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Abstract:

This study was designed to investigate the effect of aspirin (ASA) on anaerobic cysteine metabolism, which yields sulfane sulfur-

containing compounds and hydrogen sulfide (H�S), in mouse liver and brain. In order to solve this problem, we determined the levels

of sulfane sulfur and H�S, and the activities of cystathionase, the enzyme directly engaged in H�S synthesis, and rhodanese, the en-

zyme that catalyzes sulfane sulfur transfer to different acceptors. Moreover, we examined the effect of ASA on glial Gomori-positive

cells (GGPC) in the brain that contain sulfur-rich glial Gomori-positive material (GGPM).

The studies indicated an ASA-induced decrease in H�S levels in the brain and an increase in the liver. ASA-treated animals had

lower cerebral levels of GGPM-containing GGPCs but the sulfane sulfur level was not affected. Conversely, the sulfane sulfur con-

tent in the liver dropped. ASA did not change cystathionase and rhodanese activity in either organ.

The obtained results revealed that ASA was able to influence anaerobic cysteine metabolism, leading to the formation of sulfane sul-

fur and H�S in the mouse liver and brain, and to affect the numbers of GGPM-containing GGPCs.
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Introduction

Acetylsalicylic acid, (aspirin, ASA) has been com-

monly used in medicine since its synthesis by the Ger-

man company Bayer in 1897. Aspirin is a type of non-

steroidal anti-inflammatory drug (NSAID). One of its

principal mechanisms of action involves the inhibi-

tion of prostanoid synthesis. Prostanoid synthesis is

catalyzed by COX-1 and COX-2. Prostanoids produce

very diverse effects, which explain why the effects of

aspirin span widely from anti-inflammatory to antipy-

retic and analgesic properties. Enthusiastic authors

call aspirin a symbol of the 20th century and suggest

that this compound should have a status of vitamin [8,

21]. This enthusiasm is justified by the fact that more

specific molecular mechanisms underpinning aspi-

rin’s action have come to light and new pharmacol-

ogical applications of this drug have been reported.
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Scheme 1. Synthesis of hydrogen sulfide (H�S, S��) from cysteine by cystathionine �-synthase (CBS) and cystathionase (CSE)

Scheme 2. Metabolism of cysteine to sulfane sulfur compounds. S* – sulfane sulfur, (1) cysteine aminotransferase, (2) nonenzymatic or with
sulfide oxidase participation, MPST – 3-mercaptopyruvate sulfurtransferase, TST – rhodanese, CSE – �-cystathionase, Alb – albumin



In this study, we investigated the effect of aspirin

on anaerobic cysteine metabolism, which results in

the production of sulfane sulfur compounds and hy-

drogen sulfide in the livers and brains of mice. Sul-

fane sulfur is defined as a labile, exceptionally reac-

tive sulfur atom occurring in the 0 or -1 oxidation

state, covalently bound with another sulfur atom. Sul-

fane sulfur is formed during anaerobic cysteine me-

tabolism and can be a direct H2S precursor as well as

a component of oxidation products, e.g., thiosulfate

(Schemes 1, 2) [12, 15, 36].

The question of a conceivable relationship between

sulfane sulfur and H2S, and the presence of Gomori-

positive glial cells (GGPCs) containing sulfur-rich

glial Gomori-positive material (GGPM) in the brain,

has yet to be answered (Fig. 1). The biological role of

GGPM remains unknown. There are hypotheses sug-

gesting that GGPM can fulfill a protective function in

the brain [28]. X-ray and UV exposure, and certain

drugs have been shown to increase the density of

GGPM [33].

The problem of a link between ASA pharmacology

and sulfur metabolism is also of interest because nitric

oxide (NO) also appears to play an important role in

the ASA action. Moreover, aspirin has been shown to

intensify endothelial NO production by triggering

synthesis of 15-epilipoxine A4, a mediator responsible

for nitric oxide synthase activation [11]. On the other

hand, it is known that NO increases cystathionase ac-

tivity (�-cystathionine lyase; CSE), which is involved

in the production of both sulfane sulfur and H2S

(Schemes 1, 2) [11, 41]. In addition, the studies of

Fiorucci et al. have indicated that ASA/NSAIDs re-

duce H2S generation by directly modulating the ex-

pression/activity of CSE, which, according to the

authors, is a new, COX-independent, mechanism of

action of NSAIDs [10].

In summary, multicenter studies have indicated that

ASA and sulfur metabolism may be linked. Moreover,

a comparison of the biological activities of ASA and

H2S showed striking analogies (Tab. 1).

Based on present state knowledge, we decided to

determine whether ASA administration can influence

the levels of sulfane sulfur and H2S, and the activities

of cystathionase and rhodanese, the enzyme partici-

pating in sulfane sulfur transfer to different acceptors

(Scheme 2), in the livers and brains of mice. We also

examined the influence of ASA on GGPM-containing

GGPC density in the mouse brain.

Materials and Methods

Animals

Female albino Swiss mice weighing approximately

20 g were used. Animals were housed in plastic cages

in room at a constant temperature of 20 ± 2oC with

natural light-dark cycles. They had free access to

standard pellet diet and water. All experiments were

conducted according to guidelines of the Animal Use

and Care Committee of the Jagiellonian University

(Kraków, Poland).
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Fig. 1. Demonstration of mouse brain fragment staining according to
Gomori’s method (magnification 400�). The glial Gomori-positive ma-
terial (GGPM) is indicated by arrows

Tab. 1. Mechanism of biological action of ASA and H
�
S

Mechanism of
biological action

ASA Example
references

H�S Example
references

Anti-inflammatory
effects

yes [8, 37] yes [13, 38]

Inhibition of MAP
kinase activation

yes [7, 8] yes [26]

Inhibition of NF�B
activation

yes [7] yes [23]

ROS scavenging
properties

yes [27] yes [39, 40]



Chemicals

Laspal (DL-lysine acetylsalicylate) was obtained from

Sanofi-Synthelabo (Le Plessis Robinson, France). p-Phe-

nylenediamine, N,N-dimethyl-p-phenylenediamine sul-

fate, homoserine, potassium cyanide (KCN), pyri-

doxal 5’-phosphate, 3-methyl-2-benzothiazolinone hy-

drazone (MBTH), Folin-Ciocalteau reagent and tri-

chloroacetic acid (TCA) were provided by Sigma

Chemical Co. (St. Louis, MO, USA). All the other

reagents were of analytical grade and were obtained

from Polish Chemical Reagent Company (POCh, Gli-

wice, Poland).

Experimental design

The animals were divided randomly into two groups

of 17 animals each. The first group was treated ip

with 0.9% NaCl in a volume of 0.2 ml for 5 days and

considered to be the control. The second group was

treated ip with aspirin, lysine salt, at a dose of 10 mg

(on pure aspirin basis) per kg of body weight for

5 days. On the 5th day, mice were sacrificed by cervi-

cal dislocation. Subsequently, each of the two groups

(control and aspirin-treated) was divided in the fol-

lowing way:

– 6 mice in each group – the livers and brains were re-

moved, washed in 0.9% NaCl, placed in liquid nitro-

gen, and stored at –80oC until biochemical (bound

sulfane sulfur, activities of rhodanese and cys-

tathionase) investigations were performed.

– 6 mice in each group – the livers and brains were

used for hydrogen sulfide determination.

– 5 mice in each group – the brains were collected for

histological examination.

Preparation of tissue homogenates

The frozen brains and livers were weighed and ho-

mogenates were prepared by homogenization of 1 g

of the tissue in 4 ml of 0.1 M phosphate buffer, pH 7.4,

using the IKA-ULTRA-TURRAX T8 homogenizer.

The homogenates were next used for assaying levels

of sulfane sulfur hydrogen sulfide, and activities of

cysthathionase and rhodanese.

Biochemical investigations

The bound sulfane sulfur content was determined us-

ing a modification of Ogasawara’s method [22]. In

this method, the bound sulfur is easily liberated as

sulfide after reduction by dithiothreitol. The released

sulfide is converted into a fluorescent derivative, thio-

nine, in a reaction with p-phenylenediamine and ferric

ion. Thionine levels are determined by a fluorometric

method.

Measurements of H2S concentrations were per-

formed by the use of the modified method of Siegel

[29].

Enzymatic activity of cysthathionase was deter-

mined according to Matsuo and Greenberg [19] with

modifications. L-homoserine was used as a substrate,

while pyridoxal phosphate was a coenzyme. �-Keto-

butyric acid formed from L-homoserine was assayed

using 3-methyl-2-benzothiazolinone hydrazone ac-

cording to the method of Soda [30].

The activity of rhodanese was assayed according to

Sörbo’s method measuring the amount of SCN–

formed during incubation [31].

Protein content was measured using Lowry’s

method [18].

Histological examination

Immediately after the death of mice, for the histologi-

cal experiments, the brains were quickly removed,

trimmed and fixed by immersion in Bouin’s fluid for

24 h. Subsequently, the brains were dehydrated in

graded concentrations of ethanol, cleared in xylene

and embedded in paraffin. Seven-micrometer sections

were stained using Gomori’s chrome hematoxylin-

phloxin method [24]. The amount of sulfur-rich glial

Gomori-positive material present in a visual field un-

der 400× magnification was evaluated in 20 adjacent

sections, as well as the amount of Gomori-positive

neurosecretion present in perikarya axons of neurose-

cretory supraoptic and paraventricular nuclei, and the

neural lobe.

Statistical analysis

All statistical calculations were carried out with the

STATISTICA 8.0 computer program.

The mean and standard deviation of the mean were

calculated for each group. Normal distribution was

verified with the Kolmogorow-Smirnow test. Data

were analyzed by Student’s t-test. Values of p � 0.05

were considered statistically significant.
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Results

In the liver, ASA significantly lowered sulfane sulfur

and H2S levels but had no effect on cystathionase or

rhodanese activities (Tab. 2).

In the brain, ASA increased H2S levels but did not

influence sulfane sulfur levels or cystathionase and

rhodanese activities (Tab. 3).

In the experimental group of mice, which were ad-

ministered ASA, there was a statistically significant

drop (Tab. 3) in number of cells containing GGPM

(47.21% of control value).

Discussion

The present studies demonstrated that ASA signifi-

cantly diminished the density of GGPCs containing

the sulfur-rich GGPM in the brain, and lowered H2S

levels without any accompanying changes in sulfane

sulfur levels. The studies of Sura et al. on in male and

female BALB/c mice showed that ASA treatment re-

sulted in a significant decrease in the amount of

GGPM present in GGPCs [35]. Recent research of

Srebro et al. revealed that sulfur present in the GGPC

could undergo cyanolysis, a characteristic feature of

sulfane sulfur [32]. As we proved that ASA reduced

H2S levels in the brain while sulfane sulfur levels did

not change, it can be supposed that the sulfur-rich

GGPM-containing GGPCs maintain the physiological

level of sulfane sulfur in this organ. Our previous

studies have revealed that diallyl disulfide (DADS),

a sulfane sulfur precursor, increased GGPC density

while those of cyanide, a sulfane sulfur acceptor, di-

minished GGPC density. However, neither compound

altered sulfane sulfur levels in the mouse brain. This

indicates that the sulfane sulfur concentration in the

brain is stable and has to be precisely regulated. The

sulfur contained in GGPCs can play a significant role

in this process. This mechanism does not operate with

H2S, whose cerebral concentration declined in ASA-

treated animals. Endogenous H2S is formed in reac-

tions catalyzed by cystathionine �-synthase (CBS)

and cystathionase (cystathionine �-lyase, CSE), and

formed by a non-enzymatic conversion of thiocys-

teine (Scheme 1) [3, 17]. Our studies did not detect

any effects of ASA on rhodanese and cystathionase

activities in the mouse brain. The available data sug-

gest that CBS has the greatest effect on H2S levels in
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Tab. 2. Effect of ASA treatment on the concentrations or activities of analytes under study in the livers of mice

Treatment Bound sulfane sulfur Hydrogen sulfide Cystathionase Rhodanese

Control

ASA

80.14 ± 12.01

68.27� ± 15.53

p < 0.05

1.52 ± 0.04

1.15� ± 0.04

p < 0.001

8.16 ± 1.94

8.55 ± 2.28

NS

0.85 ± 0.20

0.87 ± 0.21

NS

� Student’s t-test, significance p < 0.05 in comparison to control value, � Student’s t-test, significance p < 0.001 in comparison to control value,
NS – not statistically significant. Activity of the enzymes was expressed in nmol of the product formed during 1 min of incubation per 1 mg of
protein. The bound sulfane sulfur and hydrogen sulfide content was expressed in nmol per 1 g of wet weight

Tab. 3. Effect of ASA treatment on the concentrations or activities of analytes under study in the brain of mice

Treatment Bound sulfane sulfur Hydrogen sulfide Cystathionase Rhodanese Number of cells
containing GGPM

Control

ASA

36.06 ± 6.70

41.11 ± 4.58

NS

0.23 ± 0.03

0.37� ± 0.01

p < 0.001

0.38 ± 0.035

0.39 ± 0.046

NS

0.10 ± 0.01

0.11 ± 0.01

NS

1042 ± 72

492� ± 43

p < 0.001

� Student’s t-test, significance p < 0.001 in comparison to control value. NS – not statistically significant. Activities of the enzymes was ex-
pressed in nmol of the product formed during 1 min of incubation per 1 mg of protein. The bound sulfane sulfur and hydrogen sulfide content
was expressed in nmol per 1 g of wet weight



the brain. It is know that the CBS gene in humans is

located on the chromosome 21, and therefore H2S

should be expected to be overproduced in the brain of

patients with Down syndrome (Down syndrome is

a chromosomal disorder caused by the presence of all

or part of an extra 21st chromosome) [16]. In addi-

tion, the studies of Belardinelli et al. have indicated

that urinary excretion of thiosulfate was increased

twofold in patients with Down syndrome in compari-

son to healthy individuals [2]. On the other hand, Alz-

heimer’s disease patients show diminished H2S levels

without any changes in CBS activity [9]. Our studies

in female albino Swiss mice indicated an ASA-

induced drop in H2S levels. This is in contrast with

the results of Srebro et al., obtained on male and fe-

male BALB/c and male B10.PL mice, demonstrating

ASA-induced elevations of cerebral H2S levels [34].

This means that the mechanism of action of ASA on

H2S production in the mouse brain appears to depend

on the animal strain. Other reports indicated that

long-term treatment with a low dose of ASA or other

NSAIDs lowers the risk of Alzheimer’s disease [1, 4,

20, 25]. These varying findings demonstrate that this

issue requires further study.

Our present data revealed that ASA had opposite

effects in the liver and brain. Specifically, ASA pro-

duced an increase in H2S levels and a decrease in sul-

fane sulfur concentrations in the liver. In mammals,

sulfane sulfur is primarily synthesized by the liver and

kidneys, and then transported in plasma to other or-

gans in the form of albumin persulfides. It cannot be

excluded that ASA increases the demand in other tis-

sues, including the brain, for sulfane sulfur produced

in the kidneys and brain. Sulfane sulfur fulfills many

biological functions, including detoxification of cya-

nide and covalent modifications of –SH groups of re-

ceptor and enzymatic proteins through formation of

hydropersulfides and trisulfides, which can be a regu-

latory mechanism for their biological activities. These

covalent modifications are reversible and sulfane sul-

fur can be removed from the structure of these com-

pounds, for example, in the form of H2S. Most likely,

there is a balance between sulfane sulfur and HS–, S2–

and S2O3
2– ions in the cell (Scheme 2), which can be

disturbed by xenobiotics. The results seem to indicate

that ASA shifts this balance towards H2S in the liver

and towards sulfane sulfur in the brain. A similar

ASA-induced rise in hepatic H2S was observed by

Srebro et al. in BALB/c and B10.PL mice [34].

Our present experiments did not show any ASA ef-

fects on rhodanese and cystathionase activities. Inter-

estingly, Buzaleh et al. documented that chronic cya-

nide treatment induced an increase in sulfane sulfur

levels and the sulfane sulfur-transferring activity of

rhodanese, but only in the heart and blood [5, 6]. This

may suggest that sulfur released from GGPM is

a source of sulfane sulfur in blood after cyanide in-

toxication. This is confirmed by our previous studies,

which suggest a cyanide-induced decrease in GGPC

density in the brains of mice [14]. In this case, ASA

resembles cyanide since ASA diminishes GGPC den-

sity in the mouse brain. However, this problem re-

quires further study. In particular, it is necessary to ex-

amine an ASA effect on anaerobic cysteine metabo-

lism in other tissues aside from the liver and brain,

and to test the influence of other NSAIDs on H2S and

sulfane sulfur levels in animal tissues.

In conclusion, the present studies reveal that ASA

affects anaerobic cysteine metabolism, in particular

H2S and sulfane sulfur production in the livers and

brains of mice. However, interrelations between sul-

fane sulfur and H2S, and the density of GGPC con-

taining the sulfur-rich GGPM in the brain still have

not been fully elucidated.
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