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Glucocorticoid induced insulin resistance impairs basal but not
glucose entrained high-frequency insulin pulsatility in humans
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Abstract

Aims/hypothesis. Type 11 (non-insulin-dependent) di-
abetes mellitus is characterized by abnormal insulin
secretion, which involves a disrupted basal and glu-
cose-entrained insulin pulsatility, and by insulin re-
sistance. The aim of this study was to examine the in-
fluence of glucocorticoid-mediated insulin resistance
on the regularity of high frequency insulin pulsatility.
Methods. Eight healthy men (means=+SD; age
24.4 + 0.5 years, BMI 23.2 + 0.7 kg/m?) were exam-
ined after prednisolone treatment (30 mg/day) or pla-
cebo for 6 days in a double-blind, placebo controlled,
cross-over study with a 6-week washout period.
Blood was collected every minute for 60 min during
baseline and glucose-entrainment. Time-series were
assessed by spectral and autocorrelation analyses
and a first-phase insulin secretion test was carried
out.

Results. Prednisolone treatment led to insulin resist-
ance as expected (HOMA-S; prednisolone vs place-
bo; 1.85 £ 0.26 vs 1.02 + 0.10; p < 0.01) with exagger-
ated first-phase insulin secretion (3016 + 468 pmol/l

vs 1688 =207 pmol/l; p < 0.01), suggesting a stable
disposition index. During baseline, normalized spec-
tral power of serum insulin concentration time-series
was reduced during prednisolone exposure compared
with placebo (8.40 + 0.95 vs 11.79 + 1.66; p < 0.05) in-
dicating a disturbed high-frequency oscillatory insu-
lin release. A similar trend was observed using auto-
correlation analysis (0.23 £0.04 vs 0.32 +0.07;
p =0.12). During glucose entrainment no difference
in normalized spectral power or in the autocorrela-
tion coefficient between prednisolone and placebo
(p > 0.1) was observed.

Conclusion/interpretation. Six days of prednisolone
treatment resulted in a pertubed high-frequency insu-
lin release in the fasting state whereas the ability of
glucose to entrain insulin secretion was preserved.
This indicates a mechanism of pertubed glucose-insu-
lin feedback mechanism which causes irregular oscil-
latory insulin release. [Diabetologia (2002) 45: 49-55]
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entrainment, high frequency insulin pulsatility, spec-
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Insulin resistance and relative insulin deficiency are
pronounced elements in the pathogenesis of Type 11
(non-insulin-dependent) diabetes mellitus [1, 2]. It
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has long been debated whether insulin resistance or
beta-cell dysfunction is the primary defect in Type 11
diabetes [3-8]. In this context insulin resistance has
been established as a strong predictor for the devel-
opment of Type II diabetes, whereas this seems to ap-
ply to a lesser extend to beta-cell dysfunction. This
might in part be due to the insensitivity of tests for
beta-cell dysfunction [6, 9, 10]. A dynamic relation
between insulin resistance and a compensatory in-
crease in beta-cell mass and beta-cell glucose metab-
olism has been suggested [11]. Insulin secretion is
pulsatile and irregular insulin pulsatility has been re-
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ported in subjects predisposed to develop Type 11 dia-
betes [12, 13]. The notion of a possible influence of
insulin sensitivity on high-frequency insulin pulsatili-
ty has been addressed before [14] whereby a strong
positive relation between insulin pulse interval and
insulin action (i.e. the more insulin sensitive the less
frequent pulses) was found as well as an inverse one
between this interval and central obesity. Another
study showed a negative correlation between the fre-
quency of insulin pulses and glucose clearance in pati-
ents with Type II diabetes and in healthy subjects
[15].

The aim of this study was to investigate the effect
of glucocorticoid-mediated insulin resistance on
high-frequency insulin pulsatility in healthy humans.
We therefore assessed baseline insulin pulsatility, as
well as glucose-pulse-entrainment, a recently estab-
lished method for in vivo pulsatility studies [16]. This
method has been shown to enable the detection of
beta-cell dysfunction in vitro [17, 18] and in Type II
diabetic patients [19, 20].

Subjects and methods

Subjects. Eight healthy men (Caucasians) participated in the
study (means + SD; age, 24.4 + 0.5 years, BMI, 23.2 + 0.8 kg/
m?). All participants had not been taking any medication be-
fore the study. The protocol was approved by the Ethics Com-
mittee of Aarhus, Denmark and the study was carried out in
accordance with the Helsinki Declaration. All subjects were
on an isocaloric diet and were not allowed to be involved in se-
vere exercise 3 days before each day of the study.

Design. To assess the influence of short-term (6 days) glucocor-
ticoid-mediated insulin resistance on regularity of baseline and
glucose-pulse-entrained time-series of serum insulin concen-
trations, the subjects were examined after treatment with pred-
nisolone (30 mg/day) or placebo for 6 days each in a double-
blind, cross-over study with a 6-week washout period. At day
0 the subjects underwent a physical examination including
measurement of height and weight to determine BMI. They
were instructed to take prednisolone 15 mg b.i.d. together
with breakfast and dinner.

At day 7 in the morning, after an overnight fast (~ 10 h),
the subjects were admitted to the Clinical Research Unit at
the Medical Department M., University Hospital of Aarhus.
At 08.00 hours two catheters (Venflon 17 G/45 mm, BOC Oh-
meda AB, Helsingborg, Sweden) were placed in the antecubit-
al veins, for sampling and infusion purposes. A 30-min resting
period was allowed before the measurements were initiated.
The subjects were examined during baseline and glucose-en-
trainment, each period lasting 60 min. Blood samples were
drawn for measurements of fasting plasma glucose, serum in-
sulin, C-peptide and NEFA at the end of the resting period.

Baseline (non-stimulated insulin pulsatility). Blood was collect-
ed every min from time point 0 min to 60 min.

Entrainment. High-frequency insulin release can be controlled
by punctuated glucose infusions at frequencies between 7 and
12 min without a breakthrough of spontaneous (non-en-
trained) pulses in healthy humans [16]. By the application of

an entrainment protocol we intended to assess possible chan-
ges after prednisolone treatment in the ability of the beta cell
to respond to minor glucose excursions. At the 60 min time
point glucose (20%) was infused at a rate of 3 mg/kg over
1 min followed by a 9 min pause every 10 min from time
60 min to 150 min by a programmable Harvard pump (Har-
vard Apparatus, Mass., USA). Blood was collected every min-
ute from time 90 to 150 min to establish serum insulin concen-
tration time-series.

Sampling. 1.5 ml blood was collected over 15 s every min from
time 0 to 60 min and from 90 to 150 min for measurements of
serum insulin. The sampling catheter was perfused with saline
(0.9%, 1.0 ml/min) and twenty seconds before sampling, the
saline infusion was stopped and 1.0 ml blood was drawn to cor-
rect for dead space. After sampling the saline infusion was re-
sumed.

At day 6 a first-phase insulin secretion test was carried out.
Injecting glucose (25 g) intravenously from time 0 to 1 min
with blood collected at time 0, 2, 4, 6, 8, 10, 12 and 15 min to
measure plasma glucose, serum insulin and serum C-peptide.
In five of the subjects an OGTT (75 g glucose) was carried
out at day 7 after the entrainment period. Not all of the sub-
jects could have an OGTT because of late approval of the pro-
tocol amendment. Blood for assessment of plasma glucose, se-
rum insulin and serum C-peptide was collected at time 0, 15,
30, 60, 90 and 120 min.

Assays. Plasma glucose concentrations were measured in du-
plicate by the glucose oxidation method (Beckman Instru-
ments, Palo Alto, Calif., U.S.A.). Serum insulin concentra-
tions were measured in duplicate by a two-site immuno-specif-
ic insulin ELISA, which uses two monoclonal antibodies
(DAKO Diagnostics, Cambridgeshire, UK) specific for human
insulin. The detection range of this insulin ELISA was 5 pmol/l
to 600 pmol/l with an interassay coefficient of variation of 3 %.
There was no cross reactivity with proinsulin and split (32, 33)-
and des (31, 32)-proinsulin, whereas the antibodies cross react-
ed (45% and 66 %) with split (65-66)-proinsulin and des (64,
65)-proinsulin, respectively. No cross-reactivity was obtained
with C-peptide, IGF-I, IGF-II and glucagon [21]. Serum C-
peptide was measured using a commercially available ELISA
kit (K6218, DAKO Diagnostics). Plasma glucagon was mea-
sured by a specific RIA which not react with intestinal proglu-
cagon-derived molecules. Serum NEFA concentrations were
measured by a colorimetric method using a commercial kit
(WAKO Chemicals, Neuss Germany).

Analytical strategy. Spectral and autocorrelation analysis re-
quire stationary time-series. An eleven-point centred, un-
weighted moving average was calculated and subtracted from
the original time-series. Analyses were done on the residuals.
This detrending method was used to preserve pulsatility with
a periodicity near 10 min, which would be expected both spon-
taneously and after the glucose-entrainment protocol [20].

Spectral analysis was used to quantify the degree of period-
icity in a given time series. A Tukey window of 25 data points
was used and the spectra were normalized with the assumption
that the total variance in each time series was 100 % . The effect
parameter at the baseline assessment was the maximal spectral
power occurring at any periodicity. During glucose-pulse-en-
trainment the effect parameter was the spectral power at
10 min. The spectral analysis was done by using noncommer-
cial software.

Autocorrelation analysis was carried out by using the statis-
tical software package SPSS version 9.0 (SPSS, Chicago, IIL.,
USA). Likewise the maximal autocorrelation coefficient was
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Table 1. Clinical characteristics of the subjects during placebo and prednisolone treatment
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Placebo Prednisolone
Fasting values
Serum insulin concentration (pmol/l) 273 44 £5 ok
Plasma glucose concentration (mmol/l) 5.0+0.1 55+02 *
Serum C-peptide (pmol/l) 461 + 54 815+48 ok
Serum FFA (mmol/l) 0.56 + 0.16 0.53 £0.07
HOMA-S 1.0+0.1 1.9+03 ok
First-phase
Serum insulin AUC (pmol/l per 10 min) 1688 + 207 3016 + 468 *
OGTT
Serum insulin AUC (pmol/l per 120 min) 20033 + 3123 36918 + 3024 wE
Plasma glucose AUC (mmol/l per 120 min) 797 + 56 862 + 49
Plasma glucose 120 min (mmol/l) 5202 6.5+0.4 *
Serum insulin 120 min (pmol/l) 79 +11 185+ 26 *
Data are given as the means + SEM
*p <0.05
**p < 0.005

calculated at baseline while regularity during glucose-pulse-
entrainment was determined as the correlation coefficient at a
time lag of 10 min.

Deconvolution analysis was used to calculate basal insulin
secretion together with mass and amplitude of insulin secreto-
ry bursts from plasma insulin concentration profiles [22].

Homeostasis model assessment of insulin sensitivity
(HOMA-S) was calculated from fasting serum insulin and fast-
ing plasma glucose [23].

Using peak-insulin concentrations during the first-phase in-
sulin secretion test and correlating them with HOMA-S, we
calculated an analogue to the disposition index [24].

Statistical analysis. All data in the text and figures are given as
means + SEM and a p value of less than 0.05 was considered
significant unless stated otherwise. A Student’s ¢ test was used
to evaluate statistical significance. Statistical comparisons
were carried out using the statistical software package SPSS
version 9.0 (SPSS). Total area under the curve (AUC) for the
first-phase insulin secretion and oral glucose tolerance test
was calculated using the trapezoidal rule.

Results

Serum insulin, C-peptide, NEFA and plasma glucose
concentrations. Fasting serum insulin and serum C-
peptide concentrations (p < 0.005) and plasma glu-
cose (p < 0.05) were higher in the prednisolone peri-
od and correlated well with increased HOMA-S (de-
creased insulin sensitivity) compared to the placebo
period (p < 0.005). Fasting serum NEFA and plasma
glucagon did not differ between the two periods
(p>0.1) (Table 1).

First-phase insulin secretion and OGTT. The total
area under the curve (AUC) during first-phase insu-
lin secretion in the prednisolone period increased
significantly compared to the placebo period
(3016 £207 vs 1688 +468 pmol/l =~ per 10 min;
p <0.01). In addition AUC,,, during the OGTT were

higher during prednisolone than during the placebo
treatment (p <0.05), as were plasma glucose
(p < 0.01) and serum insulin (p < 0.05) concentrations
at time 120 min. The OGTT carried out in five sub-
jects remained within the normal range during both
treatments.

Disposition index. To assess a disposition index ana-
logue, we expressed peak insulin during the first-
phase insulin secretion test to the correlating
HOMA-S (Fig.1) which showed the well known hy-
perbolic curve [24, 25], indicating that insulin resist-
ance was compensated for by augmented insulin se-
cretion. The calculated disposition index showed no
difference between placebo or prednisolone treat-
ment (318.7 +24.4 vs 308.2 +44.2; p =0.79). There
was no correlation between the changes in the dispo-
sition index and in pulsatility estimated as insulin
secretory burst mass or in the maximal spectral power
during basal conditions (p > 0.5).

Spectral analysis. During baseline, maximal normal-
ized spectral power of observed spontaneously oscil-
latory insulin peaks was different (~30%) in the
two groups with lower maximal normalized spectral
power after prednisolone treatment (prednisolone:
8.40 + 0.95; range 4.85 + 13.4 vs placebo 11.79 + 1.66;
range 5.86 — 17.87 % total power; p < 0.05), indicating
a more irregular pulsatile pattern of insulin. After
pooling the individual spectra we found a significant
decrease in spectral power in the area of 12 to
17min (p <0.05) after prednisolone treatment
(Fig.2).

No difference was observed in the maximal nor-
malized spectral power of insulin peaks at the time
point 10 min during glucose-pulse-entrainment
(prednisolone: 13.75 + 1.77; range 4.53 + 20.4 vs pla-
cebo: 15.75 + 1.55; range 7.19 — 20.85 % total power;
p = 0.34) and no difference was observed when the in-
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Fig.1. The relation between peak serum insulin concentra-
tions during the first-phase insulin secretion test and insulin re-
sistance (HOMA-S)™! is shown to express a disposition index
equivalent. (O placebo, @ prednisolone)

dividual spectra were pooled (p > 0.05) between the
two treatment periods (Fig.2).

Applying the autocorrelation analysis to the insu-
lin time-series during basal and glucose-pulse-en-
trainment showed no statistically significant differ-
ence between placebo and prednisolone treatment
but there was a trend towards lower autocorrelation
coefficients in the basal state during prednisolone
treatment than during the placebo conditions (pred-
nisolone: 0.23 +0.04; range 0.08 — 0.36 vs placebo:
0.32 + 0.07; range 0.06 — 0.57, p = 0.12).

Pulsatile insulin secretion calculated by deconvo-
lution analysis did not show any alteration in the bas-
al state nor during entrainment measured by insulin
secretory burst mass and burst amplitude during the
two periods (p >0.05). However secretory burst
mass and amplitude tended to be increased during
prednisolone treatment (p = 0.066 and p = 0.062) dur-
ing the glucose-pulse-entrainment period. Basal insu-
lin secretion was not different during the placebo and
the prednisolone treatment (p = 0.13) (Table 2).

One representative example of insulin concentra-
tion time-series during baseline and glucose-pulse-
entrainment after placebo and prednisolone treat-
ment is shown in Figure 3.

Discussion

We sought to evaluate the impact of glucocorticoid-
induced insulin resistance on the regularity of the
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Fig.2 (A, B). Spectra for the basal periods (A) and the en-
trainment periods (B) during placebo (—) and prednisolone
treatment (- - -). The periods were significantly different in the
area 12-17 min in the basal state (p < 0.05) with lower spectral
power after prednisolone treatment whereas no difference
could be found in the entrainment period (p > 0.05)

baseline and glucose-pulse-entrained high-frequency
insulin pulsatility. We found that short-term glucocor-
ticoid treatment, and hence insulin resistance, results
in a perturbed high-frequency insulin pulsatility in
the fasting state, whereas the ability of low dose glu-
cose to entrain insulin secretion seems to be pre-
served.

In vitro studies have reported diverging (stimulat-
ing, inhibitory and unchanged) effects of glucocorti-
coids on the beta cell, depending on the amount and
duration of exposure [26-28]. Several studies have,
however, shown a clear direct inhibitory effect on glu-
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Fig.3 (A, B). Insulin time series for the basal period (A) and
the glucose entrainment period (B) (O placebo,
@ prednisolone) in a representative subject. Note the deterio-
ration of high-frequency insulin pulsatility during predniso-
lone treatment in the basal state

cose-stimulated insulin secretion by glucocorticoids
during short-term [29-31] and long-term [32] expo-
sure of beta cells. One study [32] suggested that this
inhibition of insulin secretion could be mediated
through the decreased effectiveness of cytoplasmatic
calcium on the secretory process upon stimuli. These
findings have not been clearly reproduced in vivo,
whereby glucorticoid exposure has been shown to en-
hance insulin secretion [33-37].

It has been established that insulin secretion is
mainly regulated by the pulsatile component of insu-

lin secretion, mostly through pulsatile secretory burst
mass and amplitude [22, 38]. We were not able to de-
tect any difference in insulin secretory burst mass,
amplitude and basal insulin secretion between place-
bo and prednisolone treatment, although a marked
basal hyperinsulinaemia and increased insulin resist-
ance during prednisolone treatment was shown. A
possible explanation for this finding could be the
large variation in pulsatile insulin secretion in re-
sponse to prednisolone treatment between subjects.
Both insulin resistance and impaired beta-cell
function are early manifestations in the development
of Type II diabetes [9]. In the search for primary de-
fects, studies have been done on first-degree relatives
of Type II diabetic patients, along with studies in pop-
ulations with an extremely high prevalence of diabe-
tes (i.e. Pima Indians) [9, 10]. Both defects are de-
scribed in these predisposed groups but whether one
precipitates the other is still debated. A fundamental
characteristic of normal beta-cell function is a highly
dynamic pulsatile pattern of insulin release. This pat-
tern exists in individual beta cells, islets, the isolated
perfused pancreas, and in vivo. The preservation of a
common pulsatile pattern throughout the organisa-
tion of the insulin secreting cell population indicates
a crucial role of this pattern for beta-cell function
and/or for optimal insulin action [39, 40]. Since this
pattern is disrupted in glucose tolerant [12] and glu-
cose intolerant [13] first-degree relatives of Type II
diabetic patients, a primary defect in the oscillatory
secretion has been speculated. However, these sub-
jects are also insulin resistant and the observed beta-
cell defects might be secondary. Since minimal glu-
cose excursions occur in the peripheral circulation,
and since similar excursions could control the pulsa-
tile insulin secretion [16], it is likely that a feedback
loop including pulsatile insulin secretion and oscilla-
tory endogenous glucose production is involved in
the regulation of pulsatile insulin secretion in vivo.
This study was specifically designed to address
whether insulin resistance per se could perturb pulsa-
tile insulin secretion and if so, whether this has a di-
rect effect on the beta cell (i.e. impaired entrain-
ment) or whether the impairment occurs in the basal
non-entrained state but with a normal ability to be
controlled by the pulsatile glucose infusion. In the lat-

Table 2. Insulin secretion characteristics based on deconvolution analysis during basal and entrainment conditions after placebo

and prednisolone treatment

Placebo Prednisolone

basal entrainment basal entrainment
Deconvolution analysis
Secretion burst mass (pmol/l/pulse) 19.7 + 8.8 251+11.1 20.3+£19.9 36.9 +17.3*
Secretion burst amplitude (pmol/l/min) 7.8+3.5 9.8+4.1 81+79 14.7 £ 6.9*
Basal secretion (pmol/l/min) 3.0+£2.0 24+1.7 53 +2.0% 35+15

Data are means + SD

*0.05 < p < 0.15 testing for treatment effect (placebo vs prednisolone)
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ter case, this could suggest a defect in the normal
feedback loop, probably involving impaired glucose
oscillations and that impaired insulin pulsatility could
be secondary.

Since our data show impairment in the basal state,
with preserved pulsatility during entrainment, short-
term glucocorticoid-induced insulin resistance seems
to interfere with the normal feedback dependent sys-
tem, whereas no direct defect on the beta cell to detect
and respond to minimal glucose excursions has been
observed. This is further supported by the enhanced
peak-insulin in the first-phase insulin secretion test
and the stable disposition index. Together, this makes
direct effects of prednisolone on the beta cell an un-
likely explanation of our observations. The difference
between impaired pulsatility at basal conditions,
where an intact feedback system is operating, and the
normalization when frequency and mass of glucose ex-
cursions are controlled exogenously, clearly indicate
that the mechanism for prednisolone induced impair-
ment resides in the intact feedback system and is not
related to direct beta-cell effects. Since the subjects
were not predisposed to diabetes, a difference could
occur in healthy subjects who are genetically predis-
posed to diabetes. Nonetheless, our data suggest that
the presence of impaired insulin pulsatility in the basal
state could be caused by insulin resistance and thus be
secondary. In contrast, no impairment has been re-
ported in obese (insulin-resistant) subjects [41] but
one plausible explanation could be a dependency on
the duration of insulin resistance and mechanism
and/or the site of insulin resistance (i. e. hepatic vs pe-
ripheral tissue insulin resistance).

In conclusion, we have shown that glucocorticoid-
induced insulin resistance per se could cause im-
paired insulin pulsatility, probably by a disruption of
the normal feed back system. However, direct actions
of prednisolone on beta-cell function cannot be ruled
out although preserved entrainment favours the for-
mer. Glucose-pulse-entrainment as a beta-cell test
seems robust to insulin resistance and therefore in
settings of variable insulin sensitivity it seems more
suitable for searching early beta-cell dysfunction.
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