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Abstract

In diabetes mellitus and sepsis, low erythrocyte glutathione (GSH) concentrations are found. Whether this is caused by lowered GSH
production has not been clarified. To obtain insight in the relationship between erythrocyte GSH concentrations and GSH production, GSH
kinetics were measured in healthy male volunteers during 4 different clamps (low-dose or medium-dose insulin [100 or 400 pmol/L] and
euglycemia or hyperglycemia [5 or 12 mmol/L]) in a control setting (n = 6; all 4 clamps in the same subject) or after systemic administration
of lipopolysaccharide (to mimic sepsis) (4 groups of n = 6; each clamp in a different subject). Hyperinsulinemia decreased erythrocyte GSH
concentration (P = .042), but did not affect fractional synthetic rate (FSR) of GSH. Hyperglycemia did not affect erythrocyte GSH
concentration, but decreased FSR of GSH (P = .025). Lipopolysaccharide decreased erythrocyte GSH concentration (P < .001), but increased
FSR of erythrocyte GSH (P = .035). Depending on the metabolic circumstances, we found either stable GSH concentrations with lower
production rates or decreased levels with either no change or an increase in production rate. Based upon these data, it seems inappropriate to

infer conclusions about changes in synthesis rate of GSH from changes in its concentration.

© 2011 Elsevier Inc. All rights reserved.

1. Introduction

The tripeptide glutathione (y-glutamyl-cysteinyl-glycine;
GSH) is the main antioxidant defense system in humans.
Glutathione neutralizes reactive oxygen species (ROS) and
thereby plays a pivotal role in the defense against oxidative
stress. Oxidative stress indicates an excess of ROS due either
to overproduction of ROS or to a depletion of GSH, leading
to damage of protein, lipids, and DNA [1]. Glutathione
erythrocyte concentrations are depleted in several disease
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states, such as type | diabetes mellitus (DM1), type 2
diabetes mellitus, and sepsis [2-6]. Deregulation of GSH
metabolism is seen as an important contributor to the
development of complications in these diseases [7].

A decreased GSH erythrocyte concentration is the
consequence of a mismatch between GSH production and
GSH use or excessive oxidized GSH (GSSG) production.
Excessive GSSG in the erythrocyte is actively transported
outside the cell, thereby decreasing the total GSH concen-
tration. Decreased GSH production can be due to shortage of
its precursors: glutamate, glycine, and cysteine. Cysteine is
thought to be the most critical amino acid, as it is rate
limiting in GSH synthesis [7].

It has been reported that, in several other diseases,
supplements of cysteine can stimulate GSH synthesis [8-10].
Studies on the relationship between erythrocyte GSH
concentrations and its production are therefore of importance
because a lower synthesis rate may be susceptible to
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treatment with cysteine [11]. The scarce data on GSH
kinetics suggest however that a lower erythrocyte GSH
concentration is not always due to a lower rate of GSH
production. In poorly controlled patients with DMI,
erythrocyte GSH concentrations are low despite an elevated
fractional synthetic rate (FSR) [5]. In septic children, FSR of
erythrocyte GSH, as well as its concentration, is decreased
[6]. Under these circumstances, the disturbances in glucose
metabolism, which are almost always present during sepsis
[12]; a direct effect of the infection/sepsis; or a combination
of both factors might influence the relationship between
erythrocyte GSH production and its concentration.

To explore the relationship between erythrocyte GSH
concentration and GSH production in adults under different
metabolic circumstances, we studied FSR of erythrocyte
GSH and GSH concentration using stable isotopes during a
hyperinsulinemic (100 and 400 pmol/L), euglycemic (5
mmol/L), or hyperglycemic (12 mmol/L) clamp in healthy
male volunteers either in a control setting or after
administration of lipopolysaccharide (LPS; the toxic com-
ponent of the outer membrane of gram-negative bacteria) to
mimic a state of sepsis.

2. Patients and methods

The study was approved by the Medical Ethical
Committee of the Academic Medical Center in Amsterdam,
and all subjects gave written informed consent.

2.1. Volunteers and study groups

Thirty healthy, nonsmoking, male volunteers were
included. None of them used medication, had an infection
in the preceding 3 months, was overweight or obese (defined
as a body mass index >25 kg/m?), or had a positive family
history of diabetes. All volunteers had normal plasma values
of fasting glucose, erythrocyte sedimentation rate, complete
blood count, lipid profile, creatinine, and liver enzymes; and
all had a normal oral glucose tolerance test according to the
American Diabetes Association criteria [13]. Volunteers
were studied on 4 occasions: during euglycemia (5 mmol/L)
or hyperglycemia (12 mmol/L) in combination with either a
low-dose (100 pmol/L) or a medium-dose (400 pmol/L)
plasma insulin level.

In the control group (not receiving LPS), volunteers (n =
6) were studied during all 4 clamps in a crossover design in
random order. Because we considered it not feasible to
administer LPS twice to the same subjects, the clamps in
LPS-injected humans were performed in 4 separate groups,
each consisting of 6 volunteers (total, n = 24). Volunteers
were randomly assigned to each clamp group. For 3 days
before the study, all volunteers were asked to refrain from
vigorous exercise. The present study was part of a study on
the differential effects of plasma glucose and insulin
concentrations on several parameters relevant for critical ill

patients [14-18]. The data on GSH metabolism have not been
published earlier.

2.2. Protocol in the control and the LPS group

At 7:45 am in the LPS and 8:45 AM in the control
group, a catheter was inserted into an antecubital vein for
infusion of [3,3—2H2]cysteine, insulin, somatostatin, gluca-
gon, glucose (10% or 20%), and LPS (the difference in
time was due to a slight difference in study protocol).
Another catheter was inserted retrogradely into a contra-
lateral hand vein kept in a thermoregulated (60°C)
Plexiglas box for sampling of arterialized venous blood
(Fig. 1).

At T = 0:00 hour (15 minutes after insertion of the
catheters), a blood sample was drawn for determination of
background enrichment and GSH concentration. Thereafter,
a primed-continuous infusion of [3,3-*H,]cysteine (prime:
5.0 umol/kg; continuous: 0.08 umol kg™ min~"'; >98% pure
and >99% enriched; Cambridge Isotope Laboratories, Cam-
bridge, MA), together with somatostatin (250 ug-h;
Somatostatine-ucb, UCB Pharma BV, Breda, the
Netherlands), glucagon (1 ng-kg ''min~"'; GlucaGen, Novo
Nordisk, Alphen a/d Rijn, the Netherlands), insulin (Actra-
pid, Novo Nordisk, Alphen a/d Rijn, the Netherlands) at a
rate of 10 or 40 mU/m? body surface area per minute (aimed
for plasma insulin concentrations of 100 or 400 pmol/L,
respectively), and glucose (10% or 20%) at a variable rate to
obtain euglycemia (5 mmol/L) or hyperglycemia (12 mmol/L),
were started and continued for 6 hours in the control group
and for 8 hours in the LPS group. Somatostatin was
infused to prevent differences in insulin and glucagon
concentration between the LPS and the control group
during the clamps. Insulin was infused to obtain the
esteemed concentration of 100 or 400 pmol/L. As glucagon
is important for hepatic glucose production, this was
infused in a basal concentration.

In the LPS group, the euglycemic medium-dose insulin
clamp had a slightly different insulin infusion regimen after
an interim analysis of glucose and insulin in 3 subjects had
indicated that during the low-dose and the medium-dose
hyperglycemic clamps, the rate of infusion of somatostatin
appeared insufficient to achieve complete suppression of
endogenous insulin production between 7= 5:00 and T =
7:00 (2 and 4 hours after LPS administration) (data not
shown and not included in further analyses). To keep
distinct lower and high insulin concentrations from 7'= 5:00
onward, we included 6 new subjects in whom insulin
infusion in the medium-dose euglycemic clamp was
increased at this time point to 100 mU/m” body surface
area per minute.

At T = 3:00 hours (after 3 hours of clamping), purified,
lyophilized LPS (from Escherichia coli, lot G; United States
Pharmacopeial Convention, Rockville, MD) was adminis-
tered to the LPS group by intravenous bolus (4 ng/kg) after
reconstitution in sterile water for injection.
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LPS bolus 4 ng/kg

glucose 10 or 20% |

| insulin 10 or 40 mU-m*'min” |

400 pmol/L 5 mmol/L clamp: insulin 100 mU-m*'min"' |

LPS

| glucagon 1 ngkg'min’! |
| somatostatin 250 pg/h |
| [3.3-"H,Jeysteine: prime 5.00 umol-kg: continuous: 0.08 pumol-kg™'min™' |
| glucose 10 or 20% |
| insulin 10 or 40 pU-m>'min"' |

Control | glucagon 1 ngkg 'min”' I
| somatostatin 250 pg/h |
| [3,3-"H, ]eysteine: prime 5.00 pmol-kg; continuous: 0.08 pmol-kg 'min’* |

T (hours) 2:40 2:50 3:00 5:20 5:30 5:40 5:50 6:00 7:00 7:207:307:407:50 8:00

Blood 'ﬂ

110 0 T te4e000 00900

Fig. 1. Experimental design for the clamp studies in the control and LPS groups. 7= 0 hour is 8:00 AM in the LPS group and 9:00 AM in the control group. Black

arrow = control group; white arrow = LPS group.

2.3. Glucose and insulin concentration

Plasma glucose was measured every 5 minutes at bedside
from 7= 0:00 until 7= 6:00 in the control group and until 7=
8:00 in the LPS group. In the control group, from 7 = 2:40
until 7 = 3:00 and from 7 = 5:40 until 7 = 6:00, blood
samples were drawn every 10 minutes for determination of
the concentration of plasma insulin. In the “Results” section,
the mean values of these 3 measurements are used.

For determination of plasma insulin concentration in the
LPS group, blood samples were drawn at 7 = 0:00 and
hourly from 7 = 3:00 until 7= 8:00. Measurements of these
parameters were done as described before [19].

2.4. GSH enrichment

At T = 0:00, one blood sample was drawn for
determination of background enrichment in both groups.
From T = 5:20 until 7= 6:00 in the control group and from
T'=7:20 until 7= 8:00 in the LPS group, 5 blood samples
were drawn for measurement of [3,3-*H,]cysteine and GSH
enrichment. The mean values of these 5 samples will be
presented as GSH concentration at 7 = 6:00 and 7 = 8:00.
For calculation of the FSR of GSH, all 5 samples were used.

For measurement of [3,3-H,]cysteine and GSH enrich-
ment, 3 mL of venous blood was collected in K-EDTA tubes,
mixed, and divided into 2 portions. One portion was frozen
at —80°C and used for the analysis of whole blood GSH

concentration and isotopic enrichment. Glutathione is
produced in the erythrocyte, and only about 0.5% of the
whole blood GSH concentration is derived from plasma.
Therefore, measuring GSH concentration as well as its
isotopic enrichment in whole blood is a direct measure for
the erythrocyte concentration and enrichment.

The other tube was used for measurement of 3,3-H,-
cysteine enrichment in the erythrocytes. For a correct
estimate of the FSR, it is necessary that the precursor pool
enrichment is measured in the pool where synthesis takes
place. Glutathione is synthesized in erythrocytes; and
therefore, precursor pool enrichment in pure erythrocytes
should be used. Furthermore, 3,3-2H2—L—cysteine enrichment
of cysteine in plasma is much higher than enrichment in
erythrocytes. For these 2 reasons, the enrichment of d,-
cysteine should be measured in washed erythrocytes.
Therefore, after immediate centrifuging for 10 minutes at
1500g at 4°C, the upper liquid level was marked with a line
on the outside of the tube. After removal of the plasma, cold
sodium chloride (0.9% wt/vol) was added until the line on
the tube and mixed well to resuspend the cells. After
centrifuging for 10 minutes at 1500g, the supernatant was
removed again. This washing step was repeated twice, and
then the tube was filled up to the marking line with distilled
water and stored at —80°C.

Isotopic enrichments of cysteine and GSH were analyzed
as described by Capitan et al [20] with minor modifications.
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For the determination of the 3,3—2H2—cysteine enrichments,
a calibration curve was used; for the determination of the
d,-GSH enrichment, a slope of unity was assumed. The
concentration of GSH was determined by an internal
standard method, using homoGSH as an internal standard,
as described before [21].

Gass chromatography (GC)—mass spectrometry analysis
was carried out on a Hewlett Packard GC/mass selective
detector system (Model 6890/5973; HP, Palo Alto, CA). The
temperature of the GC injector was 250°C for cysteine and
270°C for GSH. The column used was an Agilent HPSms
column (internal diameter, 0.25 mm; df, 0.25 um) of 30 m
for the cysteine and 10 m for the GSH (Agilent, Palo Alto,
CA). Cysteine injections (1 uL) were made in the splitless
mode; GSH injections (0.5 uL) were made in the split mode
(ratio 10:1). Helium was used as carrier gas. The mass
spectrometer was used in the electron impact mode (electron
energy, 70 eV; source temperature, 230 °C; quad tempera-
ture, 150°C). Data acquisition and integration were done
using the HP Chemstation software (Version D.00.01, HP).
The ion fragments of the N,S-ethoxycarbonyl methyl ester
derivative of cysteine and GSH were recorded in the
selective ion monitoring mode at m/z 220 and m/z 222 for
cysteine and 3,3-2H2—cysteine, m/z 363 for GSH and hGSH,
and m/z 365 for d,-GSH.

2.5. Calculations

To correct for potential differences in baseline values, the
change in GSH concentration during all 4 clamps (7 = 6:00
compared with 7= 0:00 in the control group and 7 = 8:00
compared with 7 = 0:00 in the LPS group) was calculated
and expressed as the relative (percentage) difference.

The tracer-tracee ratio (TTR) of 3,3-*H,-cysteine was
calculated from the calibration graph where the measured

_ peak area 222
TTR TTRZHZ —Cysteine peak area 220

plotted against the theoretical TTR.
Tracer-tracee ratio of enrichment of GSH:

for the standards is

peak area 365

TTRy, - =
Re; -osit peak area 363

Tracer-tracee ratio values were corrected for natural
enrichment by subtracting the TTR before infusion (baseline
value) from the ones after infusion.

The FSR of GSH was calculated as:

ATTRg, - GsH

FSRgsy = 100 x 24 x —— AL
TR373*2H2*cyst

ATTRy, -Gsii - . ) )
—Adi M is the slope of the linear regression line of

TTRy,.gsn Vs ¢ (in hours), and TTRj3 3.p2.cys is the plateau
enrichment of 3,3-*H,-cysteine; 24 converts from per hour to
per day, and 100 converts a fraction of unity to a percentage.

Table 1

Tracer-tracee ratio of [3,3-2H,]cysteine in erythrocytes and d,-GSH in whole blood in the control and the LPS group during the low-dose (100 pmol/L) and the medium-dose (400 pmol/L) euglycemic (5 mmol/L) or

hyperglycemic (12 mmol/L) clamps

LPS group

7:40

Control group

8:00

7:50

7:30

7:20

6:00

5:50

5:40

5:30

5:20

0.82 £0.19
0.69 + 0.09
0.71 £0.05
0.66 +0.12

0.82 £0.18
0.71 £0.12
0.72 £ 0.04
0.67 +£0.14
2.32+0.51
0.87 +£0.24

0.81 £0.16
0.71 £ 0.09
0.71 £0.03

0.81 £0.17
0.71 £0.12
0.71 £ 0.05
0.66 +0.13
2.22+0.31
0.84 £0.22
0.96 £0.12
0.78 + 0.03

0.80 £0.13
0.68 £0.13
0.70 £ 0.05
0.65+0.13
2.16 £0.27
0.81 +£0.21
0.93 £0.10
0.74 £ 0.04

0.86 + 0.09
0.88 £ 0.07
0.86 + 0.09
0.87 £0.10
0.84 £ 0.23
0.77 £ 0.22
0.81 £0.19
0.75+0.17

0.87 £0.09
0.87 £0.08
0.85 +£0.09
0.87 £0.10
0.85+0.22

0.86 £ 0.09
0.87 £ 0.09
0.84 +£0.09
0.86 = 0.09
0.82 £0.21

0.85 +0.09
0.85+0.10
0.83 +0.09
0.85+0.10
0.78 £0.19
0.75 +0.23
0.73 £0.19
0.64 +0.15

0.85+0.10
0.86 +0.08
0.83 £0.10
0.84 £0.10

Euglycemic

Low dose

TTR (%), 3,3-*H,-cysteine

Hyperglycemic
Euglycemic

Medium dose

0.64+ 0.12
2.26+0.27
0.85+0.22

Hyperglycemic
Euglycemic

2.56 £ 0.30
0.88 +£0.26

0.78 £0.20
0.74 £0.22

Low dose

TTR (%) d)-GSH

0.77£0.24 0.79 £0.22

0.73 £0.19
0.73 £0.15

Hyperglycemic
Euglycemic

1.05+£0.11
0.82 £0.03

1.04 £0.14

0.81 £0.03

1.01 £0.13
0.78 £ 0.05

0.78 £0.18
0.71 £0.17

0.71 £0.16
0.68 £0.18

Medium dose

Hyperglycemic

Data are expressed as mean + SD; n = 6 in each group.
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2.6. Statistical analysis

All data are presented as median (range), except the data
in Table 1 (mean = SD). Volunteer characteristics were
compared using a Kruskal-Wallis test. To measure the effect
of time on erythrocyte GSH concentration, GSH concentra-
tions at the end of the clamp (7 = 6:00 in the control and
T = 8:00 in the LPS group) were compared with values at
the beginning of the clamp (7 = 0:00) using a Wilcoxon
signed rank test. All variables were rank transformed for
subsequent analysis. Within the control group, relative (per-
centage) change of GSH concentration and FSR of GSH
from the 4 different clamps was compared using a repeated-
measures analysis of variance (ANOVA). Compound
symmetry for measurements within patients was assumed.

Within the LPS group, relative (percentage) change of
GSH concentration and FSR of GSH from the 4 different
clamps was compared using an ANOVA. In case of the
existence of an overall effect, the clamps within each group
(control or LPS) were compared with the low-dose
euglycemic clamp using a post hoc test. To analyze the
effect of the medium-dose insulin (400 pmol/L), high
glucose (12 mmol/L), LPS, and their interactions, results
of all the clamps from the control or LPS group were
compared using a repeated-measures ANOVA. Probability
values < .05 were considered statistically significant. SPSS
statistical software version 12.0.1 (SPSS, Chicago, IL) was
used to analyze the data.

3. Results

3.1. Subjects characteristics

There was no difference in age (years) or body mass
index (kilograms per square meter) between the control
group (n = 6; respectively: 22 [22-23]; 21.7 [21.0-23.4])
and the LPS group (low dose: euglycemic [n=6]: 23 [20-25];
22.0[19.9-23.6] and hyperglycemic [n = 6]: 22 [19-25]; 23.3
[20.2-24.6]; medium dose: euglycemic [n = 6]: 25 [21-27];
22.1[20.9-23.7] and hyperglycemic [n= 6]: 22 [18-27]; 21.8
[20.6-24.6]) (P = .249 and .837, respectively).

3.2. Control group glucose and insulin levels

The plasma glucose and insulin levels during all clamps
have been published before [14]. In short, plasma glucose
levels remained at approximately 5 mmol/L throughout the
low-dose and medium-dose insulin euglycemic clamp (both
P < .05 compared with the low-dose and medium-dose
hyperglycemic clamp). In the low-dose insulin hyperglyce-
mic and the medium-dose insulin hyperglycemic clamp,
plasma glucose concentrations rapidly increased during the
first hour and from 3 hours onward remained stable at
approximately 12 mmol/L.

Plasma insulin concentrations in the low-dose hypergly-
cemic clamp were modestly higher compared with the low-
dose euglycemic clamp (127 = 19 vs 89 £ 6 pmol/L,

respectively; P < .05). In the medium-dose euglycemic and
the medium-dose hyperglycemic clamp, target plasma
insulin concentrations were reached from 7' = 3:00 onward
(408 + 61 and 443 + 34 pmol/L at T = 6:00, respectively)
(P <.05 for the difference with either of the low-dose clamps).

3.3. Control group erythrocyte GSH concentration and FSR

At the beginning of the clamps, GSH concentrations
were similar. At 7' = 6:00, erythrocyte GSH concentration
had declined most during the medium-dose hyperglycemic
clamp (compared with the low-dose euglycemic clamp [P =
.002]). The FSR of GSH was lowest during the medium-
dose hyperglycemic clamp (compared with the low-dose
euglycemic clamp [P = .018]).

3.4. LPS group glucose and insulin levels

The plasma glucose and insulin levels during all clamps
have been published before [16]. In short, throughout the
low-dose and the medium-dose euglycemic clamps, plasma
glucose levels remained at approximately 5 mmol/L. In the
low-dose and medium-dose hyperglycemic clamps, plasma
glucose levels rapidly increased during the first hour; and
from 7 = 2:00 onward, plasma glucose levels remained
stable at approximately 12 mmol/L, except for a temporary
small drop between 7'= 5:00 and 7'= 7:00 (2 and 4 hours,
respectively, after LPS injection) (P < .001 for the
difference between the euglycemic and either of the 2
hyperglycemic clamps).

Plasma insulin concentrations were statistically different
between the low-dose and the medium-dose clamps, except
between 7'= 5:00 and 7= 7:00 when insulin concentrations
increased in all clamps except the low-dose euglycemic
clamp (P <.001 for all time points except from 7= 5:00 until
T'=7:00). Values reached during these increases were higher
than the attempted values of 100 and 400 pmol/L.

3.5. LPS group erythrocyte GSH concentration and FSR

At the beginning and the end of the clamps, GSH
concentrations between clamps did not differ. Fractional
synthetic rate of GSH was equal in all clamps.

3.6. Control vs LPS group erythrocyte GSH concentration
and FSR

At T = 0:00, there was no difference in GSH
concentration between the control and the LPS groups.
Erythrocyte GSH concentration in both the control and the
LPS groups was lowered by high insulin concentration (P =
.042), whereas FSR of GSH was unaffected. Lipopolysac-
charide decreased erythrocyte GSH concentration (P <.001),
but increased FSR of erythrocyte GSH (P = .035).
Hyperglycemia did not affect erythrocyte GSH concentration
but decreased FSR of GSH (P = .025).
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4. Discussion

It is generally assumed that a decreased erythrocyte
GSH concentration is due to a decreased erythrocyte GSH
production. The results of the present study show for the
first time in adults that erythrocyte GSH concentration can
be decreased (by high insulin concentration and LPS),
whereas FSR of GSH can be, respectively, unaffected or
increased. Moreover, stable erythrocyte GSH concentration
(during hyperglycemia) can be accompanied by a de-
creased FSR of GSH. These differential effects on
erythrocyte GSH concentration and production show that
a direct relationship between these 2 parameters does not
necessarily exist.

The decreasing effect of hyperinsulinemia on erythrocyte
GSH concentration, despite the absence of an effect on FSR,
indicates increased use of GSH due to excessive ROS or an
increased GSSG loss [7]. Considering the lack of mitochon-
dria in erythrocytes, the last option is the most likely. A
possible explanation for this decreased GSH concentration
might be the (non—insulin-mediated) glucose influx into the
cell, leading to an increased flux via the polyol pathway [22].
In the polyol pathway, NADPH is a mandatory cofactor.
Glutathione reductase also needs NADPH to reduce GSSG.

If less NADPH is available for glutathione reductase,
GSSG concentration rises. Excess GSSG either is actively
exported from the cells or reacts with protein sulfhydryls,
via a mixed disulfide reaction. This leads to a net loss of
total GSH [7]. In general, a decrease of erythrocyte GSH
concentration has been seen in all clamps and could be
considered an effect of time or an effect of diurnal
variation [23].

The lowering effect of LPS on erythrocyte GSH
concentrations and the stimulating effect on erythrocyte
FSR of GSH in our study in adults are similar to prior
findings on GSH concentrations in septic pediatric patients,
but contrast with their finding of decreased erythrocyte GSH
production [6]. Noteworthy is that, in the latter study, the
control group was composed of surgical patients and
therefore not healthy controls. Literature is not conclusive
on this point, as other (scarce) data indicate that, in animals,
endotoxemia has both an increasing as well as a neutral
effect on erythrocyte GSH concentration and FSR of
erythrocyte GSH [24,25].

An important difference between these studies and our
results is the time course of the systemic inflammatory
response. Inflammatory reactions in the endotoxemia model
are self-limiting within several hours to 1 day, in contrast to
responses in septic patients [26]. Another difference between
patients and our model used is that patients are often fed
enterally and we used fasted subjects. Measurements of the
mentioned studies were performed at (maximal) 48 hours
after LPS injection, whereas our measurements took place
5 hours after endotoxemia.

The inhibiting effect of hyperglycemia on FSR of
erythrocyte GSH in the presence of an unaffected erythrocyte

GSH concentration seems to be in contrast with the elevated
FSR of GSH and the depleted erythrocyte GSH found in
poorly controlled DM1 subjects [5]. However, the reason-
ably well-controlled DM1 subjects described by Darmaun
et al [5] have significantly lower erythrocyte GSH
concentrations compared with the healthy volunteers, but
an unchanged FSR of GSH.

The unchanged FSR was present despite an increased
erythrocyte free cysteine concentration compared with the
healthy controls. As a close relationship between GSH
production and cysteine concentration is supposed, this is a
remarkable finding. Unfortunately, in our study, no data on
erythrocyte cysteine concentrations were available. Despite
this, we consider the data presented by Darmaun et al [5],
although apparently different, to support our conclusion that
no direct relationship between erythrocyte GSH concentra-
tion and its production can be assumed.

A possible explanation for our different findings could be
the short-term glucose deregulation in our subjects vs the
chronic glucose deregulation in the diabetic subjects. In
addition, a direct effect of the somatostatin or glucagon
infusions cannot be ruled out. It has been suggested that a
decreased growth hormone production decreases GSH
production [11]. Although no study has been published so
far to confirm this supposition in human erythrocytes, we
cannot exclude an inhibiting effect on the FSR of GSH by
somatostatin in our studies. As somatostatin was used in all
clamps during the control as well as the LPS setting, this
could not have had a significant impact on our conclusions.
The exact mechanism leading to this decreased erythrocyte
GSH production remains to be established.

The published data on FSR of erythrocyte GSH are equal
to previous studies from our group [27,28], but are higher
compared with the results of other studies [5,6,10,20]. This
difference can be explained by the precursor pool enrichment
for FSR determination for which washing of the erythrocytes
is essential. Because the FSR is calculated by dividing the
increase in GSH enrichment by the precursor pool
enrichment, values calculated with TTR in washed erythro-
cytes will be much higher than reported until now because
the denominator is much lower, as enrichment in those
studies is higher because of the high isotope concentration in
adhering plasma.

A possible confounding factor is the difference in study
period between the control and the LPS groups, with a
concomitant increase in enrichment in cysteine in the LPS
group. However, this possibility is less likely, as when
during these 2 hours enrichment of cysteine would have
increased because of, for example, recycling of the label, a
lower production would have been found instead of the
observed increase in production.

As described earlier [16], although we used somatostatin
to suppress endogenous insulin and glucagon production
during all clamps, we did not achieve complete suppression:
from 2 until 4 hours after LPS administration, somatostatin
did not completely block hyperglycemia-driven insulin



S.N. van der Crabben et al. / Metabolism Clinical and Experimental 60 (2011) 99—-106 105

production in the hyperglycemic clamps. Importantly, before
and after this time window, suppression by somatostatin
seemed adequate, as indicated by a clear separation between
high and low glucose and insulin levels. Apparently, factors
in the early inflammation phase interfered with the
suppressive effect of somatostatin. Using a higher dose of
somatostatin would have been problematic because this can
have nausea as an adverse effect. Using the current dose,
the combination with endotoxin already induced nausea in
19 of 24 volunteers. Therefore, we chose to adjust the
protocol for the 400-pmol/L:5-mmol/L clamp to keep
sufficient distinction between glucose and insulin levels
in the 4 different clamps.

In conclusion, the results of our study indicate that no
direct relationship between GSH concentration and GSH
production can be assumed. Distinct metabolic circum-
stances have a differential effect on GSH concentration and
production rate. This is especially important when consid-
ering use of supplements in diseases with low GSH
concentrations with the aim to increase GSH production
rate. Further research to explore the exact mechanism of
discrepancies between GSH production and GSH concentra-
tions is necessary for assessing the best therapeutic
intervention to prevent oxidative damage that may lead to
a decrease in morbidity and mortality from diseases
characterized by high oxidative stress.
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