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Abstract

Hyperglycemic crises of diabetic ketoacidosis and nonketotic hyperglycemia are associated with elevation of counterregulatory hormones
and proinflammatory cytokines, markers of lipid peroxidation, and oxidative stress. To investigate if other conditions besides hyperglycemia
could evoke such a prompt increase in cytokine levels, lipid peroxidation, and oxidative stress markers, we induced hypoglycemic stress by
standard insulin tolerance test and measured proinflammatory cytokines, markers of lipid peroxidation, reactive oxygen species (ROS), and
counterregulatory hormones. Insulin tolerance test was performed in 13 healthy male subjects with no history of infection, cardiovascular risk
factors, or abnormal glucose. At baseline and at 30, 45, 60, 120, and 240 minutes after insulin injection, the following parameters were
measured: glucose, cortisol, corticotropin, epinephrine (EP), norepinephrine (NE), growth hormone, tumor necrosis factor (TNF)—c, interleukin
(IL) 1B, IL-6, IL-8, free fatty acids, white blood cells, lipid peroxidation markers by thiobarbituric acid assay, and ROS by dichlorofluorescein
method. The peak value of white blood cell count at 120 minutes was significantly associated with the peak values of NE at 30 minutes and
cortisol at 60 minutes. By comparing the area under the curve of measured parameters, EP emerged as significant predictor of TNF-a (P =.05)
and IL-8 (P = .027). Cortisol emerged as predictor of IL-1 significantly (P = .05). Corticotropin predicted area under the curve of IL-6 with
borderline significance (P = .06). In the present study, insulin-induced hypoglycemia in nondiabetic male subjects is associated with increased
proinflammatory cytokines (TNF-a, IL-1p, IL-6, and IL-8), markers of lipid peroxidation, ROS, and leukocytosis. Elevations of NE, EP,

corticotropin, and cortisol in hypoglycaemia are associated with the elevation of the proinflammatory cytokines and leukocytosis.

Published by Elsevier Inc.

1. Introduction

We have documented that severe hyperglycemia of diabetic
ketoacidosis (DKA) or nonketotic hyperglycemia provokes
elevation of counterregulatory hormones, proinflammatory
cytokines (tumor necrosis factor [TNF]—o, interleukin [IL]-6,
IL-8, and IL-1p), markers of reactive oxygen species (ROS)
measured by dichlorofluorescein (DCF) or lipid peroxidation
measured as malondialdehyde (MDA), cardiac risk factors
including C-reactive protein, and free fatty acids (FFA). These
parameters, which are 2- to 3-fold higher than normal, return to
normal values within 24 hours of insulin therapy and resolution
of hyperglycemia and dehydration [1]. We had previously
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suggested that these prompt responses to elevation of
cytokines and counterregulatory hormones may be due to
either anti-inflammatory effects of insulin or, more likely,
responses to stress of hyperglycemia. Because patients with
diabetes on antidiabetic agents experience hyperglycemia and
hypoglycemia, these excursions may provoke various
responses in the body. We have chosen hypoglycemia in
distinction to hyperglycemia to investigate if such a stress
would also produce similar responses to that of hyperglycemia.
Herein, we present the results of insulin-induced hypoglyce-
mia in 13 nondiabetic male subjects.

2. Research design and methods
2.1. Participants

Healthy male subjects with no history of current infection,
cardiovascular risk factors, metabolic syndrome, or abnor-
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mal glucose metabolism were invited to participate in the
study that was approved by the ethics committee of
Endocrinology and Metabolism Research Center of Tehran
University. On admission, after physical examination
including measuring the vital signs, blood was drawn
between 8:00 and 9:00 AM for the following tests: complete
metabolic profile, cell blood counts with differential,
hemoglobin A, (HbA ), thyroid function tests, oral glucose
tolerance tests, and fasting lipid profile. Subjects with any
abnormalities in the above-mentioned tests were excluded.
Thirteen eligible healthy male subjects entered the study.

2.2. Procedure

We performed the standard insulin tolerance test (ITT) on
the participants [2,3]. After a 30-minute rest in supine
position, basal blood sample was obtained between 8:00 and
9:00 am for measuring glucose, corticotropin (ACTH),
cortisol, growth hormone (GH), epinephrine (EP), norepi-
nephrine (NE), white blood cell count (WBC), proinflam-
matory cytokines (TNF-o, IL-6, IL-8, and IL-15), and FFA.
The ITT was performed by intravenous injection of 0.1 U of
regular insulin (H-Insulin, Hoechst, Frankfurt, Germany) per
kilogram of body weight. Vials of 50% glucose were
available in case blood glucose dropped to values less than
the critical level of 30 mg/dL or intolerable hypoglycemic
symptoms occurred.

Blood glucose levels were measured every 5 to 10 minutes
for the first 60 minutes and then every 30 to 60 minutes for
the next 3 hours. Vital signs were monitored closely during
the test. Venous blood samples for measurement of plasma
cortisol, catecholamines (EP, NE), GH, ACTH, WBC,
proinflammatory cytokines, DCF, MDA, leukocytes, and
FFA were taken at 0, 30, 45, 60, 120, and 240 minutes after
insulin injection. Adequate hypoglycemia was considered
when the blood glucose became less than 39 mg/dL and/or
when hypoglycemic symptoms including sweating and
tachycardia were present [2,3].

2.3. Laboratory measurements

Levels of proinflammatory cytokines (TNF-o, IL-1p, IL-
6, and IL-8), C-reactive protein, GH, ACTH, and cortisol
were measured in the plasma using a solid-phase, 2-site
sequential chemiluminescent immunometric assay on an
Immulite analyzer (Diagnostic Products, Los Angeles, CA).
The coefficients of variation of the assays were less than
5%. The instrument calibrations for the assays were
performed as recommended by the manufacturers and
were within the specifications. For assessment of plasma
NE and EP, blood was drawn into EDTA-coated Monov-
ettes (Sarstedt, Numbrecht, Germany) and immediately
centrifuged for 10 minutes at 2000g; the plasma was stored
at —80°C until analysis. Plasma NE and EP were
determined by high-pressure liquid chromatography (detec-
tion limit, 0.25 pg/mL; inter- and intraassay variance, <5%;
Laboratory for Stress Monitoring, Gottingen, Germany).

Lipid peroxidation markers (MDA) were measured by
thiobarbituric acid assay, and ROS were determined by
DCF method as described previously [1].

2.4. Statistical analysis

The means + SD were calculated for all continuous
variables. Data were analyzed using Stat View version 9.0.1
(SAS Institute, Cary, NC). All tests were 2-tailed, with the
significance level set at P less than .05. Missing data were
excluded listwise. Analysis of variance for repeated
measures was computed to investigate whether changes in
measured variables are significant across the various time
points. The area under the curve (AUC) for cytokines and
counterregulatory hormones was compared across time
intervals by regression analysis to determine whether any
excursion in counterregulatory hormones predicts the
changes in cytokines [4].

3. Results

Table 1 demonstrates the baseline characteristics of the
participants. During the ITT, no severe adverse events were
detected; and infusion of 50% glucose was not required
during the study, as hypoglycemia less than 30 mg/dL or
intolerable hypoglycemic symptoms did not occur in any of
participants. The mean nadir of hypoglycemia was 38.2 £4.3
mg/dL, which was recorded at 30 minutes. The levels of
counterregulatory hormones (GH, ACTH, EP, and NE),
WBC, proinflammatory cytokines, FFA, MDA, and DCF at
baseline, peak, and 240 minutes after insulin injection are
shown in Table 2.

Elevation of counterregulatory hormones in response to
hypoglycemia was as expected [2,3], with the earliest peaks
of EP and ACTH at 45 minutes after insulin injection. Peaks
of GH and cortisol were detected at 60 minutes after insulin
injection; and NE had an initial increase at 30 minutes after
insulin injection, but its peak occurred at 240 minutes after
insulin injection (Table 2).

Proinflammatory cytokines also increased in response to
hypoglycemia. Tumor necrosis factor—o had a peak at 45
minutes after insulin injection, which plateaued at 240
minutes. Peak of IL-6 was detected at 120 minutes, which
remained elevated at 240 minutes after insulin injection.

Table 1

Baseline characteristics of participants on admission

Parameters

Subjects (n) 13 (male)

Age (y) 30 +4.8°

Blood pressure (mm Hg) 120 + 0.4/76 + 0.3%
BMI(kg/m?) 23 +1.3°
Temperature (°F) 98.1 +1.2°

HbA . 5.6+ 1.06*

White blood cells x10% (/uL) 6.4+1.1*

# Data are mean = SD.
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Baseline values of measured counterregulatory hormones and cytokines, values at peak or nadir, and values at 240 minutes

Parameters Baseline values + SD Values at peak or nadir + SD Time (min) Values at 240 min = SD
Glucose (mg/dL) 102.2+£10.2 38.23 £19.9 (P <.001) 30 99.1 +13.79
Cortisol (ug/dL) 10.12 +4.9 1523 + 5.8 (P =.004) 60 7.93 £4.17
GH (ng/mL) 0.1 +0.03 27.28 £ 17.6 (P <.001) 60 29+63
ACTH (pg/mL) 79+7.7 47.48 £ 41.7 (P <.006) 45 5.1+£3.05
NE (ug/mL) 488 + 174.7 807.9 + 282.9 (P = .005) 240 807.9 +282.9
EP (ug/mL) 70.1 £28.3 1198.9 + 1030 (P <.001) 45 90.4 +31.1
WBC x103/uL 6.4+ 1.10 12.97 £2.9 (P <.001) 120 125+28
TNF-a (ug/mL) 6.1+238 8.1 +£2.8 (P <.001) 45 6.9+29
IL-6 (ug/mL) 2,18+ 1.2 3.94 £ 1.2 (P =.0009) 120 3.6+1.7
IL-8 (ug/mL) 8.43+£6.3 12.6 £ 7.7 (P =.04) 60 89+53
IL-1p (ug/mL) 0.70 + 1.04 1.12+£091 (P=.9) 240 1.12 +0.91
FFA (umol/L) 0.5+0.15 1.06 £ 0.27 (P <.001) 240 1.06 +0.27
MDA (umol/L) 0.6 0.1 2.7+0.2 (P <.001) 45 1.1£0.1
DCF (umol/L) 1.9+0.2 3.9+0.2 (P<.001) 45 22+0.1

Peak of IL-8 was detected at 60 minutes after insulin
injection, with near to baseline values at 240 minutes. Peak
of IL-18 was demonstrated at 240 minutes of insulin
injection (Table 2).

White blood cell counts also increased in hypoglycae-
mia, with the peak at 120 minutes after insulin injection,
which plateaued at 240 minutes. Peak of lipid peroxidation
marker (MDA) and ROS (DCF) was detected at 45
minutes after insulin injection, with near to baseline values
at 240 minutes.

As shown in Fig. 1, at 30 minutes after insulin injection,
nadir of FFA was detected, which may be secondary to the
antilipolytic effect of insulin. The subsequent incremental
changes in FFA, parallel to the changes of NE, may be due to
the lipolytic effects of NE. Elevation of GH in response to
hypoglycemia, which demonstrated steep peak within 60
minutes of insulin injection, was also associated with
lipolytic effect (Fig. 1).

We have measured AUCs of counterregulatory hor-
mones and proinflammatory cytokines and compared
these AUCs by regression analysis to detect the possible

correlation between counterregulatory hormones and
measured cytokines.

The AUC of EP correlated significantly with the AUC
of TNF-a (¢ = 2.14, P = .05) and IL-8 (¢ = 2.51, P = .027)
(Fig. 2). The AUC of cortisol correlated with the AUC of
IL-1B (¢t = 2.12, P = .05) (Fig. 3).

The AUC of ACTH correlated with the AUC of IL-6 with
borderline significance (¢ = 2.01, P = .06) (Fig. 4). By
applying peak-to-peak analysis, the peak of WBC at 120
minutes was associated with the peaks of cortisol and NE
(P <.05) (Fig. 5).

4. Discussion

In this study, we have demonstrated the responses of
body to the stress of hypoglycemia; these include the
well-known responses of counterregulatory hormones
[2,3] and previously unknown elevation of proinflamma-
tory cytokines, markers of lipid peroxidation and ROS, as
well as leukocytosis.
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Fig. 1. Decremental excursions of FFA and glucose and incremental excursions of GH and NE in response to insulin-induced hypoglycemia.
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Fig. 2. The changes in glucose, ACTH, cortisol, and IL-6 in response to insulin-induced hypoglycemia before, during, and after insulin injection.

Based on the present findings, EP is a predictor of
TNF-a and IL-8. Cortisol predicts the change of IL-1p.
Corticotropin predicts IL-6 with borderline significance.
Norepinephrine and cortisol are associated with peak value
of leukocytes.

We have demonstrated that acute hypoglycemic event
could provoke elevation of counterregulatory hormones and
cytokines similar to the hyperglycemic crises reported by us
previously [1]. However, quantitatively, hyperglycemia
produces greater level of these measured hormones and
cytokines than hypoglycemia. This could possibly be
explained by the fact that duration of hyperglycemic stress
was longer in DKA as shown by elevated HbA . and the
presence of additional stressful conditions such as dehydra-
tion, hyperlipidemia, and acidosis in these patients [1,5].
Elevations of counterregulatory hormones are expected in
hypoglycaemia [2,3] and are known to stimulate ketogenesis

Cortisol (ug/dl)

in DKA [6-9], but the actions of elevated proinflammatory
cytokines in both hypo- and hyperglycemia have not been
fully explained.

At the cellular level, we have shown that DKA induces
in situ activation of T Ilymphocytes (T cells) with
elaboration of proinflammatory cytokines, MDA, and
DCF [9]. Similarly, incubation of T cells in the presence
of high glucose [10] and palmitate [11] could also result in
the elevation of proinflammatory cytokines, MDA, and
DCF. However, the status of proinflammatory cytokines
and the activation of T cell in hypoglycemic media have
not been studied.

It has been recently established that elaboration of
proinflammatory cytokines is not limited to one organ or
tissue such as fat or liver but may include T cells and other
hematologic cells in the fat tissue [12,13] as well as the
presence of such cytokines in sympathoadrenal system
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Fig. 3. Incremental changes in EP, IL-8, and TNF-o before, during, and after insulin-induced hypoglycemia.
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Fig. 4. Effect of insulin-induced hypoglycemia

[14-18]. Furthermore, as an adaptive response, certain
cytokines may act as either proinflammatory or anti-
inflammatory mediators [19,20]. However, further studies
are needed to elucidate the underlying mechanism of
cytokines in response to different stressors such as
glycemic excursions.

In conclusion, based on the present study and our
previous in vivo and in vitro studies [1,9-11] as well as
recent reports in the literature [21-25], we propose that
elevation of proinflammatory cytokines may be an adaptive
response to acute stress for maintaining glucose homeostasis
in glycemic excursions. Additional studies are necessary to
determine the origin and function of cytokines in other
nonimmune systems including the hypothalamic-pituitary-
adrenal and sympathoadrenal system in response to acute
metabolic stresses in human.

4.1. Limitations of the present study

Our study has several limitations that must be noted.

2
Cortisol (ug/dl) O—QO
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Time (minutes)

on excursion of cortisol, NEP, IL-1, and leukocytes.

. Our investigation was limited to male subjects only.
One reason for the selection of this sex, however, was
to exclude the effects of various sex hormones during
menstrual cycles.

. The duration of our study was short and did not consist
of prolonged hypoglycemia or step down glucose with
the use of hypoglycemic clamp.

. The study was not performed with control by the use of
saline for 240 minutes, as intravenous ITT is a standard
procedure and is used without control in clinical
studies. The ITT tests were performed between 8:00
and 9:00 AM in all subjects, so diurnal variation was
kept to a minimum.

. This study was done in nondiabetic subjects. However,
the purpose was to establish the changes in proin-
flammatory cytokines and correlate them with counter-
regulatory hormones, which we have previously
shown to be increased in type 1 and type 2 diabetes
mellitus patients with DKA [1].
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Fig. 5. Effect of insulin-induced hypoglycemia on excursion of WBC, cortisol, and NE.
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