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Abstract

Background/Aim—Basal plasma leptin levels are higher in women than in men and also higher
in obese than in lean subjects, but the dynamic leptin secretion has not been well studied. We
tested whether the leptin secretory response to glucocorticoid or insulin differs by gender and
adiposity status.

Methods—Seventy-nine nondiabetic adults, comprising lean [body mass index (BMI; kg/m?)
<25; n = 27], obese (BMI 30-40; n = 28), and massively obese (BMI >40; n = 24) subjects,
participated in two separate studies. In study 1, the subjects received oral dexamethasone (4 mg),
with blood sampling before and 8 and 16 h after ingestion. In study 2, the subjects underwent a
two-step hyperinsulinemic (1.0 mU-kg~/min for 3 h, then 2.0 mU-kg~Y/min for 3 h), euglycemic
(~100 mg/dl) clamp. Blood samples were obtained at baseline and every 20 min during the clamp.

Results—Basal and stimulated leptin levels were higher in women than in men, and higher in the
obese groups than in lean subjects. The percentage increase above baseline leptin was similar
among men and women within each group, but was ~30% lower in massively obese compared to
lean subjects.

Conclusion—Leptin secretory responses to glucocorticoid or insulin stimulation are preserved
across a broad adiposity range, with higher absolute responses in women than in men.
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Introduction

Basal (fasting) plasma leptin levels are two- to threefold higher in women than in men, and
higher in obese than in lean subjects [1-4]. In contrast, the effects of gender and adiposity
on leptin secretory responses to stimuli have not been fully investigated. The basal
hyperleptinemia of obesity is the result of leptin synthesis and secretion by the abundant fat
cell mass [4-6]. Because leptin exerts anorectic and weight-reducing effects, the near-
universal hyperleptinemia observed in obese persons constitutes a physiological paradox
that has generally been attributed to ‘leptin resistance’ [7]. The mechanism(s) of leptin
resistance are not fully understood, but factors such as limited leptin delivery across the
blood-brain barrier [8] or mutations in postreceptor signaling [9, 10] have been proposed.

States of hormone resistance often are accompanied by increased secretion of the index
hormone. In the case of glucoregulation, the majority of obese subjects with insulin
resistance escape diabetes by augmenting their insulin secretion [11, 12]. At diagnosis,
patients with type 2 diabetes typically have normal or even elevated fasting plasma insulin
levels, but the dynamic insulin secretory response to glucose is markedly impaired [11-13].
In fact, loss of first-phase insulin secretion in response to intravenous glucose precedes and
ultimately permits the development of diabetes [11-15].

Many overweight or obese individuals maintain their body weight for long periods without
progressing to massive obesity, whereas others break through into extreme obesity. The
factors regulating progression from normal weight to obesity, and thence to massive or
extreme obesity, are not fully understood. Extrapolating from the well-known impairment of
glucose-stimulated insulin secretion during evolution of type 2 diabetes, we investigated
whether an analogous blunting of stimulated leptin secretory responses could be
demonstrated across the spectrum from normal weight to massive obesity. To explore this
concept, we have utilized two different leptin secretagogues —dexamethasone [16-18] and
insulin [19, 20] - in two separate studies to compare leptin secretory responses in three
groups of nondiabetic subjects who are lean, obese, or massively obese.

Subjects and Methods

We studied a total of 79 nondiabetic subjects (30 male, 49 female; mean age 36.7 + 1.64
years) comprising lean [body mass index (BMI; kg/m?) <25, n = 27], obese (BMI 30-40, n
= 28), and massively obese (BMI >40, n = 24) participants. All subjects gave written
informed consent for participation in this study protocol, which was approved by the
Washington University Human Studies Committee. These human studies were conducted
according to the principles expressed in the Declaration of Helsinki. The study participants
were instructed to follow their usual diet and lifestyle practices, and to avoid fasting [21],
overfeeding [22], or strenuous exercise [23] during the period of study. The subjects had no
history of diabetes or evidence of diabetes, as determined by fasting glucose and 75-gram
oral glucose tolerance tests [24]. No subject had a history of current or previous use of
glucocorticoids or other medications that alter appetite, body weight, or glucoregulatory
physiology. None of the subjects was enrolled in any active weight loss program.
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Study 1: Single-Dose Dexamethasone Challenge

For study 1, we enrolled 30 nondiabetic subjects (11 male, 19 female; mean age 37.1 + 1.5
years). Ten of the subjects were lean (BMI <25), 10 were obese (BMI 30-40), and 10 were
massively obese (BMI >40). The study participants were seen in the outpatients department
of the Washington University General Clinical Research Center on three occasions. During
the first visit, between 07.00 and 08.00 h on day 1, a fasting blood specimen was obtained,
and each subject was given a single tablet of dexamethasone (4 mg) to be ingested between
23.00 h and midnight [25]. The subjects then returned to the General Clinical Research
Center for repeat blood sampling at 08.00 h (8-hour specimen) and 16.00 h on day 2 (16-
hour specimen). Table 1 shows the baseline characteristics of the study participants.

Study 2: Two-Step Hyperinsulinemic-Euglycemic Clamp

For study 2, we enrolled 49 subjects (20 male, 29 female; mean age 36.3 £+ 1.78 years).
Using the BMI criteria described under study 1, 17 of the subjects were lean, 18 were obese,
and 14 were massively obese (table 1). The study participants were admitted to the General
Clinical Research Center at 07.00 h after a 12-hour overnight fast and discharged at
approximately 17.00 h the same day. On arrival, intravenous lines were placed in an
antecubital vein for infusion of insulin and dextrose and in a contralateral hand vein for
arterialized blood sampling. Beginning at 08.00 h, regular human insulin (Eli Lilly Co.,
Indianapolis, Ind., USA) was infused continuously at a rate of 1.0 mU-kg~1/min for 180 min,
followed by 2.0 mU-kg~1/min for another 180 min; dextrose (20%) was infused at a variable
rate to maintain euglycemia (~100 mg/dl). Bedside plasma glucose levels were assessed
every 10 min during the clamp procedure, and samples for measurement of insulin and
leptin levels were obtained at 60, 40, 20, and 0 min before and every 20 min during the
insulin infusion.

Biochemical Analyses

Plasma leptin was measured with an in-house RIA using a commercial kit (Linco Research,
Inc., St. Charles, Mo., USA). Samples were assayed in duplicate, and the limits of detection
and linearity for the leptin RIA were 0.5 and 100 ng/ml, respectively; the intra- and
interassay coefficients of variation were <7% [26]. Insulin [27], C-peptide [27], and cortisol
[28] levels were measured by RIA. Plasma glucose was measured with a glucose oxidase
method (Beckman Instruments, Inc., Fullerton, Calif., USA).

Statistical Analyses

Data are expressed as mean + SEM. To account for individual and gender differences in
baseline leptin levels, pre- and post-intervention leptin data are expressed as a percentage of
baseline values, following dexamethasone or insulin stimulation. We used repeated-
measures ANOVA to verify treatment effect (i.e., hormonal changes following
dexamethasone or insulin stimulation) and Dunnett's post hoc test to confirm specific
differences. The differences in mean baseline values of continuous variables in the different
groups of subjects were compared using Student's t tests. Statistical analyses were run on an
IBM StatView program (SAS Institute, Inc., Cary, N.C., USA). p <0.05 was accepted as
significant.
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Results

The main outcome measure was the change in plasma leptin levels following
dexamethasone ingestion or insulin infusion, compared across the lean, obese, and
massively obese groups.

Study 1: Single-Dose Dexamethasone Challenge

Figure 1a shows the fidelity of intervention for the dexamethasone study, as indicated by
feedback suppression of endogenous cortisol production. The plasma cortisol levels were
adequately and similarly suppressed in all study groups. The plasma leptin response to oral
dexamethasone peaks at 16 h following ingestion [16, 17, 25]. Because of the known gender
dimorphism in plasma leptin levels, we initially analyzed the data separately for each
gender. Table 2 shows baseline and peak (16 h) plasma leptin levels after dexamethasone in
lean, obese, and massively obese men and women. The baseline and post-stimulation leptin
levels were higher (p < 0.001) in women than in men across the three groups.

Following dexamethasone ingestion, plasma leptin levels increased significantly in lean men
(p = 0.05) and women (p = 0.005), obese men (p = 0.003) and women (p = 0.01), and
massively obese men (p = 0.02) and women (p = 0.006). The absolute increases above
baseline leptin values in response to dexamethasone were approximately 5 ng/ml in lean
men and 8 ng/ml in lean women; 13 ng/ml in obese men and 30 ng/ml in obese women, and
15 ng/ml (men) and 25 ng/ml (women) among massively obese subjects (table 2). Because
of the marked gender-related and interindividual differences in baseline plasma leptin levels,
we expressed poststimulation leptin levels as a percentage of baseline values (peak/basal), to
enable comparison across gender and study groups. As shown in table 2, the percent peak/
basal incremental plasma leptin responses to glucocorticoid stimulation did not display any
significant gender differences. Thus, women have higher basal leptin levels and maintained
the higher secretion rate during dexamethasone stimulation compared to men, but the
percentage increases above baseline leptin values were similar in both genders.

To assess the effect of adiposity, we combined the percent peak/basal incremental leptin
responses to dexamethasone for all subjects in each group. As shown in figure 1b, the peak
leptin levels (% baseline) observed 16 h following dexamethasone ingestion were 178 +
13.9% in lean, 166 + 10.5% in obese, and 145 + 10.4% in massively obese (p = 0.02 vs. lean
and 0.05 vs. obese) subjects. These data indicate that the percentage incremental leptin
responses were inversely related to basal leptin levels.

Baseline (fasting) leptin levels displayed the well-known positive correlation with BMI (R?
= 0.76, fig. 1c), but peak dexamethasone-stimulated leptin levels showed an insignificant
trend toward an inverse correlation (fig. 1d). As already noted, none of the study subjects
had diabetes. Plasma glucose levels increased following dexamethasone ingestion in all
subjects, the peak level being significantly higher in obese subjects (p < 0.02) than in lean or
massively obese subjects (fig. 2a). Insulin secretion (indicated by C-peptide levels) also
increased following dexamethasone ingestion; the peak C-peptide level following
dexamethasone challenge tended to be lower in massively obese subjects than in lean or
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obese groups, but the differences were not significant (fig. 2b). Furthermore, the change in
C-peptide did not predict the change in leptin, following dexamethasone ingestion (fig. 2C).

Study 2: Two-Step Hyperinsulinemic-Euglycemic Clamp

Plasma glucose and insulin levels were maintained within the desired targets during the two-
step hyperin-sulinemic-euglycemic clamps. The target plasma glucose concentration was
~100 mg/dl and the targets for plasma insulin were ~50 pU/ml (step 1) and ~100 uU/ml
(step 2). Thus, the ambient insulinemia of 50-100 pU/ml reached during the two-step
euglycemic clamp was well within the high-physiological range for postprandial insulin
levels among human beings [14]. Slight increases in plasma leptin levels (6-10% above
baseline) were noted during the initial 3 h of infusion of the lower dose (1.0 mU-kg=1/min)
of insulin, and maximal responses were observed at the end of the second step, when insulin
was infused at 2.0 mU-kg~/min for an additional period of 3 h. Thus, the plasma leptin level
at 6 h following the start of insulin infusion was recorded as the peak leptin response during
study 2.

Table 2 summarizes the baseline and peak leptin levels attained during insulin infusion in
lean, obese, and massively obese men and women. Both the baseline and peak stimulated
leptin levels were higher (p < 0.01) in women than in men in each of the study groups.
However, the peak incremental leptin response, expressed as a percentage of baseline
values, was similar among men and women within each study group (table 2; fig. 3a). The
basal and poststimulation leptin patterns observed across gender and all study groups were
qualitatively similar using insulin as leptin secretagogue as compared with dexamethasone.
However, the leptin secretory responses to insulin were less robust and displayed greater
individual variability than the responses to dexamethasone (table 2).

Because the incremental plasma leptin response to insulin stimulus, expressed as a
percentage of baseline values, was similar in male and female subjects (fig. 3a), we
combined the data for men and women within each group and compared the leptin responses
across the groups. The combined data (fig. 3b, ¢) show that the peak incremental leptin
responses to insulin were 152 + 7.6% in lean, 141 + 5.9% in obese, and 128 + 3.7% in
massively obese (p = 0.007 vs. lean and p = 0.035 vs. obese) subjects.

Discussion

Given that gender and fat mass are major regulators of basal leptin secretion, the present
study determined whether dynamic leptin secretion also was under the control of gender and
adiposity. We compared plasma leptin responses to dexamethasone or insulin in lean, obese,
and massively obese men and women. Our data show that both basal and stimulated leptin
levels were higher in women than in men, but the percentage increase in leptin above
baseline values was similar among men and women of approximately similar body mass.
After normalization for individual differences in baseline leptin values, men and women in
each of our prespecified study groups (lean, obese, massively obese) mounted similar
proportionate responses to dexamethasone or insulin.
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Remarkably, the data obtained using insulin as leptin secretagogue were in accord with
those generated by dexamethasone. To our knowledge, this is the first report that has
evaluated the effects of gender and adiposity on insulin-stimulated leptin secretion in
nondiabetic subjects.

We observed that responses to leptin secretagogues (both insulin and dexamethasone) were
remarkably preserved across a broad range of adiposity (BMI <25 to >40). Indeed, obese
and massively obese subjects, all of whom had markedly elevated basal leptin levels, were
able to secrete substantial amounts of additional leptin in response to either dexamethasone
or insulin administration. Notably, the leptin response to a single oral dose of
dexamethasone (4 mg) was more robust than the response to 6 h of hyperinsulinemic
(euglycemic) infusion, which makes oral glucocorticoid the leptin secretagogue of choice.

Our data indicate preservation of adipocyte sensitivity to leptin secretagogues across the
range from leanness to massive obesity, although the proportionate increase above basal
leptin levels appears to be diminished in massively obese subjects. Overall, compared with
lean subjects, the proportional incremental leptin responses (% baseline) to dexamethasone
or insulin were decreased by ~12% in obese subjects and by ~30% in massively obese
subjects. Thus, massive obesity (BMI >40) appears to be associated with a significant
attenuation of the fold increase in leptin levels in response to glucocorticoid or insulin
stimulation. The fold increases in leptin responses among subjects with submassive obesity
(BMI 30-40) were somewhat lower than in lean subjects but significantly greater than those
of massively obese subjects.

The significance of the modest decline in incremental leptin responses to secretagogues with
increasing adiposity is unclear due to the cross-sectional design of the present study. A
possible explanation for the apparent decrease in dynamic leptin responses (expressed as %
baseline) among the massively obese subjects is that these subjects started with markedly
elevated basal leptin levels (compared to the lean subjects). Thus, an absolute increase of 5
ng/ml (i.e., from 5 to 10 ng/ml) in a lean subject would yield an increase of 100% above
baseline, whereas the same absolute increase would represent 25% above baseline for an
obese subject with a baseline leptin level of 20 ng/ml. Nonetheless, the fact that further
increases in absolute leptin levels were noted, following dexamethasone or insulin
stimulation, among hyperleptinemic obese and massively obese subjects, argues against
leptin deficiency as a major mechanism for the development of massive obesity.

However, because exogenous leptin treatment induces weight loss [29] and prevents weight
regain [30] in hyperleptinemic obese subjects, it can be argued that obese subjects with
leptin resistance need to produce even greater amounts of leptin in order to prevent
progression to massive obesity. Viewed in that light, it is tempting to speculate that the
~30% decrease in incremental leptin response to secretagogues observed among the
massively obese subjects could have some significance.

Theoretically, failure to augment circulating leptin levels in response to endogenous stimuli
could permit progression to massive obesity [29, 30]. Many individuals remain overweight
or obese for long periods without progressing to massive obesity, and are able to defend
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against upward or downward pressures on their stable body weight through metabolic
adjustments [31, 32]. The regulation of progression from submassive obesity to massive or
extreme obesity is poorly understood. Under physiological conditions, the circulating levels
of insulin, cortisol [33], and leptin [22] all increase postprandially. The postprandial
increases in insulin and cortisol precede those of leptin by several hours [34], and fasting
abolishes the glucocorticoid-induced hyperleptinemia [35, 36]. Furthermore, suppression of
cortisol biosynthesis with metyrapone blunts the meal-stimulated rise in circulating leptin
levels, indicating that cortisol is permissive of the postprandial insulin-stimulated rise in
leptin [34, 37]. Moreover, augmentation of endogenous leptin secretion decreases voluntary
food intake [38].

Thus, the physiological hyperleptinemia induced by postprandial increases in the circulating
levels of insulin or cortisol (or both) could subserve a metabolic role of limiting hunger and
energy intake, particularly during the several hours between meals. An impaired response to
endogenous leptin secretagogues, thus, could permit hunger, frequent snacking, excessive
energy intake, and progression of obesity.

In conclusion, leptin responses to glucocorticoid and insulin are demonstrable across the
spectrum of human adiposity. Obesity, even in its massive form, is associated with the
ability to augment the already high circulating leptin levels in response to stimulation by
glucocorticoid or insulin. However, the fold increase in stimulated leptin levels over
baseline values is diminished among massively obese subjects compared with lean or obese
subjects.
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Fig. 1.

Changes in plasma cortisol (a) and plasma leptin (b) following dexamethasone ingestion in
lean, obese, and massively obese subjects, and the relationship between BMI and baseline
(fasting) plasma leptin (c) or leptin levels af ter dexa met hasone (d). Baseline (fasting)
leptin levels were positively correlated with BMI (R? = 0.76) but peak dexamethasone-
stimulated leptin levels showed a trend toward an inverse correlation. (To convert cortisol
from pg/dl to nmol/l, multiply by 27.59.) * p = 0.02 versus lean and p = 0.05 versus obese.
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Fig. 2.
Plasma glucose (a) and C-peptide (b) levels following dexamethasone ingestion in lean,

obese, and massively obese subjects. ¢ Relationship between changes in leptin and C-
peptide levels after dexamethasone for all subjects. * p < 0.02 versus lean or massively
obese subjects; ** p < 0.01 versus baseline values.
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Fig. 3.
Changes in plasma leptin in all male and female subjects (a) and in lean, obese, and

massively obese subjects (b, c) during two-step hyperinsulinemic-euglycemic clamp. * p =
0.007 versus lean and p = 0.035 versus obese subjects.
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Table 1
Characteristics of the study subjects

Lean Obese Massive
Sudy 1 (dexamethasone)
Subjects (F/M), n 10 (6/4) 10 (6/4) 10 (7/3)
Age, years 325+26 36.2+18 136+ 2.7b
BMI 21.0+£09 38011 53+4.3
Fasting plasma glucose, mg/dl  91.3 +£3.8 101 +3.82 92.7+6.8
Cortisol nadir, pg/dl 1.7+03 15+0.2 1.2+02
Sudy 2 (insulin)
Subjects (F/M), n 17 (9/8) 18 (11/7) 14 (9/5)
Age, years 36.3+x14 39.3%25 394+15
BMI 21.7+04 31.8+0.8 49.1+£31
Fasting plasma glucose, mg/dl  86.2+21 921+29 99.4 +2.3% d

The subjects in study 1 and study 2 were not the same individuals; the two studies were conducted on two different populations of lean, obese, and

massively obese subjects.

ap =0.02 vs. lean subjects;

bp < 0.01 vs. lean or obese subjects;

Cp < 0.001 vs. lean subjects;

dp =0.02 vs. obese subjects.
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