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AGING, AGE-RELATED MACULAR DEGENERATION, AND DIABETES
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Abstract—Blood samples were analyzed for GSH and GSH redox state in 40 age-related macular degeneration
(ARMD) patients (. 60 y), 33 non-ARMD diabetic patients (. 60 years), 27 similarly aged non-ARMD and
nondiabetic individuals (. 60 years), and 19 younger individuals (, 60 years) without ARMD or diabetes. Results
showed a significantly lower plasma GSH in older individuals (ARMD, diabetes, and controls) than in younger
individuals (p , .01). Total GSH (GSHt) obtained following treatment with dithiothreitol was significantly lower only
in diabetic cases (p , .05) but also approached significance for ARMD cases (p 5 .089). Estimation of redox potential
indicated that the plasma GSH pool is considerably more oxidized in all of the older groups. Analyses of whole blood
GSH showed that GSH was significantly lower in diabetic cases compared to the other groups, but did not reveal any
difference associated with age or ARMD. In contrast, GSSG in whole blood was significantly higher in the older groups
compared to the younger controls. The results suggest that in studies of age-related pathologies, oxidation of GSH may
be a more important parameter than a decline in pool size, while in specific pathologies such as diabetes, both oxidation
and a decline in pool size may be important. © 1998 Elsevier Science Inc.

Keywords—Glutathione, Glutathione disulfide, Redox state, Blood plasma, Human, Macular degeneration, Diabetes,
Aging, Antioxidants, Free radical

INTRODUCTION

Glutathione is an important antioxidant that functions
directly in elimination of toxic peroxides and aldehydes
and indirectly in maintaining vitamins C and E in their
reduced and functional forms.1–3 Vitamin C deficiency
results in decreased plasma GSH4 and vitamin E supple-
mentation increases plasma GSH.5 Both vitamin C and E
concentrations in plasma decrease with age,6,7 suggest-
ing that GSH may also decrease in plasma with age. A
study of total GSH (GSHt: GSH plus oxidized forms) in
plasma of individuals aged 18–61 also suggested that
GSH may decline with age8 and Kretzschmar and
Muller9 reported that the mean plasma GSH for five
individuals age 18–35 years was higher than five indi-
viduals age 36–45, and seven individuals age 46–57.

Lang et al.10 found decreased erythrocyte GSH in asso-
ciation with aging. Because of the important antioxidant
roles of GSH, such declines in plasma or tissue GSH
could contribute to development and/or progression of
age-related toxicities and diseases.

Alternatively, several disease processes have been
associated with decreased plasma GSH. For instance,
alcoholic cirrhosis results in decreased plasma GSH,
apparently due to decreased hepatic GSH synthesis and
release.11 Infection with human immunodeficiency virus
is associated with decreased plasma GSH12,13 due to a
systemic decrease in synthesis.14 Decreased plasma GSH
has also been found in patients with cystic fibrosis,15 and
animal studies show that protein malnutrition and
chronic hypoxia also result in decreased plasma GSH.16

Thus, progression of a chronic disease may also cause a
decrease in plasma GSH.

The purpose of the present study was to determine
whether plasma GSH is decreased in patients with reti-
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nopathies associated with two common age-related dis-
eases, ARMD, and diabetes, and to see whether changes
are unique to the disease or associated with aging.
ARMD is thought to occur as a consequence of oxidative
injury to the retinal pigment epithelium.17,18 Increased
plasma levels of lipid peroxides17 and decreased plasma
antioxidants19 have been found in subjects with ARMD.
Type II diabetes is a common age-related disease with
several associated complications, including diabetic ret-
inopathy, which could be associated with oxidative pro-
cesses. Previous studies have shown that the erythrocyte
GSH is decreased20–22and plasma GSSG is increased in
diabetes.23 In addition, plasma lipid peroxide concentra-
tions are increased.24 The present results show that dia-
betic patients and possibly ARMD patients have a
smaller and more oxidized plasma GSH pool than sim-
ilarly aged, unaffected individuals. In addition, the re-
sults suggest that an oxidation of the plasma GSH pool
may be an important change associated with aging even
if the GSH pool size does not change markedly.

MATERIALS AND METHODS

Recruitment and study population

This study was reviewed and approved by the Inves-
tigational Review Board of Emory University and per-
formed in accordance with the ethical standards in the
1975 Declaration of Helsinki, as revised in 1983. Partic-
ipants gave their informed consent prior to inclusion in
the study. Older subjects (. 60 years) were recruited
from patients of the Retina Service at the Emory Eye
Clinic and individuals who accompanied them. Patients
carrying the diagnosis of ARMD had a minimum of five
drusen in each eye, with some vision loss related to the
macular disease. Diabetic patients were diagnosed
through chart history; the majority were type II diabetics
managed for diabetic retinopathy. Younger subjects (,
60) were recruited from Emory University employees
and students. Blood samples were collected during June–
August 1992. Although some blacks were included in
the data collection, blacks were excluded from analy-
ses because there were no black ARMD cases and a
previous study showed that plasma GSH differs be-
tween whites and nonwhites.8 Because we had no way
to control for smoking and smoking is known to affect
antioxidant status, data for smokers were also ex-
cluded from analysis.

Data collection

Subjects were interviewed to obtain data on race/
ethnic background, age, education, and vitamin and min-
eral supplement intake. Blood was obtained by venipunc-

ture and processed immediately so that plasma was
added to ice-cold 5-sulfosalicylic acid at 2 min after
blood was drawn. In preliminary studies using blood
collection into evacuated tubes (Vacutainers), some sam-
ples had a slight reddish color suggesting that hemolysis
can occur by this procedure. We therefore compared
GSHt values for plasma obtained following blood col-
lection into Vacutainers with that obtained from blood of
the same individuals collected with a butterfly needle and
syringe. The results showed that mean values for the
Vacutainer method (7.866 0.66) were higher than val-
ues for plasma obtained by the butterfly needle/syringe
method even though the samples were processed and
analyzed identically after the blood draw. We concluded
that the higher values obtained with the Vacutainer
method were probably due to slight hemolysis (which
was visible in some samples and verified spec-
trophotometrically25). Thus, to avoid erroneously high
values for GSH due to hemolysis, blood was collected
using a butterfly needle and syringe.

Blood (0.8 ml) was immediately dripped from the
syringe into Eppendorf tubes containing 50 mM acivicin
(7.5 ml), 0.2% (w/v) heparin (100ml), and 16.2 mM
bathophenanthroline disulfonic acid (92.5ml). Tubes
were inverted to mix and spun in a microcentrifuge for
30 s. Plasma (0.5 ml) was transferred to ice-cold 10%
(w/v) 5-sulfosalicylic acid (0.25 ml) at 2 min after the
blood was withdrawn into the syringe. This standardized
processing minimized interindividual variation due to
GSH loss during collection. Our previous studies indi-
cate that there is approximately 20% loss of GSH during
the 2-min processing time,26 and no efforts were made to
correct for this loss. However, samples were treated
identically so that all should be affected similarly. Acivi-
cin was included to protect against GSH loss due to
degradation byg-glutamyltranspeptidase. Comparison of
GSH values obtained with acivicin to values for plasma
collected without acivicin or with another inhibitor,
serine-borate, indicated that degradation by this enzyme
during the 2-min collection and processing time does not
affect the results. Samples were stored at270°C for up
to 2 weeks prior to derivatization and analyzed within 2
weeks of derivatization. Stability studies showed no sig-
nificant loss of GSH for this duration of storage. For
whole-blood analyses, 0.5 ml blood was added to ice-
cold 10% (w/v) 5-sulfosalicylic acid (1 ml) and stored
at 270°C.

Plasma GSHt samples were neutralized and treated
with 10 mM dithiothreitol for 15 min,26 a condition that
gave maximal GSH concentrations. Each sample was
then acidified with 0.5 volumes of 30% (w/v) trichloro-
acetic acid and spun for 2 min in a microcentrifuge.
Samples were extracted with methanol:chloroform (2:1)
to remove lipids and derivatized at pH 8 with 40 mM
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iodoacetic acid and 1-fluoro-2,4-dinitrobenzene [1.5%
(v/v) in absolute ethanol] as described by Fariss and
Reed27 except that the derivatization time was increased
to . 8 h. GSH and GSSG derivatives were separated by
high performance liquid chromatography (HPLC) on a
gradient HPLC with an Ultrasil amine column (Beck-
man) and quantified relative to standards by absorbance
at 365 nm.27 Signal was linear down to 0.5mM GSH
with an injection volume of 100ml.

Dithiothreitol was purchased from Baxter Diagnostics
Incorporated, McGaw Park, IL. Methanol was HPLC
grade (Fisher Scientific, Pittsburgh, PA). All other chem-
icals were purchased from Sigma Chemical Company,
St. Louis, MO.

Statistics

Analysis of variance (ANOVA) was used to compare
blood levels among cases and controls. Statistical anal-
yses were done on log-transformed data and geometric
means and SEM are reported. Because plasma GSHt
differs for males and females,8 analyses reported were
controlled for sex. Without controlling for sex, results
were comparable for all analyses except comparison of
GSHt in plasma of ARMD vs.. 60 years controls. In
this case, a significant difference (p , .05) was present
without controlling for sex but was lost when data were
controlled for sex (p 5 .089).

RESULTS

Table 1 shows the basic demographic characteristics
of participants. Cases and older controls had similar age,
sex, and educational distributions. However, a greater
proportion of ARMD cases than diabetic cases or con-
trols were taking vitamin supplements.

A comparison of GSH concentrations (Fig. 1) showed
that younger individuals had significantly higher plasma
GSH than the older controls or patients (p , .01). The
diabetic patients had lower GSH values than the older
controls (p , .02), but values for ARMD patients were
not significantly lower than older controls. The results
for GSHt (Fig. 1) showed that the diabetic cases had
significantly lower plasma GSHt (p , .05) than the older
controls and that there was a trend toward lower GSHt in

the ARMD subjects compared to older controls (p 5
.089). However, there was no significant difference in the
GSHt between the older and younger controls. Thus, the
results suggest that the decline in GSH with aging is
largely due to a decrease in GSH, per se, while diabetes
and ARMD are associated with a decrease in the total
GSH pool (GSHt). This could occur if there is an age-
related decline in the ratio of reduced to oxidized forms
of GSH.

When the amount of glutathionyl moiety present as
oxidized forms is calculated as the difference between
GSHt and GSH in plasma (Fig. 1), the results show that
the older groups have substantially more glutathione
present as disulfides in the blood plasma. If one assumes
that all of the oxidized moiety is present as GSSG, one
can estimate the redox potential (Eh) of the GSH/GSSG
redox couple in the plasma from the Nernst equation and
these mean values (Table 2). The results suggest that the
Eh is about 45 mV more oxidized in the older subjects. A
difference (19 to 24 mV) is also apparent between the
values for diabetics and the values for ARMD and older

Table 1. Demographic Characteristics Excluding Smokers and Blacks

% Male Median Age (Range) % Using Vitamin Supplements Median Years Education (Range)

Controls, 60y (n 5 19) 42.1 (n 5 8) 31 (19 – 42) N/A N/A
Controls. 60y (n 5 27) 44.4 (n 5 12) 72 (62 – 87) 48.1 (n 5 13) 12 (5 – 17)
ARMD cases (n 5 40) 40.0 (n 5 16) 74 (63 – 93) 75.0 (n 5 30) 13 (7 – 17)
Diabetes cases (n 5 33) 45.4 (n 5 15) 71 (60 – 80) 63.6 (n 5 21) 13 (4 – 20)

Fig. 1. Plasma GSH and GSHt levels in individuals under 60 years and
in individuals over 60 years without and with ARMD or diabetes. GSH
is given as open bars. Data shown are the geometric mean (6 SEM)
for , 60 years controls (n 5 19),. 60 years controls (n 5 27), ARMD
patients (n 5 40), and diabetic patients (n 5 33). Geometric means
(and 95% confidence intervals) for young, older, ARMD and diabetic
subjects are (inmM): 1.89 (1.66, 2.14), 1.32 (1.09, 1.60), 1.18 (1.00,
1.41), and 0.71 (0.51,0.98), respectively. *Significantly different from
older groups,p , .01. **Significantly different from both control
groups,p , .02. GSHt is given as filled bars and includes reduced
glutathione, glutathione disulfide, and other disulfide forms obtained
following treatment with dithiothreitol. Data shown are the geometric
means of plasma GSHt6 SEM. Geometric means (and 95% confi-
dence intervals) for younger controls, older controls, ARMD subjects,
and diabetic subjects are (inmM): 1.92 (1.65, 2.25), 1.86 (1.56, 2.14),
1.48 (1.28, 1.78), and 1.41 (1.16, 1.72), respectively.1Significantly
different from older and younger controls (p , .05).
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controls. Eh values are shifted 9 mV more reducing if one
assumes that half of the oxidized GSH is present as
GSSG and the other half as a mixed disulfide with
cysteine28 (Table 2), but the pattern of differences re-
main. Thus, the results indicate that a decline in antiox-
idant status of the GSH pool may occur independently of
the change in pool size described above.

Because previous studies have shown that decreased
erythrocyte GSH is associated with aging10 and
diabetes,20–22we examined whether a shift in redox state
of the erythrocyte GSH pool was also present. For this,
we used whole-blood measurements because erythro-
cytes account for almost all of the whole-blood GSH.
The results show that GSH is significantly lower in the
diabetic group, but the ARMD cases, older controls and
younger controls were not significantly different from
each other (Fig. 2). In contrast, the whole-blood GSSG
was significantly lower in the younger individuals (p ,
.05) compared to either older group (Fig. 2). The ARMD,
diabetic, and older controls were not significantly differ-
ent from each other.

Calculations of Eh for the different conditions (Table
2) show that the GSH/GSSG pool is more oxidized in the
erythrocytes of diabetics than either of the control groups
or the ARMD group. Of interest, the Eh is the same in the
older and younger control groups, indicating that the
redox difference observed in the plasma is not present in
the erythrocytes. Thus, the significantly lower GSSG in
the erythrocytes of the younger controls (see above) may
be a result of differences in pool size rather than being a
consequence of a difference in redox status. The values
for the ARMD patients were not sufficiently different (4
to 5 mV) from the controls to know whether this repre-
sents a real difference from the controls and will require
additional investigation.

DISCUSSION

The activity of GSH as an antioxidant can be ex-
pressed in two ways: as a function of GSH concentration,

and as a function of the redox state of the GSH/GSSG
pool. Enzymes that utilize GSH as a substrate may be
dependent solely upon the concentration of GSH while
redox-sensitive processes may be dependent upon the
redox state of GSH. At present, it is not clear which of
these parameters is more important as a potential risk
factor for age-related toxicities or an indicator of oxida-
tive stress. The present results suggest that an oxidation
of the plasma GSH pool may be an important change
associated with aging even if the GSH pool size does not
change markedly. In contrast, in diabetes and probably
ARMD, a change in pool size occurs in addition to a
change in redox state.

The analytical procedure used for GSH measurement
is an HPLC method with absorbance detection that has

Table 2. Calculated Redox Potential (Eh) for GSH Pool in Blood Plasma and Erythrocytes of Younger and Older
Controls and Patients with ARMD or Diabetesa

Group

Plasma GSSG (mM)
Estimated as

(GSHt-GSH)/2 Plasma Eh
b (mV)

Plasma GSSG (mM)
Estimated as

(GSHt-GSH)/4 Plasma Eh
c (mV) Erythrocyte Eh (mV)

Controls, 60 Gy 0.015 2131 0.008 2140 2193
Controls. 60 Gy 0.27 284 0.135 293 2192
ARMD 0.15 289 0.075 298 2188
Diabetes 0.35 265 0.175 274 2179

a Values were calculated as Eh 5 Eo 1 RT/2F In [GSSG]/[GSH]2 where Eo was taken as20.24V32 using data given in Fig. 1.
b GSSG was estimated as (GSHt2 GSH)/2.
c Values were calculated with GSSG5 (GSHt2 GSH)/4, based upon direct measurements of GSSG and the mixed disulfide of GSH and cysteine

in human plasma which show that about half of the total oxidized GSH is present as GSSG.28

Fig. 2. Whole-blood GSH and GSSG levels in individuals under 60
years and in individuals over 60 years without and with ARMD or
diabetes. Data shown by open bars (left-hand scale) are the geometric
means of whole blood GSH for young individuals (n 5 19), older
controls (n 5 27), ARMD patients (n 5 40), and diabetic patients (n 5
33). Geometric means (and 95% confidence intervals) for young, older,
ARMD and diabetic subjects are (inmM): 962 (885, 1004), 1006 (842,
1202), 976 (870, 1093), and 713 (609, 835), respectively. *Significant-
ly different from other groups,p , .05. Data shown by hatched bars are
the geometric means of whole-blood GSSG6 SEM. Geometric means
(and 95% confidence intervals) for young, older, ARMD, and diabetic
subjects are (inmM): 84 (64, 111), 111 (84, 147), 131 (110, 157), and
135 (117,156), respectively.1Significantly different from ARMD and
diabetic patients,p , .01.
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been used widely for measurement of GSH and GSSG.
The method is sufficiently sensitive to measure GSH in
human plasma but does not allow quantitation of GSSG
or other oxidized forms. Consequently, the approach
used measured GSH directly and the total GSH (GSHt)
following reduction with dithiothreitol. Subsequent mea-
surement of oxidized forms of GSH in plasma of 10
healthy individuals (20–40 years) with a more sensitive
fluorometric method has shown that about half of the
oxidized GSH is present as GSSG and half as a disulfide
with cysteine.28 Thus, the lack of a significant difference
between GSH and GSHt in the younger age group in the
present study appears to be due to variability in the assay
rather than due to the absence of GSH-containing disul-
fides in the plasma of the younger individuals.

Animal studies have shown that liver and plasma
GSH undergo diurnal variations as a consequence of
eating patterns;29 studies of human bone marrow have
also revealed a diurnal variation.30 In a previous study of
plasma GSHt in humans, we found no effect of time
interval between the most recent meal and the plasma
value.8 However, in a study of diurnal variation in 17
young, healthy subjects, we found that values were rel-
atively constant during the day (0800–1700 h) except for
transient increases within an hour of eating.31 Although
we did not control the time of sampling, the time be-
tween the last meal and blood sampling was at least 1 h
for most, if not all, of the subjects. Thus, diurnal varia-
tions or differences in eating habits between the groups
appears to be an unlikely explanation for the observed
differences in GSH and GSH redox state.

Calculation of Eh required use of an estimate of the
standard potential Eo for the 2 GSH/GSSG couple. For
this purpose, the value of2240 mV32 was used. As other
estimates of Eo are in the range of2230 to2260 for pH
7.033–34 and a pH effect of about 30 mV/pH unit is
expected,33 the calculated Eh cannot be considered a
precise measure of Eh. However, the conclusions made
concerning the differences in Eh between groups are
likely to reflect real differences in Eh because calcula-
tions assuming that only half of the oxidized GSH is
present as GSSG resulted in the same characteristics as
when it was assumed that all was present as GSSG (see
Table 2).

An oxidation of the thiol-disulfide redox state may
have dramatic effects on cell functions because transcrip-
tional regulation of gene expression is sensitive to redox
state35 and changes in redox affect cell proliferation
rate36 and apoptosis.37 Consequently, the apparent shift
in the plasma GSH pool to a more oxidized state may be
an important factor in the risk of many age-related tox-
icities and pathologies. The current study shows that the
Eh for diabetic cases is more positive (oxidized) than for
the other groups, which may reflect a further disease-

related oxidative stress. The Eh for ARMD is not differ-
ent from that of the similarly aged controls, but the
ARMD patients reported higher vitamin supplement in-
take than the controls. Thus, for ARMD, higher intake of
antioxidant vitamins, which has been started after onset
of the disease, could prevent detection of a difference in
the redox state that contributed to disease development.

Previous studies have shown that serum antioxidants
such as Vitamin E decrease with advancing age.7 A
decrease in vitamins C, E, andb-carotene in serum has
also been found in subjects with ARMD,20 and decreases
in vitamin C andb-carotene were found in experimen-
tally induced diabetes in rats.38 Thus, the observed dif-
ferences in GSH concentration and redox status in the
plasma are consistent with an emerging view that anti-
oxidant defenses decline with aging and age-related dis-
ease processes.

The mechanistic basis for differences in GSH and
GSH redox state in association with aging and/or diabe-
tes or macular degeneration is not clear. Ookhtens and
Mittur39 found that plasma GSH in mature rats is mostly
cleared by conversion to cysteine or cystine. Assuming
that this data is relevant to humans, an increase ing-glu-
tamyltranspeptidase activity could account for a de-
creased GSHt due to increased degradation. Alterna-
tively, a decrease in GSH could occur due to decreased
release from tissues, either as a consequence of de-
creased intracellular concentrations or due to decreased
GSH transporter functions with aging. An oxidation of
GSH in plasma could also reflect a generalized oxidative
stress or a decline in antioxidant systems in tissues.
GSSG appears to be released from most cells as a con-
sequence of oxidative stress so that an oxidation of the
cellular pool could shift the balance of GSH and GSSG
efflux and change the extracellular redox state.

In contrast to the plasma values, the Eh for the GSH
pool in erythrocytes was not altered in association with
age. However, the data suggest that the GSH/GSSG
redox state is more oxidized in diabetic cases, and pos-
sibly ARMD cases. Previous studies have shown a de-
creased level of erythrocyte GSH and an increase in
GSSG in diabetes.20–23Such changes could occur in part
because of decreased synthesis of GSH; decreased activ-
ity of g-glutamylcysteine synthetase has been previously
found in erythrocytes of diabetics.21 Because decreased
synthesis cannot readily explain the observed difference
in Eh, it appears likely that other effects, such as in-
creased use of GSH to detoxify peroxides or decreased
activity of glucose 6-phosphate dehydrogenase or GSSG
reductase, contribute to the differences observed.23

In summary, the estimated plasma GSH pool in
individuals . 60 years was substantially oxidized
when compared to individuals, 60 years. The plasma
GSH pool in diabetic and possibly ARMD cases were
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more oxidized than similarly aged controls. The eryth-
rocyte pools were similarly oxidized in diabetic and
possibly ARMD cases; however, no age-related de-
crease in redox status of the erythrocyte was found.
The results are consistent with the interpretation that
there is a generalized oxidation associated with aging
that may contribute to the development of age-related
toxicities and pathology.
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