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A Decrease in Cysteine Levels Causes the Glutathione Deficiency of 
Aging in the Mosquito (42660) 
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Abstract. Our previous results indicated that a glutathione (GSH) deficiency is a determi- 
nant of the aging process in many tissues and organisms. Correction of this deficiency in the 
aging mosquito by feeding the cysteine (Cys) precursor magnesium thiazolidine carboxylic acid 
(MgTc) suggested that the cause could be a lack of Cys. Adult mosquitoes (Aedes aegypti) were 
fed either a control diet or a diet supplemented with MgTC and then were analyzed for their 
Cys, cystine, GSH, and glutathione disulfide contents with our HPLC method. The life span 
profile of Cys levels paralleled that of GSH in the control group with high levels in the young 
that decreased during maturity and aging. Cystine and glutathione disulfide were undetectable. 
The causal relationship between the Cys and the GSH deficiencies was shown in the MgTC- 
supplemented group with an 83% increase in Cys and a 39% increase in GSH relative to control 
values. Further the conversion steps of MgTC to Cys and then to GSH were verified by use of 
buthionine sulfoximine. These results demonstrate that a Cys deficiency occurs in the aging 
mosquito and is the cause of the GSH deficiency. o 1988 society for Experimental Biology and Medicine. 

A deficiency of glutathione (GSH), a uni- 
versally found antioxidant with a wide vari- 
ety of important metabolic functions, ap- 
pears to be a general phenomenon of aging 
tissues. This decrease, which occurred in a 
variety of tissues from different organisms 
such as mosquito ( 1,2), mouse (3), and man 
(4, 5) ,  supports our earlier findings of aging 
decreases in reducing capacity, such as lower 
levels of several NADP' -linked enzyme ac- 
tivities (6, 7), NADPH/NADP+ ratios (S), 
protein biosynthesis (9), and DNA replica- 
tion in vivo (10). 

In the mosquito the deficiency of GSH was 
due to a decrease in its biosynthesis (1 1). 
However, the specific impairment was un- 
known and could be due to a lack of precur- 
sor amino acids or cofactors or to decreased 
enzyme activities. 

Recent results led us to hypothesize that a 
lack of cysteine (Cys), a GSH precursor, is 
responsible for the decreased biosynthesis 
(12) and thus the GSH deficiency of aging. 
We found that both GSH levels and life span 
increased concomitantly in adult mosquitoes 
fed magnesium thiazolidine-4-carboxylic 
acid (MgTC) (12), a putative Cys precursor 
(1 3, 14). Further, old mosquitoes retained 
the same capacity for this GSH enhancement 
as younger adults. 

Our objectives were to test this hypothesis 
by determining the levels of Cys and GSH in 
the aging mosquito and to investigate the 
role of Cys in the MgTC enhancement of 
GSH. This approach was possible because of 
our recent development of an HPLC method 
for the simultaneous determination of Cys, 
cystine, GSH, and glutathione disulfide 
(GSSG) levels (1 5). 

For these experiments the yellow fever 
mosquito (Aedes aegypti) was selected be- 
cause of its unique advantages. It is a multi- 
cellular, eukaryotic organism that resembles 
mammals in its biochemical composition 
and nutritional requirements for growth and 
has been validated as a model of aging 

Materials and Methods. Experimental or- 
ganism and its culture. The experimental or- 
ganism was the yellow fever mosquito, A.  ae- 
gypti (Louisville), which has been colonized 
in this laboratory for over 20 years, amount- 
ing to about 300 generations. The chronolog- 
ical and biological ages of adult mosquitoes 
were as follows: 0-6 days, end of metamor- 
phosis; 7-22 days, mature; 23-35 days, old; 
35+ days, very old. These ages were charac- 
terized from survival curves and from DNA 
and protein profiles (19) of cohort popula- 
tions that were cultured and aged under our 

(16-18). 
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standard conditions. The median survival 
time for these mosquitoes was 29 f 2 days, a 
value which has been reproducible for sev- 
eral decades. 

Our standardized culture procedure with 
defined conditions was used to produce 
mosquitoes of all ages throughout the life 
cycle (1 7). The procedure is outlined as fol- 
lows: Eggs stored at 22°C for less than 1 
month were synchronously hatched by agi- 
tating them for several minutes in distilled 
water on a vortex mixer. Larvae which 
emerged within 15 min were transferred to 
culture pans containing distilled water with a 
mineral supplement corresponding to that 
described by Lang et al. (16). An aqueous 
10% (w/v) suspension of dessicated hog liver 
(Teklad, Madison, WI) was added daily to 
maintain a bacterial infusion, which is the 
principal source of nutrients for the growing 
larvae. 

Pupae were transferred to distilled water 
for adult emergence. Adult mosquitoes were 
fed from cotton pads moistened with 10% 
(w/v) sucrose solution, which simulates the 
normal diet of plant and fruit nectars for 
adult mosquitoes. Blood meals, which are 
required only for ovarian development in fe- 
males (20), were withheld to avoid this com- 
plication. Indeed, results comparing blood- 
fed vs sucrose-fed adults indicated a much 
shorter life span for the blood-fed mosqui- 
toes (21). 

Materials. DL-Buthionine-(S,R)-sulphoxi- 
mine (BSO) was obtained from Chemical 
Dynamics Corp. (South Plainfield, NJ) 
MgTC was a generous gift from Dr. Jaime 
Miquel (Farmacia Diana, Denia, Spain). 
GSH, GSSG, CYS, and cystine were ob- 
tained from Sigma Chemical Co. (St. Louis, 
MO). All other chemicals were reagent grade, 
and the water used was double glass-distilled. 

Experimental feeding regimen. From 25 to 
30 female 12-day-old adult mosquitoes of 
different ages were placed in cages consisting 
of glass lantern chimneys fitted with nylon 
net tops and screened petri dish bottoms. 
Control groups were fed a normal diet of 
10% (w/v) sucrose solution. The experimen- 
tal groups were fed 10% sucrose solution 
supplemented with either 0.05% (w/v) 
MgTC or 0.1% (w/v) BSO or with a combi- 
nation of 0.05% MgTC and 0.1% BSO. This 

concentration of MgTC was previously 
shown to increase both GSH levels and lon- 
gevity ( 12), and preliminary results demon- 
strated that this level of BSO decreased GSH 
levels by about 50%. All solutions were pro- 
vided on cotton pads placed on the tops of 
the cages and were replaced every other day. 
An environmental temperature of 29 f 1°C 
and a 12-hr light cycle was maintained 
throughout the investigation. After 8 days of 
treatment, the mosquitoes were processed 
for HPLC analysis. 

Preparation of samples. Samples of 8-15 
mosquitoes were cold inactivated, and ho- 
mogenates (10% (w/v)) were prepared in ice- 
cold 5.0% (w/v) metaphosphoric acid using 
an all-glass Ten Broeck homogenizer. After 
centrifugation at 14,OOOg for 15 min, the su- 
pernatants were collected and analyzed by 
HPLC. 

Analysis of glutathione and cyst(e)ine. 
GSH, GSSG, Cys, and cystine were sepa- 
rated and quantified simultaneously by 
HPLC with dual electrochemical detection 
using a novel method (1 5) .  In brief, portions 
of acid supernatants were diluted 1/20 with 
HPLC solvent, and 20-111 aliquot was in- 
jected onto the reverse-phase column and 
eluted isocratically using a solvent of 96% 
(v/v) 0.1 M monochloroacetic acid, pH 3.0, 
and 4% (v/v) methanol and an ion-pairing 
reagent of 2.0 mM heptane sulfonic acid with 
a flow rate of 1 ml/min. The compounds 
were detected in the eluant with a dual elec- 
trochemical detector of two Au/Hg elec- 
trodes in series. The resultant profiles (nA vs 
sec) were quantified on the basis of peak area 
and the use of authentic external standards. 
The standards contained Cys (0.5-5 p M ) ,  
cystine (1-10 pM), GSH (8-80 pM) ,  and 
GSSG (1-20 pA4) and were prepared daily. 

Statistical methods. Student’s t test was 
used for statistical comparisons, and a test 
for independence was used to demonstrate 
whether slopes were different from zero (22). 

Results. Validation of the method. The key 
feature of this investigation was the use of an 
analytical method specific for Cys, cystine, 
GSH, and GSSG. This method was validated 
in mosquito samples by adding known 
amounts of authentic compounds to mos- 
quito samples before homogenization and 
determining their recovery (Table I). Several 
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TABLE I. RECOVERY OF CYSTEINE, CYSTINE, GSH, AND GSSG ADDED TO ADULT MOSQUITO SAMPLES 

Analyte Sample Analyte added Sample + addition % Recovery 

Cysteine 6.98 f 0.226" 7.50" 
Cystine <0.05 5 .OO 
GSH 82.3 2 6.23 79.5 
GSSG <0.05 5 .OO 

14.9 k 0.422" 
4.73 f 0.430 
157 t- 4.46 

5.22 _t 0.231 

103 
95 
97 

104 

Note. Known amounts of cysteine, cystine, GSH, and GSSG were added to different samples of 8-12 adult 
( 12-day-old) mosquitoes before tissue processing. The results were expressed as the means k SEM for three samples, 
and recovery was given as percentages of added analyte recovered compared to calculated amounts. 

" nmole/sample. The sample size was 1 ml for each analyte and contained 9 1 mg of tissue. 

concentrations of each sample were assayed 
to ensure proportionality between chromato- 
graphic peak area and sample size. Recover- 
ies of the added compounds ranged from 95 
to 104%, indicating that the processing and 
analytical methods were valid for the quanti- 
tative determination of cyst( e)ine and gluta- 
thione in mosquito tissues. 

HPLC pro3les. Typical chromatographic 
profiles of a standard solution of authentic 
compounds and a mosquito sample are 
shown in Fig. 1. Only GSH and Cys were 
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FIG. 1. HPLC profile of an adult mosquito sample. A 
pooled sample of 15 adult ( 12-day-old) mosquitoes was 
processed as described in the text. After dilution in 
HPLC buffer, a 2 0 4  aliquot was injected onto the 
HPLC column and eluted as described in the text. The 
standard chromatogram represents 60 pmole cystine, 30 
pmole cysteine, 480 pmole GSH, and 60 pmole GSSG. 
Cystine and CSSG were not found. The peak labeled MP 
is due to meta-phosphoric acid used as the protein pre- 
cipitant in the sample processing. 

found in the samples since cystine and GSSG 
were below the detection limits of 1 pmole/ 
mg. All peak areas of samples corresponded 
to 300 to 600 pmole of GSH and 10 to 40 
pmole of Cys. 

Life span pro3les of Cys and GSH. The 
Cys and GSH levels as well as the GSH/Cys 
ratios during the life span of the adult mos- 
quito are shown in Fig. 2. The levels are ex- 
pressed per milligram of fresh tissue since 
our previous studies showed that weight, 
DNA, and protein content are equivalent 
biochemical parameters of cell size and num- 
ber in all stages of the mosquito (10, 19). The 
GSH content was 12-23 times greater than 
that of Cys throughout the life span. 

The GSH levels decreased from 2.04 
k 0.0676 to 1.10 -+ 0.0475 nmole/mg during 
the first 7 days of adult life, a period repre- 
senting the end of metamorphosis. From 8 to 
48 days, the periods of maturity and senes- 
cence, the GSH content decreased 40%. 
These GSH values confirmed our earlier 
values (3). 

Similarly the Cys levels decreased from 
0.143 f 0.00359 to 0.0901 k 0.00847 
nmole/mg during the first 7 days and de- 
creased 60% during maturity and senescence. 
The Cys profile paralleled that for GSH as 
demonstrated by the GSH/Cys ratios which 
were constant throughout most of the life 
span. However, in the very old, 47-day mos- 
quitoes a larger decrease in Cys than in GSH 
resulted in a higher ratio. 

The Cys and GSH decreases in the aging 
mosquito coincided with a rapid decrease in 
survival, and all decreases were statistically 
significant (P < 0.001). It is unlikely that 
starvation was responsible for the aging de- 
creases in GSH and Cys because no changes 
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FIG. 2. Correlation of cysteine and glutathione levels 
during the life span of the mosquito. Cysteine and re- 
duced glutathione levels were determined in pooled 
samples of 12-15 adult mosquitoes of different ages 
throughout the life span. Cystine and oxidized glutathi- 
one were not found. The relative concentration levels for 
the CYS, GSH, and GSH/CYS profiles were based on 
their 7-day values expressed as 100% (0). Each point and 
bar represent the means f SEM of 4 to 10 samples. Bars 
were omitted when the SEM was less than the size of the 
point. 

in levels were observed in mature and old 
adults maintained on water alone for up to 3 
days. 
Eflect of MgTC on Cys and GSH levels. 

The effects of MgTC and BSO feeding on 

Cys and GSH levels are shown in Table 11. 
MgTC alone increased the concentration of 
Cys by 83% and GSH by 39%. BSO feeding 
caused an increase in Cys of 100% but, in 
contrast, a decrease in GSH levels of 31% 
compared to those in the control groups. 
When a combination of MgTC and BSO was 
fed, an increase of 160% in Cys was observed, 
but GSH levels were 25% lower than the 
controls. This specific block of GSH synthe- 
tase provides strong evidence that the MgTC 
effect on GSH is through Cys. 

Discussion. The present results demon- 
strate that a decrease in Cys levels is the cause 
of the GSH deficiency of aging in the mos- 
quito. The key findings were the correlation 
of Cys and GSH concentrations with aging 
and the concomitant increase in both by 
feeding a Cys precursor. 

We believe that a combined Cys and GSH 
deficiency is a biochemical determinant of 
the aging process, since the specific correc- 
tion of either results in an increased longev- 
ity of the mosquito (12). This deficiency is 
not due to a general nutritional lack of pro- 
teins or amino acids, because dietary supple- 
ments of cystine, Glu, Gly, Ser, and GSSG 
had no effect on either the tissue content of 
GSH or Cys or the life span. GSH and Cys 
supplements also were ineffective, probably 
due to the poor transport and rapid autoxi- 
dation of these compounds (23). 

The aging decrease in Cys content is to our 
knowledge the first demonstration in any 
normally aging organism. This decrease oc- 
curred concurrently and was well correlated 
with a decrease in GSH levels (? = 0.99). 

TABLE 11. MgTC Is A SPECIFIC PRECURSOR OF CYSTEINE 

Cysteine Reduced glutathione 

Diet group nmole/g % of control nmole/g % of control 

Control 68.2 f 15.9 (100) 816 f 60.6 (100) 
0.05% MgTC 124 f 15.9* 183 1140 f 54.2** 139 
0.1% BSO 137 f 23.4* 200 566 k 48.9* 69 
0.05% MgTC + 0.10% BSO 177 -I- 12.4** 260 627 f 40.6 77 

Note. Cysteine and reduced glutathione levels were determined in pooled samples of 12-15 adult (12-day old) 
mosquitoes fed a control diet or a diet supplemented with 0.05% (w/v) MgTC, 0.10% BSO, or both 0.05% MgTC and 
0.10% BSO for 8 days. Results were expressed as the means +- SEM for four samples. 

* Difference from control is statistically significant, P -= 0.0 1. 
** Difference from control is statistically significant, P < 0.00 1. 
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Both the Cys and GSH decreases were un- 
usual, for the free amino acid, protein, and 
DNA levels are constant in the mature and 
old mosquito (1 9). 

The cause of the aging deficiency in Cys in 
the mosquito is unknown but could be due 
to a decreased rate of formation or an in- 
creased rate of utilization or degradation. 
Regardless of the specific cause, our results 
showed that the deficiency is corrected by 
nutritional modification. 

A decreased level of Cys, like that of GSH, 
may also occur in other organisms and ac- 
count for the GSH deficiency of aging. In- 
deed our preliminary results suggest that a 
Cys deficiency also occurs in the aging 
mouse and can be corrected by Cys precur- 
sors. Further investigation is necessary to de- 
termine the generality of this phenomenon 
and its underlying cause. 

The causal relationship between the Cys 
and the GSH deficiencies was demonstrated 
by MgTC supplementation which caused 
concomitant increases in Cys and GSH. Fur- 
ther, the specific conversion steps of MgTC 
to Cys and to GSH were verified by the addi- 
tion of BSO, an inhibitor of GSH synthetase, 
which blocked the MgTC enhancement of 
GSH but not Cys. 

A major signficance of the findings is the 
discovery of a Cys deficiency in aging. Cys is 
important in protein biosynthesis, as a com- 
ponent of the active sites of many enzymes, 
and as a major determinant of secondary and 
tertiary protein structure. Indeed a Cys defi- 
ciency could be responsible for the decrease 
in protein biosynthesis observed in the aging 
mouse and mosquito (9, 24-26). 

An additional effect of the Cys deficiency 
is that it can give rise to a lack of GSH, which 
has many well-established metabolic roles. 
These roles have been reviewed extensively 
(27-30) and include the maintenance of cell 
membranes, destruction of metabolic perox- 
ides and free radicals, detoxification of the 
xenobiotics, maintenance of sulfhydryl 
groups of enzymes and proteins, control of 
redox status and disulfide-exchange reac- 
tions, regulation of enzyme activities, and 
translocation of amino acid and peptides 
across membranes. 

The results also provide direct evidence of 
the in vivo conversion of MgTC to Cys. Our 

earlier results suggested this possibility be- 
cause MgTC enhanced GSH levels ( 12). Also 
as indirect evidence of MgTC conversion to 
Cys were the findings that it could replace 
Cys as a nutrient in the rat (1 3), that MgTC 
was enzymatically converted to Cys in vitro 
by proline oxidase (14), and that other thiao- 
lidine carboxylic acids such as the 2-0x0 and 
2-methyl derivatives were converted to Cys 
in vitro and increase GSH levels in vivo 
(31, 32). 

Finally, of special interest, these findings 
together with our earlier results (12) demon- 
strated that the nutritional modification of 
Cys affects both GSH levels and longevity. 
Therefore, the role of dietary Cys and other 
sulfur amino acids is a fruitful area for future 
study. 
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