However, several small
studies in obese humans have shown that fasting for 24 to 60
hours reduced circulating plasma leptin by 42% to 88%.1%20 To
further clarify this, we investigated the response of leptin to a
24-hour fast in a polygenic, heterogeneous model of obesity and
non~insulin-dependent diabetes mellitus (NIDDM), Psammo-
mys obesus (the Israeli sand rat).

P obesus is a unique animal model of obesity and NIDDM. P
obesus remains lean and normoglycemic in the wild on its
natural low-energy diet.! However, when taken into the
laboratory and fed ad libitum chow, a relatively energy-dense
food, the animals exhibit a range of pathophysiological re-
sponses, with approximately half becoming obese and about
one third developing NIDDM.?>23 P obesus exhibits a range of
body weight and blood glucose and insulin concentrations that

Metabolism, Vol 47, No 1 {(January), 1998: pp 125-128

form a continuous curve, closely resembling the pattern found
in human population.?2?* It is the heterogeneity of the pheno-
typic response of P obesus that makes it a useful model to study
the etiology and pathophysiology of obesity and NIDDM.

The aim of this study was to investigate the response of leptin
to a 24-hour fast in P obesus with a wide range of body weight
and circulating glucose and insulin concentrations.

MATERIALS AND METHODS
Breeding of the Colony

A P. obesus colony is maintained at Deakin University, with the
breeding pairs fed ad libitum a diet of alfalfa and standard laboratory
chow. Experimental animals were weaned at 4 weeks of age and
sustained on a diet of standard laboratory chow from which 12% of the
energy was derived from fat, 63% from carbohydrate, and 25% from
protein (Barastoc, Pakenham, Australia). The animals were housed in a
humidity- and temperature-controlled room (22° = 1°C) with a 12-hour
light-dark cycle. The animals used in the study were 12 to 14 weeks of
age when fasted.

Experimental Protocol

The animals (N = 49) were weighed and blood was collected from
the tail vein in the fed state. They were then fasted for 24 hours before
being weighed again, and blood was collected again in the fasted state.
The animals were evaluated for a further 28 days with ad libitum access
to food and water before being weighed and bled again. All blood was
collected into heparinized tubes. The experiments were performed
following the Australian National Health and Medical Research Council
principles of laboratory animal care, and were approved by the Deakin
Unijversity Animal Ethics Committee.
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Table 1. Effects of a 24-Hour Fast on Body Weight and Blood Glucose, Plasma Insulin, and Leptin Concentrations in Insulin-Sensitive (n = 25)
and Insulin-Resistant (n = 24) P obesus (mean = SEM)

Group Body Weight (g) Glucose (mmol/L) Insulin {pU/mL) Leptin {(ng/mL}

Insulin-sensitive {(n = 25}

Fed 167.6 = 7.1 401 = 0.14 55.3 =+ 154 24.9 + 4.1

Fasted 1645 = 7.5 3.54 = 0.12 15.1 + 1.2 13.8 £ 3.0

P .002 .005 .015 001
Insufin-resistant {n = 24)

Fed 214.2 = 5.7 7.44 + 0.81 305.4 + 55.4 64.3 £ 6.3

Fasted 210.3 = 6.0 5.43 = 0.83 143.3 = 34.3 75.6 £ 11.8

P .005 .018 <.001 .120

Analytical Methods far greater mean fed plasma insulin concentration. When the

The whole-blood glucose level was measured immediately using an
enzymatic glucose analyzer (model 27; Yellow Springs Instruments,
Yellow Springs, OH). Plasma insulin concentrations were determined
using a double-antibody solid-phase radioimmunoassay (Phadeseph;
Kabi Pharmacia Diagnostics, Uppsala, Sweden). Plasma leptin levels
were measured in a solid-phase double-enzyme immunoassay (EIA)
with affinity-purified polyvalent antibodies. The concentrations were
calculated from standard curves generated with recombinant murine
leptin. The limits of detection for the leptin EIA are 20 pg/mL serum or
plasma. The interassay coefficient of variation is 7.7% for the high
standard and 10.5% for the low standard.

Statistical Analysis

The data are expressed as the mean = SEM. A one-way ANOVA in
combination with Tukey’s multiple-comparison test was used to com-
pare means between and within groups, and a paired 7 test was used
where appropriate. In all instances, P values less than .05 were
considered significant.

RESULTS

Significant correlations were found between the fasting
plasma leptin concentration and fasting body weight (r = .502,
P < .001) and the fasting leptin and insulin concentrations
(r =737, P < .001). Corresponding correlations in the fed
state were also statistically significant; (fed leptin and body
weight, r = 545, P < .001; fed leptin and insulin, » = .665,
P <.001).

The animals were separated into two groups based on the
fasting plasma insulin as a surrogate measure of insulin
sensitivity. The insulin-resistant group (n = 24) had fasting
plasma insulin greater than 30 pU/mL (range, =755 pU/mL).
Corresponding values in the insulin-sensitive group (n = 25)
ranged from 5 to 25 pU/mL.

The response to a 24-hour fast in the two groups is detailed in
Table 1, and percentage changes in the variables are summa-
rized in Fig 1. The fast caused small but significant decreases in
body weight in both groups (—1.8% in both groups; the change
in body weight induced by fasting was not significantly
different between the two groups, P = .621). Blood glucose
also decreased significantly in both groups, 12% in insulin-
sensitive and 27% in insulin-resistant animals (Table 1). Once
again, the change in blood glucose was not significantly
different between the two groups (P = .057).

Plasma insulin decreased significantly in both groups, 73%
and 53%, respectively. The absolute difference between the two
groups was significant (P = .001); however, the grouping of the
animals ensured that the insulin-resistant group would have a

percentage changes in plasma insulin were analyzed, there was
no significant difference between the two groups.

Plasma leptin concentrations decreased significantly after a
24-hour fast in the insulin-sensitive group. The 44% decrease
was highly significant (P < .001), with all of the animals
showing a decrease in plasma leptin after the fast. Conversely,
plasma leptin did not decrease in the insulin-resistant group; in
fact, they showed a tendency for increased plasma leptin after a
24-hour fast. Overall, the insulin-resistant group had an 18%
increase in circulating leptin, significantly different versus the
insulin-sensitive group (P = .003).

The animals were also investigated after 4 weeks of ad
libitum access to food and water following the fast. No
significant differences were found between the two groups in
terms of body weight, glucose, insulin, and leptin changes over
this period. Additionally, there were no significant correlations
evident between the leptin response to fasting and any of the
changes in these parameters over the ensuing period.

The effect of hyperglycemia was also investigated within the
insulin-resistant group. Of these animals, 11 had a fasting blood
glucose greater than 8 mmol/L and were considered hyperglyce-
mic relative to the other 13 from this group. These two
subgroups could be regarded as models of NIDDM and
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Fig 1. Percentage changes in body weight and blood glucose,
plasma insulin, and leptin concentrations in ({J) insulin-sensitive
(n = 25) and {@) insulin-resistant (n = 24} P obesus after a 24-hour

fast. *P = .003 vinsulin-sensitive group.



DYSREGULATION OF LEPTIN IN RESPONSE TO FASTING

impaired glucose tolerance (IGT), respectively. No differences
between IGT and NIDDM animals were apparent in terms of
fed or fasted leptin levels or the change in leptin levels after a
24-hour fast (Fig 2 and Table 2). The hyperglycemic, insulin-
resistant animals had an increase in plasma leptin after a
24-hour fast of 11.7 = 7.3 ng/mL, and the corresponding
change in normoglycemic, insulin-resistant animals was 10.9 =
11.6 ng/ml..

DISCUSSION

In this study, we have shown that obese, insulin-resistant P
obesus have significantly elevated fasting and fed plasma leptin
concentrations compared with their lean, insulin-sensitive litter-
mates (Table 1). Using the fasting plasma insulin concentration
as a marker of insulin sensitivity, we found that obese,
insulin-resistant P obesus failed to show a decrease, and indeed
tended to show an increase, in the plasma leptin concentration
after a 24-hour fast (Fig 1). This is opposite to the results found
in lean, insulin-sensitive P obesus and other lean animals and
humans,!320 which have shown decreases of 40% to 80% in
circulating plasma leptin after fasting for 1 to 3 days.

It is currently proposed that the principal physiological
function of leptin is the regulation of energy balance, especially
the control of food intake. Because circulating leptin levels
appear to reflect the amount of body fat and do not change
postprandially, leptin is thought to act as a “lipostat” in the
long-term control of body weight homeostasis. It has also been
suggested that leptin may have a second function as an acute
sensor of energy balance,’” whereby the circulating leptin
concentration is regulated in an acute manner in response to
departures from normal energy balance, including fasting. In
this capacity, leptin appears to act independently of body fat
stores, suggesting a dual role for this hormone in the control of
energy balance.!’

However, the effects of obesity and insulin resistance on the
response of leptin to a short-term fast are still unclear. One small

50
—~ 254 T T
R ‘
S’
0 _l
:-? 0 —
]
o=
&)
@ <25 4
£
o
g -50 =
-9
-75 4 -l
-100 T T T T
Bodyweight  Glucose Insulin Leptin

Fig 2. Percentage changes in body weight and blood glucose,
plasma insulin, and leptin concentrations in {(J) IGT (n = 13) and (@)
NIDDM (n = 11) P obesus after a 24-hour fast.
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Table 2. Effects of a 24-Hour Fast on Body Weight and Blood
Glucose, Plasma Insulin, and Leptin Concentrations in IGT (n = 13)
and NIDDM (n = 11) P obesus {mean = SEM)

Body Glucose Insulin Leptin
Group Weight (g} {(mmol/L) {uU/mL) {ng/mL)
IGT (n = 13}
Fed 2042 +81 4.11x027 2029+376 685=108
Fasted 200.7 =82 3.82x0.28 606 +87 794206
P .041 .220 .003 370
NIDDM {n = 11)
Fed 226.0 6.9 11.38+0.54 4263 +103.3 59553
Fasted 2217+78 733x164 241.1+634 71.2x97
P .043 .023 .007 140

study (n = 3) in obese subjects found a significant decrease in
plasma leptin after a 24-hour fast.?® However, no data regarding
plasma insulin concentrations were provided in the study. Two
further studies, also with small numbers (n = 3 and n = 5) of
obese subjects, found significant decreases in plasma leptin
after a 52- or 60-hour fast.’®1° In both of these studies, obese
subjects did not appear to be significantly hyperinsulinemic
relative to lean control subjects. Given the small number of
subjects in these studies and the apparent lack of significant
hyperinsulinemia and (probably) insulin resistance, we believe
these data do not exclude the possibility that a subgroup of
obese humans with relatively severe insulin resistance may also
have a dysregulation in the response of leptin to acute starva-
tion, as seen in P obesus in this study.

Interestingly, acute dietary restriction (1,045 kJ/d) for 5 days
in seven morbidly obese NIDDM patients did not significantly
alter ob gene expression, with the mean change found to be a
17% increase (range, —46% to +69%).>5 These subjects had
NIDDM and presumably were considerably insulin-resistant
and the dietary restriction significantly reduced the plasma
insulin concentration, analogous to the findings in this study. In
addition, in db/db mice fasted for 15 days, plasma leptin was
unchanged despite a 25% decrease in the body mass index;
however, it was reduced after 28 days.!? Similarly, in obese
hyperinsnlinemic animal models such as ob/ob mice and fa/fa
rats, fasting for 16 to 72 hours did not significantly change ob
gene expression, 131416

The reduction in plasma leptin in the lean Israeli sand rat is
almost certainly not related to a decrease in body fat mass or
body weight, as both groups had small but identical percentage
decreases in body weight after the 24-hour fast (1.8%). There-
fore, it appears that the plasma leptin concentration in this case
is not simply a reflection of body fat content, as previously
suggested.?

Previous longitudinal studies in both P obesus and humans
have indicated that individuals tend to progress from normal
glucose tolerance to IGT to NIDDM.?>% Within our insulin-
resistant group of animals were representatives of both IGT and
NIDDM, and it is likely that IGT animals would progress to
develop NIDDM over a sufficient period.?? We were interested
in whether IGT animals already had the leptin dysregulation in
response to fasting, or whether this developed concomitantly
with or as a consequence of hyperglycemia. The results clearly
show that the dysregulatory defect in the leptin response to
fasting was already present in IGT animals, and it therefore
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appears to develop around the same time as hyperinsulinemia
and before hyperglycemia in these animals.

The normal physiological response to fasting is characterized
by a reduction in blood glucose and insulin, an increase in
gluconeogenesis and a decrease in glycogenolysis, and an
increase in circulating fatty acids and ketones.?6-%8 It is possible
that one or more of these factors regulate leptin production in
response to fasting; however, it appears from a recent study that
hyperketonemia per se does not directly inhibit leptin secre-
tion.” We are unable to address this issue with the results of the
current study, but it is interesting that the percentage decreases
in blood glucose and plasma insulin after fasting were similar
between the two groups of animals.

Another potential leptin regulatory factor is insulin,'®?®
which decreases markedly during fasting. Several studies
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investigating any effects of insulin on leptin production both in
vivo and in vitro have failed to demonstrate a significant acute
effect.’*3! However, in the long-term, insulin may enhance
leptin production.®® The precise physiological role of insulin
in the regulation of leptin production is unclear at this time.

In summary, obese, insulin-resistant P obesus are hyperleptin-
emic relative to their lean, insulin-sensitive littermates, and in
response to a 24-hour fast, there is a dysregulation of leptin in
the obese animals. The mechanism(s) causing the failure of
plasma leptin to decrease in fasted obese P obesus is unknown.

ACKNOWLEDGMENT

The authors would like to thank Dr. Margery Nicolson (Amgen,
Thousand Oaks, CA) for assistance.

REFERENCES

1. Zhang Y, Proenca R, Maffei M, et al: Positional cloning of the
mouse obese gene and its human homologue. Nature 372:425-432,
1994

2. Campfield LA, Smith FJ, Guisez Y, et al: Recombinant mouse OB
protein: Evidence for a peripheral signal linking adiposity and central
neural networks. Science 269:546-549, 1995

3. Halaas JL, Gajiwala KS, Maffei M, et al: Weight-reducing effects
of the plasma protein encoded by the obese gene. Science 269:543-546,
1995

4. Pelleymounter MA, Cullen MJ, Baker MB, et al: Effects of the
obese gene product on body weight regulation in ob/ob mice. Science
269:540-543, 1995

5. Considine RV, Considine EL, Williams, CJ, et al: Evidence against
either a premature stop codon or the absence of obese gene mRNA in
human obesity. J Clin Invest 95:2986-2988, 1995

6. Hamilton BS, Paglia D, Kwan AYM, et al: Increased obese mRNA
expression in omental fat cells from massively obese humans. Nat Med
1:953-956, 1995

7. Lonngvist F, Amer P, Nordfors L, et al: Overexpression of the
obese (ob) gene in adipose tissue of human obese subjects. Nat Med
1:950-953, 1995

8. Considine RV, Sinha MK, Heiman ML, et al: Serum immunoreac-
tive-leptin concentrations in normal-weight and obese humans. N Engl J
Med 334:292-295, 1996

9. Stephens TW, Basinski M, Bristow PK, et al: The role of
neuropeptide Y in the antiobesity action of the obese gene product.
Nature 377:530-332, 1995

10. Murakami T, Shima K: Cloning of rat obese cDNA and its
expression in obese rats. Biochem Biophys Res Commun 209:944-952,
1995

11. Ahima RS, Prabakaran D, Mantzoros C, et al: Role of leptin in
the neuroendocrine response to fasting. Nature 382:250-252, 1996

12. Maffei M, Halaas J, Ravussin E, et al: Leptin levels in human and
rodent: Measurement of plasma leptin and ob RNA in obese and
weight-reduced subjects. Nat Med 1:1155-1161, 1995

13. MacDougald OA, Hwang CS, Fan H, et al: Regulated expression
of the obese gene product (leptin) in white adipose tissue and 3T3-L1
adipocytes. Proc Natl Acad Sci USA 92:9034-9037, 1995

14. Mizuno TM, Bergen H, Funabashi T, et al: Obese gene expres-
sion: Reduction by fasting and stimulation by insulin and glucose in
lean mice, and persistent elevation in acquired (diet-induced) and
genetic (yellow agouti) obesity. Proc Natl Acad Sci USA 93:3434-3438,
1996

15. Saladin R, De Vos P, Guerre-Millo M, et al: Transient increase in
obese gene expression after food intake or insulin administration.
Nature 377:527-529, 1995

16. Cusin I, Sainsbury A, Doyle P, et al: The ob gene and insulin: A

relationship leading to clues to the understanding of obesity. Diabetes
44:1467-1470, 1995

17. Sivitz WI, Bailey HL, Donohue P: Rat adipose ob mRNA levels
in states of altered circulating glucose and insulin. Biochem Biophys
Res Commun 220:520-525, 1996

18. Boden G, Chen X, Mozzoli M, et al: Effect of fasting on serum
leptin in normal human subjects. J Clin Endocrinol Metab 81:3419-
3423,1996

19. Kolaczynski JW, Considine RV, Ohannesian J, et al: Responses
of leptin to short-term fasting and refeeding in humans: A link with
ketogenesis but not ketones themselves. Diabetes 45:1511-1515, 1996

20. Sinha MK, Opentanova I, Ohannesian JP, et al: Evidence of free
and bound leptin in human circulation: Studies in lean and obese
subjects and during short-term fasting. J Clin Invest 98:1277-1282,
1996

21. Shafrir E, Guiman A: Psammomys obesus of the Jerusalem
colony: A model for nutritionally induced, non—insulin-dependent
diabetes. J Basic Clin Physiol Pharmacol 4:83-99, 1993

22. Barnett M, Collier GR, Collier FM, et al: A cross-sectional and
short-term longitudinal characterisation of NIDDM in Psammomys
obesus. Diabetologia 37:671-676, 1994

23. Barnett M, Collier GR, Zimmet P, et al: Energy intake with
respect to the development of diabetes mellitus in Psammomys obesus.
Diabetes Nutr Metab 8:42-47, 1995

24. DeFronzo RA: Lilly Lecture 1987: The triumvirate: B-Cell,
muscle, and liver: A collusion responsible for NIDDM. Diabetes
37:667-687, 1988

25. Vidal H, Auboeuf D, De Vos P, et al: The expression of ob gene is
not acutely regulated by insulin and fasting in human abdominal
subcutaneous adipose tissue. J Clin Invest 98:251-255, 1996

26. Cahill GF, Herrera MG, Morgan AP, et al: Hormone-fuel
interrelationship during fasting. J Clin Invest 45:1751-1769, 1966

27. Cahill GF: Starvation in man. N Engl I Med 282:668-675, 1970

28. Saudek CD, Felig P: The metabolic events of starvation. Am J
Med 60:117-126, 1976

29. Trayhurn P, Thomas MEA, Duncan JS, et al: Effects of fasting
and refeeding on ob gene expression in white adipose tissue of lean and
obese mice, FEBS Lett 368:488-490, 1995

30. Kolaczynski JW, Nyce MR, Considine RV, et al: Acute and
chronic effect of insulin on leptin production in humans: Studies in vivo
and in vitro. Diabetes 45:699-701, 1996

31. Dagogo-Jack S, Fanelli C, Paramore D, et al: Plasma leptin and
insulin relationship in obese and non-obese humans. Diabetes 45:695-
698, 1996

32. Malmstrom R, Taskinen M-R, Karonen S-L, et al: Insulin
increases plasma leptin concentrations in normal subjects and patients
with NIDDM. Diabetologia 39:993-996, 1996



