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Leptin and the Ob/Ob Mouse 

In the early 1950s, the ob/ob mouse was described (I). 
Later extensive metabolic studies have shown that the syn- 
drome of this mouse consists of massive obesity in conjunc- 
tion with hyperphagia, insulin resistance, hyperinsulinemia, 
development of noninsulin-dependent diabetes mellitus 
(NIDDM), cold intolerance, and infertility (2). Parabiosis 
studies in the 1950s and 1960s also revealed that the cause 
of the syndrome is the deficiency of a circulatory factor, 
rather than overproduction of a factor, since lean mice in 
parabiosis with obese mice were found to reduce the weight 
of the obese animals (2-4). Finally, by the end of 1994, the 
gene coding for the factor lacking in the ob/ob mice was 
cloned (5) and in 1995 it was shown that administration 
of the protein product of this gene, leptin, normalized 
the hyperphagia, the massive obesity and the huge hyper- 
insulinemia in these animals (6-8). 

Leptin as the Adipocyte Hormone 

Further studies have shown that leptin is exclusively 
expressed in the adipocytes (9, I0) and released from these 
cells (11,12). It has also been demonstrated that the rate of 
production of leptin is directly related to the degree of adi- 
posity (13), and it is now well established that administra- 
tion of recombinant leptin reduces food intake and body 
weight (6-8,14,15). The effects of leptin are thought to be 
mediated by cytokine receptor-like leptin receptors within 
the brain (16-18) and involves also other signals of 
importance in the regulation of food intake, like, for 
example, neuropeptide Y (NPY) (19). However, leptin 
can also exert a food intake-suppressing effect in NPY 
deficient animals (20). As recently reviewed, leptin is now 
considered a hormone from the fat tissue involved in the 
regulation of food intake and adiposity (21). Therefore, 
factors regulating body weight and nutritional status may 
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operate through changes in the circulating concentration 
of leptin. 

Characterization of Circulating Leptin 

During 1996, radioimmunological techniques for the 
determination of circulating leptin in humans have been 
developed (22-24). These techniques have enabled studies 
to characterize circulating leptin and the factors involved in 
the regulation of circulating leptin in humans. It has been 
demonstrated that leptin binding proteins exist in the circu- 
lation, the total leptin binding capacity of which, however, 
is low, implying that the relative abundance of free leptin 
is higher in subjects with high circulating leptin (25,26). The 
physiological importance of this finding is not yet known. 
One aspect is that compared to bound leptin, circulating 
free leptin may have a shorter half-life (25), being approx 
25 rain in humans as a mean (13), but then possibly shorter 
in subjects with hyperleptinemia. Another aspect is that the 
leptin-binding proteins might function to transport leptin 
across the blood-brain barrier, as has been suggested for 
cytokine-binding proteins (27), which would imply that 
the relative rate of leptin transport is lower in subjects with 
hyperleptinemia. However, more studies are required to char- 
acterize the binding of leptin to proteins in the circulation. 

Circulating Leptin and its Regulation 
by Body Weight 

Circulating Leptin and Body Weight 

Several studies have demonstrated that circulating leptin 
correlates closely to body mass index (BMI) over a wide range 
of BMI (12,23,28-32). This is illustrated in Fig. 1 showing 
the close relationship between BMI and plasma insulin in 
157 healthy women of various ages. The r-value of this cor- 
relation was 0.65, which is within the same order as reported 
in other studies (Table 1). This implies that approx 50% of 
circulating leptin is governed by the degree of obesity. 

Circulating Leptin and Fat Content 

The underlying mechanism for subjects with high BMI 
having higher circulating leptin is related to the expression 
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Fig. 1, Correlation between BMI and plasma leptin levels as 
determined by a sensitive radioimmunoassay (22) after an over- 
night fast in 157 nondiabetic, healthy women within the age range 
of 22-64 yr. r = 0.65, p < 0.001. 

Table 1 
Regression Coefficiency of the Correlation 

Between Body Mass Index and Circulating Leptin 
in Six Different Studies in Humans 

Author Number r-Value 
(ref.) of subjects 

Maffei et al. (28) 87 0.51 
Considine et al. (23) 275 0.66 
McGregor et al. (24) 75 0.77 
Dagogo-Jack et al. (29) 27 0.76 
Kolaczynski et al. (12) 77 0.68 
Havel et al. (32) 38 0.81 
Present study (Fig. 1) 157 0.65 

and secretion of leptin from adipocytes (10-12), since sub- 
jects with high BMI have higher fat mass. This has been 
verified by correlating circulating leptin to body fat content: 
the body fat content and circulating leptin are significantly 
correlated both when using underwater weight (r = 
0.86; 28), dual-energy X-ray absorptiometry (r = 0.80; 30), 
and impedance measurements (r = 0.82; 31) as determi- 
nants of body fat content. It was also recently demonstrated 
by measurements of adipose tissue leptin production in 
humans that the rate of production of leptin is directly rela- 
ted to the degree of adiposity (13). High circulating leptin 
in obese subjects is therefore owing to both greater leptin 
production per unit of body fat and to increased produc- 
tion of leptin from the increased size of body fat mass (13). 

Circulating Leptin and Body Fat Distribution 

It has been demonstrated that abdominal obesity is asso- 
ciated with a higher risk than lower body obesity of devel- 
oping cardiovascular diseases through its close association 
with insulin resistance (33, 34). It is therefore of interest to 
ask whether not only total body fat content, but also the 
body fat distribution is of importance for circulating leptin. 
One study examined this question by correlating circulat- 
ing leptin to the waist to hip circumference ratio and found 
a significant correlation between these parameters also after 
control for body fat content, (r = 0.33), i.e., in subjects with 
identical body fat content, the higher the circulating leptin, 
the higher the waist to hip circumference (35). However, 
the same study also distinguished the abdominal distribu- 
tion of fat by magnetic resonance imaging, and found that 
leptin correlated more to subcutaneous fat than to visceral 
fat. Furthermore, another study in premenopausal African- 
American women showed that after correction for influ- 
ences of total body fat, circulating leptin did not correlate 
to visceral fat volume as determined by computed tomog- 
raphy (30). We also found in 92 postmenopausal women, 
aged 58 yr, that plasma leptin correlated significantly with 
the waist to hip ratio. The r-value (r = 0.25, p = 0.021) was, 
however, lower than that for the correlation between plasma 
leptin and BMI (r = 0.72). Furthermore, the correlation 
was no longer significant when BMI was controlled for 
(r = -0.05, n.s.). Thus, it seems as if the distribution of fat 
only marginally, if at all, independently contributes to cir- 
culating leptin; the main contributor seems to be the total 
body fat content. 

Several studies have thus demonstrated a close correla- 
tion between circulating leptin and the degree of obesity 
and body fat content, as determined by different measures. 
The implication of this relation remains to be established. 
One aspect is that in obesity, circulating leptin could be 
adaptively increased to reduce food intake and therefore 
aim to lower BMI. According to this view, subjects with 
high leptin are not in a nutritional steady state. Another 
view, however, is that subjects with obesity could have 
reduced leptin receptor sensitivity, which necessitates an 
increased circulating leptin to keep the body weight stable. 
If that were the case, however, some subjects with low BMI 
also would have high circulating leptin. Therefore, the 
homeostatic relation between leptin and body weight is 
still not established, and direct studies are now required 
regarding the leptin-leptin receptor interaction in lean and 
obese subjects. 

Circulating Leptin and Changes in Body Weight 

Since body fat content or BMI correlates with circulat- 
ing leptin (28,30,31, Table 1), it is expected that circulat- 
ing leptin is altered under conditions when body weight is 
changed. It has, for example, been shown that circulating 
leptin is reduced after 12 h of fasting in humans, and that 
the reduction progresses throughout a 36 h fasting period 
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to be rapidly restored after refeeding (36). A similar fast- 
ing-induced reduction in circulating leptin has also been 
demonstrated in mice (37). The mechanism of the fasting- 
induced reduction in circulating leptin is not known, 
although it seems to be a direct effect on the adipocyte, 
since a reduction in leptin during fasting in humans was 
shown to correlate to a reduction in adipocyte ob gene 
expression (36). Also, the reduction in leptin during fasting 
correlated with an increase in ketones, suggesting a similar 
mechanism for fasting-induced hypoleptinemia and 
hyperketonemia. However, ketones by themselves do not 
seem to be the mediator of the hypoleptinemia, since infu- 
sion of [3-OH-butyrate did not change circulating leptin 
(36). Also during long-term weight reduction induced by 
restriction in dietary fat, plasma leptin is reduced (32). In 
that study, the reduction in leptin correlated to the reduc- 
tion in body weight, because after 8 m�9 on a low fat diet, 
15 women who lost more than 7% of the body mass had a 
significant reduction in circulating leptin, whereas in 18 
other subjects, who lost <7% of the body mass, plasma 
leptin did not change (32). Furthermore, the reduction in 
leptin did not correlate to the content of fat in the diet, but 
rather to the reduction in body weight (32). However, a 
dissociation between changes in body weight and circulat- 
ing leptin has also been demonstrated. For example, as little 
as a 5% reduction in body weight has been shown to reduce 
circulating leptin by more than 50% (23), and, conversely, 
a small increase in body weight by 10% increases circulat- 
ing leptin by more than 300% (38). These findings indicate 
that circulating leptin, in addition to its regulation by body 
weight or body fat content, also is regulated by a metabolic 
mechanism related to adipocyte metabolism. Since only 
1 d of massive overfeeding has been found to increase cir- 
culating leptin by 40% without altering body weight (38), it 
has been suggested that the triglyceride content of adipo- 
cyte is involved in the regulation of circulating leptin (21). 

Circulating Leptin and Obesity 

Since obese subjects have high levels of leptin 
(12,23,24,28-32) and high ob gene expression (39,40) it 
has been assumed that human obesity, at least most cases, 
exhibit leptin resistance rather than leptin deficiency 
(21,41). Human obesity therefore seems to show similari- 
ties to the obesity in the db/db mouse, which has been shown 
to exhibit a defect leptin receptor (16) rather than the obe- 
sity in the ob/ob mouse, exhibiting defect expression of the 
ob/ob gene (5). If leptin resistance is involved as a mecha- 
nism of human obesity, subjects with high BMI should 
have a higher ratio of leptin to BMI, since they need to 
"overcompensate" the leptin production in relation to the 
requirement for a given BMI. This was indeed verified in 
one recent study (42) and confirmed in our material of 157 
women, as shown in Fig. 2. This figure shows that the 
ratio of plasma leptin to BMI increases by increasing BMI. 
Therefore, it may be concluded that obesity is accompanied 
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Fig. 2. Correlation between BMI and the ratio of plasma leptin 
as determined by a sensitive radioimmunoassay (22) to BMI 
after an overnight fast in 157 nondiabetic, healthy women within 
the age range of 22-64 yr. r = 0.53, p < 0.0001. 

by leptin resistance and high circulating leptin levels, mak- 
ing an analogy to insulin in NIDDM appropriate. As theo- 
retically discussed by Car�9 et al. (21), the resistance of 
leptin in obesity might reside at various places in the chain 
of events from leptin secretion through leptin action and 
effector mechanisms. For example, leptin resistance might 
occur in the transportation of leptin in the circulation or 
across the blood-brain barrier, the latter in accordance with 
a recent finding that subjects with high leptin levels have a 
lower capacity to transport leptin to the brain (43). Leptin 
resistance might also reside in the leptin receptors them- 
selves or their signal transduction, or in the effector system, 
involving, for example, NPY (19). More studies are, how- 
ever, required to further increase our understanding of the 
role of leptin in obesity, and also to examine whether obese 
subjects respond with reduced body weight if exogenous 
leptin was administered. 

In this context, individual subjects with an extreme rela- 
tion between BMI or obesity and circulating leptin might be 
of interest. Recently, two obese subjects with very low circul- 
culating leptin were described (44). However, in spite of 
extensive characterization of these subjects, no clear differen- 
tiation of these subjects from other obese subjects was possible. 

Circulating Leptin and its Regulation 
by Other Factors 

Since the regression between body weight or body fat 
content and circulating leptin, although high, is only within 
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the range of 0.7-0.8 (Table 1), the r 2 is around 0.5-0.6, 
indicating that body weight  or body fat content may 
explain only approx 50% of the circulating leptin. There- 
fore, other factors are also involved in its regulation, which 
is supported by the findings that the degree of change in 
body weight during fasting or overfeeding is different from 
the degree of change in circulating leptin (23,38). 

Influence of Gender on Circulating Leptin 

As initially shown in mice (45) and later verified in 
humans (29,46), it has been demonstrated that a gender 
difference exists in the circulating leptin levels in that 
higher levels are found in females than in males. In one 
study in humans, it was shown that this difference was 
independent of BMI and age (29), and in the other study, it 
was revealed that the difference in circulating leptin 
between 34-yr-old men and 30-yr-old women persisted 
after control for body fat (46). Furthermore, plasma leptin 
was found not to be altered after administration of estrogen 
and progesterone in postmenopausal women, suggesting 
that the gender difference in plasma leptin is not the re- 
sult of the reproductive hormones (46). Thus, the mecha- 
nism underlying the gender difference in circulating leptin 
is still unknown. We have confirmed the gender difference 
in plasma leptin by examining the relationship between 
BMI and plasma leptin in men and women at the ages of 28 
and 64 yr (Fig. 3). We found that in both genders, a corre- 
lation between BMI and plasma leptin exists, but that the 
slopes of the curves for the relationships are different. 
Therefore, for a given BMI, plasma leptin is higher in 
women than in men. 

Influence of Age on Circulating Leptin 
In mice, we recently demonstrated that plasma leptin 

was higher in animals at the age of 11 mo than in younger 
animals at the age of 2 mo, suggesting an age-dependent 
influence on circulating leptin (37). However, in humans, 
such an influence does not seem to exist. Thus, as is seen in 
Fig. 3, there was no difference in the relationship between 
BMI and circulating leptin in women or men at age 28-64 
yr; the difference in circulating leptin between these ages 
being explained by differences in gender and BMI. 

Diurnal Variation of Circulating Leptin 

In a study of both lean and obese healthy subjects and in 
obese subjects with NIDDM, it was demonstrated that 
plasma leptin exhibits a diurnal rhythm, with an increase in 
its value starting at 11 PM and peaking at 2 AM (47). We have 
recently confirmed this diurnal rhythm. Thus, in five 
healthy subjects, circulating leptin was higher at 11 PM and 
at 3 AM than at 6 AM (Fig. 4). The mechanism of this diurnal 
rhythm is not known. The profile resembles that of prolac- 
tin and TSH and the leptin peak precedes the peak in cor- 
tisol (48-50). In fact, we found in our five subjects an 
inverse correlation between circulating leptin and circulat- 
ing cortisol (r = -0.45, p = 0.024), suggesting a relation- 
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Fig. 3. Correlation between BMI and plasma leptin levels as deter- 
mined by a sensitive radioimmunoassay (22) in 28- and 64- yr-old 
healthy males and females. There were 10 subjects in each group. 
(A) Age 64 yr, r = 0.48,p = 0.01, slope = 2.54; r = 0.56,p < 0.001, 
slope = 0.74. (B) Age 28 yr, r=  0.87, p < 0.0001, slope = 3.52, 
r = 0.82, p < 0.000l, slope = 0.69. �9 females, �9 males. 

ship between leptin and cortisol. Another possibility is that 
the elevated insulin during daytime through a delayed 
effect increases circulating leptin. However, more studies 
are required to understand this diurnal variation, 

Circulating Leptin and Insulin Sensitivity 
Since circulating leptin correlates with total body fat 

(13,28,30,31) and since high BMI is associated with insulin 
resistance (51-55), it has been of interest to examine 
whether circulating leptin correlates with insulin sensi- 
tivity. To that end, we examined a large number of post- 
menopausal women with the hyperinsulinemic, euglycemic 
clamp technique for determination of insulin sensitivity, 
and found expectedly that the measure for insulin sensitiv- 
ity correlated negatively with plasma leptin (r = -0.68; 31). 
Furthermore, another study determined insulin sensitivity 
by the use of the minimal model technique measuring 
the insulin sensitivity index (SI) after bolus injections of 
glucose and insulin in premenopausal women, and, as 
expected, the Sr was found to correlate negatively with 
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Fig. 4. Plasma leptin levels as determined by a sensitive radioim- 
munoassay (22) in five healthy volunteers at five different occa- 
ssions during 1 d. Asterisks indicate the probability level of 
random difference vs the value at 8 AM as determined by paired 
t-test; *indicates p < 0.05, and **indicates p < 0.01. 

plasma leptin (r = -0.42, p < 0.05; 30). In addition, when 
selecting groups with various insulin sensitivities, groups 
with low insulin sensitivity have been shown to exhibit 
higher circulating leptin (56). Moreover, both in humans 
(31,32) and rodents (37), fasting plasma insulin, which is 
an indirect measure of insulin sensitivity in subjects with 
normal glucose tolerance, has been shown to correlate 
with circulating leptin. Thus, both direct and indirect esti- 
mates of insulin sensitivity have shown that the more insu- 
lin-resistant a subjects is, the higher the circulating leptin. 
This is, however, expected in view of the close correlation 
between insulin resistance, i.e., low insulin sensitivity, and 
obesity, i.e., high BMI. Therefore, in the two studies exam- 
ining insulin sensitivity directly, its relationship with circu- 
lating leptin has also been determined after control for the 
influence of BMI, and in both studies, this abolished the 
correlation (30,31). It has also been shown that improve- 
ment of reduced insulin sensitivity in a group of obese sub- 
jects by means of the insulin sensitizer, troglitazone, did 
not affect circulating leptin (57). Thus, it seems fairly well 
established that insulin sensitivity and circulating leptin 
correlates owing to the confounding influence of BMI and 
not to a direct influence of one parameter on the other. 

Nevertheless, it has been demonstrated that experimen- 
tally induced insulin resistance is associated with a marked 
increase in plasma leptin (58). Thus, in healthy, postmeno- 
pausal women, dexamethasone was given for 48 h, which 

reduces insulin sensitivity. This treatment was found to 
double plasma leptin levels. This increase was independent 
of changes in plasma insulin or insulin sensitivity, and 
therefore, most likely the result of an action of dexametha- 
sone on leptin expression and secretion. This effect may 
either be directly at the adipocytes as inferred from a pre- 
vious study in the rat in which corticosteroid treatment was 
found to increase ob gene expression rapidly (59), or indi- 
rectly through influences on the central nervous system 
(cf 58). Therefore, it might be concluded that insulin sen- 
sitivity does not per se influence circulating leptin. 

Circulating Leptin and Insulin Secretion 

In subjects with normal glucose tolerance, reduced 
insulin sensitivity is compensated with increased insulin 
secretion causing hyperinsulinemia to preserve normogly- 
cemia (51,60, 61). The signal mediating this islet adaptation 
to reduced insulin sensitivity is not known, but might hypo- 
thetically involve leptin, since circulating leptin is increased 
in subjects with low insulin sensitivity. On the other hand, 
under in vitro conditions, it has been demonstrated that 
insulin stimulates the ob gene expression in adipocytes 
from both humans (62) and rodents (63,64) and insulin 
has also been shown to stimulate leptin secretion from 
human adipocytes in vitro (12). This might imply that 
hyperinsulinemia resulting from increased insulin secre- 
tion would increase circulating leptin. To study whether a 
correlation exists between plasma leptin and insulin secre- 
tion, we recently examined insulin secretion by using the 
glucose-dependent arginine stimulation test in postmeno- 
pausal women with known circulating levels of leptin (31). 
It was found that various parameters of insulin secretion, 
such as basal and maximal insulin secretion as well as the 
glucose sensitivity of the B-cells, correlated with plasma lep- 
tin, and that these correlations persisted also after control for 
BMI in the statistical analysis. Thus, insulin secretion and 
plasma leptin do seem to correlate with each other directly. 
Two different aspects for this correlation could be proposed. 
On the one hand, if leptin stimulates insulin secretion, leptin 
could be involved in the increased insulin secretion seen in 
obese people. Whether leptin stimulates insulin secretion 
has not yet been established, but is possible considering a 
recent demonstration of leptin receptors on insulin produ- 
cing islet B-cells (65). On the other hand, the correlation 
between insulin secretion and circulating leptin could also 
imply that insulin under physiological conditions increases 
the expression and secretion of leptin as inferred from the 
in vitro studies (12, 62-64). Although not finally excluded, 
this seems less likely, however, since a supraphysiological 
infusion of insulin over at least 4 h is required to increase 
circulating leptin in humans (66-68), whereas a 2-h 
supraphysiological insulin infusion is insufficient, both 
during euglycemia (12,29,31) and hypoglycemia (31). 
Therefore, the mechanism of the correlation between cir- 
culating leptin and insulin secretion remains to be estab- 
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lished. The relationship seems not, however, to be depen- 
dent on an acute correlation between circulating leptin and 
insulin secretion, since following iv administration of glu- 
cose, arginine, or tolbutamide, insulin secretion is increased 
but circulating leptin is not increased (56,69). 

Circulating Leptin and Glucose Intolerance 

Since circulating leptin correlates to insulin secretion 
(31), it is of interest to examine whether circulating leptin 
is altered in subjects with glucose intolerance and 
NIDDM, which are conditions associated with impaired 
insulin secretion (61, 70). A study comparing circulating 
leptin in postmenopausal age- and BMI-matched women 
with normal or impaired glucose tolerance showed, how- 
ever, that their circulating leptin levels did not differ (31). 
Similarly, in fully developed NIDDM, no difference from 
control subjects has been found for circulating leptin 
(47,66). Therefore, no abnormalities in circulating leptin 
have so far been detected in association with glucose intol- 
erance and diabetes. 

Circulating Leptin and Other Agents 

It has been shown that a variety of simple and compli- 
cated, multifactorial influences, such as fasting, feeding, 
insulin, dexamethasone, [33-adrenoceptor agonists, strepto- 
zotocin-induced diabetes, and sympathetic nervous activa- 
tion, affect ob gene expression or leptin secretion in vitro 
(12,45,59,71-78). It is therefore likely that circulating 
leptin might be affected by a multitude of other factors 
than those described above. For example, it was recently 
demonstrated that both the 13-adrenoceptor agonist, isopro- 
terenol, as well as somatostatin reduce circulating leptin 
when infused in humans (79). More studies are, however, 
required to examine the relationship between leptin and 
these other factors. 

Conclusions 

Leptin is a hormone produced in and released from the 
adipocytes in relation to the size of the body fat. Leptin 
activates cytokine-like receptors in the central nervous 
system which reduces food intake. Leptin therefore seems 
to be the signaling pathway in a feedback system working 
to control body weight. Since circulating leptin may be 
determined by radioimmunoassay, factors affecting its cir- 
culating levels are possible to establish. The most impor- 
tant determinant of circulating leptin is body fat content. 
However, variations in body fat content explain only 
approx 50% of circulating leptin, making it important to 
establish also other factors of physiological impact on cir- 
culating leptin. Studies undertaken so far, i.e., mainly in 
1996, have shown that circulating leptin is higher in women 
than in men, that circulating leptin undergoes a diurnal 
variation with higher levels during nighttime than during 
daytime, and that the level of circulating leptin correlates to 

-.-::::::.::::-":: NPY,  other 

Circulating 
Leptin 

/ \  

food 

intake 
// 

<A.ipo y,e) 
Fig. 5. Schematic summary of factors influencing circulating 
leptin as discussed in the text and the tentative feedback loop 
between the adipocyte and CNS linked by circulating leptin on 
one hand and food intake on the other hand. 

insulin secretion. Figure 5 illustrates these influences. 
However, more studies are required to establish the impact 
of these other factors as well as the mechanisms underlying 
their influence on circulating leptin. It is also of importance 
to examine whether these other factors regulate the nutri- 
tional state and body weight through their influences on 
leptin. Finally, the exact role of leptin in nutrition and regu- 
lation of body weight and food intake needs to be carefully 
established. Considering the marked interest in this newly 
described peptide during the last year, we may expect fast 
development of new information within the near future. 
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