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Abstract

High homocysteine (Hcys) levels are suspected to contribute to the pathogenesis of cardiovascular

disease and of other chronic conditions. Failure of B vitamins to reduce the incidence of

cardiovascular events while lowering the Hcys levels, has prompted the search for alternative

treatments. We tested the ability of anethole dithiolethione (ADT) to lower the Hcys levels in rats

and we explored possible underlying mechanisms. Parenteral administration of 10 mg/kg ADT to

normal rats for 3 days lowered the Hcys levels between 51.4% and 31.5% in kidneys, liver, testis

and plasma. Concomitantly, glutathione (GSH) increased between 112% and 28% in kidneys,

brain, liver and plasma whereas protein thiolation index decreased 30%. In hyperhomocysteinemic

rats, the plasma Hcys levels dropped 70% following a single IP injection of 10 mg/kg ADT, while

they decreased 55% following oral administration of 2 mg/kg/day ADT for one week. Significant

additive effects occurred when sub-therapeutic doses of ADT and folic acid were used in

combination. To test the possible mechanism(s) of these actions, we perfused isolated rat livers

and kidneys with albumin-bound Hcys, the prevalent form of plasma Hcys, and physiological

thiols and disulfides at different ratios. In both organ preparations, the elimination rate of albumin-

bound Hcys was progressively faster as the amount of reduced thiols was increased in the

perfusate. These findings indicate that ADT shifts the redox ratio of GSH and other thiols with

their oxidized forms toward the reduced forms, thus favoring the dissociation of albumin-bound

Hcys and its transfer to renal and hepatic cells for further processing.
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1. Introduction

Elevated plasma levels of homocysteine (Hcys) are linked to atherosclerotic cardiovascular

disease [1] and to other common pathologic conditions including the metabolic syndrome

and diabetes [2,3], renal failure [4,5] and neurodegenerative disorders [6]. Even moderate

elevations of the plasma Hcys levels, within the concentration range of the general

population, are suspected to contribute to the pathogenesis of these disease states [7] and

considerable effort is devoted to finding effective pharmacologic treatments for

hyperhomocysteinemia.

Since folic acid deficiency and excessive dietary intake of methionine (Met) or proteins are

well-known causes of hyperhomocysteinemia [6,8,9], efforts to reduce the Hcys levels have

primarily focused until recently on the pharmacological supplementation of folic acid and

other B vitamins. However, while effective at lowering the Hcys levels, these vitamins do

not seem capable of decreasing the incidence of cardiovascular events in humans [10,11].

This explains the aim of more recent investigation toward discovery of new therapeutic

agents and/or modalities.

Thiol molecules have generated interest as a possible new class of Hcys-lowering agents

based on evidence that up to 80% of circulating Hcys is complexed with albumin via

disulfide bond, which prevents its free exchange between extra- to intracellular space

[12,13]. Reduced thiols can break the Hcys-albumin bond and release free Hcys thus

facilitating its internalization and intracellular metabolism and elimination [14]. In a recent

clinical trial, however, one-month oral intake of N-acetylcysteine failed to consistently

decrease Hcys, probably because of poor bioavailability of the drug [15].

As an alternative pharmacologic approach, we recently reported that both the sulfur-

containing compounds 5-[4-hydroxyphenyl]-3H-1,2-dithiole-3-thione (ADT-OH) and its

derivative 2-acetyloxybenzoic acid 4-(3-thioxo-3H-1,2-dithiol-5-yl)phenyl ester (S-aspirin

or ACS14) lower the concentration of Hcys and raise those of GSH and Cys in the rat [16].

The ADT-OH and ACS14 molecules share the presence of a phenyl-dithiolethione group

which is also characteristic of anethole dithiolethione (ADT), a natural constituent of certain

cruciferous vegetables and a marketed drug approved in several countries as a choleretic and

sialogogue [17,18]. Thus we suspect that ADT, similarly to ADT-OH and ACS14, may have

the ability to lower plasma concentration of tHcys.

With the present work, we formally tested the hypothesis that ADT is indeed capable of

lowering Hcys in both plasma and solid organs. In addition we explored possible

mechanisms of action of ADT through modulation of GSH and other thiols metabolism.

Giustarini et al. Page 2

Biochem Pharmacol. Author manuscript; available in PMC 2014 August 25.

N
IH

-P
A

 A
uthor M

anuscript
N

IH
-P

A
 A

uthor M
anuscript

N
IH

-P
A

 A
uthor M

anuscript



2. Material and Methods

2.1 Materials

ADT was purchased from Hubei Zhonghecheng Chemical Co., Ltd, (Hu Bei, China),

Monobromobimane (mBrB) was obtained from Calbiochem, Milan, Italy. HPLC grade

solvents were purchased from Mallinckrodt-Baker (Milan, Italy). All other reagents were

obtained from Sigma-Aldrich, Milan, Italy.

2.2 Experimental model

Sprague-Dawley rats (300 g) were purchased from Charles River (Calco, Milan, Italy) and

were kept in a controlled environment (22–24°C, relative humidity 40–50%, under a 12-h

light/dark cycle). Food was ad libitum for 2–3 weeks before experimentation and activity

was unrestricted before and during the experiments. In the studies that called for high basal

levels of blood homocysteine, this was induced by enriching the standard chow with 1.5%

(w/w) Met [19]; on this diet, the blood levels of total homocysteine (tHcys) peaked at 50–80

μM after 1–2 days and then stabilized around 40 μM (not shown). In the studies that required

repeated blood collection, the jugular vein was cannulated two days before experimentation

with PE-50 tubing connected to a double valve (model 607, 15 mm × 16 mm, Danuso

Instruments, Milano, Italy) under pentobarbital anesthesia, as previously described [20]. All

animal manipulations were made in accordance with the European Community guidelines

for the use of laboratory animals. The experiments were authorized by the local ethical

committee of the University of Siena.

2.3 Experimental protocols

2.3.1 Effect of ADT on the blood and tissue levels of low molecular mass
thiols (LMM-SH)—Rats were injected in the peritoneum (ip) with 10 mg/kg ADT or

vehicle [dimethyl sulfoxide (DMSO)] once daily for three days. Twenty-four hours after the

last injection, the rats were anesthetized with pentobarbital (50 mg/kg) and blood was

collected from the abdominal aorta into tubes containing 50 mg/ml K3EDTA (40:1) and

immediately centrifuged at 14 000g for 20 seconds to separate plasma and erythrocytes.

Organs were then rapidly removed in the following order: liver, kidneys, lungs, heart, testis

and brain, washed with physiologic saline, weighed and immediately frozen in liquid

nitrogen and stored at −80° until analysis.

2.3.2 Acute effects of single ADT injection—Rats were injected ip with a single dose

of ADT (10 mg/kg) followed by serial collection of blood (200 μl aliquots) from the jugular

vein catheter (see above) 0, 1, 2, 4, 8, 24, 48, and 72 hours post-injection and by immediate

blood processing for separation of plasma as described above.

2.3.3 Effect of ADT on H2S—Rats were given a single ip dose of 1, 2, 5, or 10 mg/kg

ADT followed by serial collection of blood (100 μl aliquots) from the jugular vein catheter

(see above) 0, 1, 2, 4, 8, 16, 24, 32, 48, and 72 hours post-injection and by immediate blood

processing for separation of plasma as described above.
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2.3.4 Effect of ADT on Protein Thiolation Index (PTI) and reduced/disulfide
thiol ratio—Rats were given intraperitoneally 1, 2, 5, or 10 mg/day ADT for three days,

followed by blood collection from the abdominal aorta and processing for separation of

plasma as described above.

2.3.5 Effect of ADT on hyperhomocysteinemia—Rats were fed a high Met diet for

2–3 days before a single ip injection of ADT (2, 5, or 10 mg/kg). Two hundred μl of blood

was collected from the jugular vein catheter 24, 48, 72 hours after injection of ADT and

processed for plasma separation as above.

2.3.6 Ability of ADT to prevent a Met-induced rise in tHcys—Rats were

administered a single ip injection of 2, 5, or 10 mg/kg ADT followed after 24 hours by a

single ip injection of 100 mg/kg Met. Two hundred μl of blood was collected from the

jugular vein catheter at 0, 24, 48, 72 hours and processed for plasma separation as above.

2.3.7 Effect of orally administered ADT on tHcys—Rats were fed with a Met-

enriched diet (see above) starting 3 days before daily oral administration by gavage of 1, 2,

5, or 10 mg/kg ADT for one week, followed by blood collection from the abdominal aorta as

above.

2.3.8 Effect of combined ADT and folic acid on tHcys—Rats were fed with a Met-

enriched diet starting two days before daily oral administration of ADT (0.2 mg/kg), folic

acid (10 μg/kg), or their combination (0.1 mg/kg ADT with 5 μg/kg folic acid, or 0.2 mg/kg

ADT with 10 μg/kg folic acid) for three weeks, followed by blood collection from the

abdominal aorta as described above.

2.4 Analysis of thiols and disulfides

Plasma total thiols were measured by reduction of disulfides by reaction with dithiothreitol

(DTT) and labeling of the –SH group by reaction with mBrB [16]. Briefly, 25 μl samples

were incubated with 2 mM (final concentration) dithiothreitol (DTT) for 5 before addition of

three volumes of a solution consisting of 6% (w/v) trichloroacetic acid (TCA) and 1 mM

K3EDTA and centrifuged at 10 000g for 2 min, to precipitate proteins. Twenty-five μl of

clear supernatant were adjusted to pH 8.0 with 5 μl of 2 M Tris, spiked with 0.5 μl of 40 mM

mBrB in methanol, incubated for 10 min in the dark, and then acidified with 1 μl of 1M HCl

and centrifuged for injection into the HPLC apparatus.

Erythrocyte thiols were measured by washing three times the cell pellets with ice cold

physiologic saline containing 20 mM Na+/K+ phosphate, pH 7.4, and 5 mM glucose

followed by hemolysis with 10 volumes of 10 mM Na+/K+ phosphate buffer, pH 7.4.

Intracellular thiols were measured by labeling the –SH group by reaction with mBrB [21].

Briefly, one hundred μl of the cell lysate were incubated for 10 minutes with 2.5 μl of 40

mM mBrB in the dark, then acidified with 5.5 μl of 60% (w/v) TCA in preparation for

HPLC analysis.

Tissue thiols were analyzed after homogenization of the samples and labeling of the –SH

group by reaction with mBrB [22,23]. Briefly, samples were homogenized in five volumes
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of an ice cold solution consisting of 8% (w/v) TCA and 1 mM K3EDTA using a glass/teflon

tissue grinder. After centrifugation, 100 μl of protein-free acid supernatant were brought to

pH 8.0 with 15 μl of 2 M Tris, spiked with 3 μl of 40 mM mBrB, incubated for 10 min in the

dark and then acidified with 4 μl of 1M HCl and centrifuged for HPLC analysis [3,4].

An Agilent series 1100 HPLC (Agilent Technologies Italia, Milan, Italy) equipped with

diode array and a fluorimetric detector was used for all determinations.

2.5 Analysis of PTI and low molecular mass thiols (LMM-SH)/low molecular mass
disulfides (LMM-SS)

PTI was calculated based on analysis of the –SH groups by colorimetric reaction with 5,5′-

dithiobis-(2-nitrobenzoic acid) (DTNB) [24] and of the total thiolated protein by our method

which is based on spectrophotometric determination of ninhydrin [25]. Total LMM-SH and

total LMM-SS were measured in acid extracted plasma with DTNB before and after thiol

reaction with NEM and disulfide reduction with NaBH4 [26].

2.6 Analysis of enzyme activity

Enzyme activity was assayed in solid organ homogenates and in hemolyzed erythrocytes

(see above). All enzymatic activities were measured in ultracentrifugation supernatants (105

000 g for 1 h at 4°C). Glutathione S-transferase activity was determined by colorimetric

assay of the GSH-DNB conjugate at 340 nm [27]. Glutathione reductase activity was

determined by colorimetric assay of NADPH oxidation [28]. γ-Glutamyl-cysteinyl synthase

activity was determined by measuring the production of γ-Glutamylcysteine (γ-Glu-Cys)

over time by HPLC [16]. Cystathionine β-synthase (CB synthase) activity was measured

based on HPLC quantification of cystathionine product [29].

2.7 Protein assay

Protein concentration in rat organs was analysed with the Bradford method [30] using

bovine serum albumin as reference standard. Red blood cells (RBCs) hemoglobin

concentration was analysed by spectrophotometry using a wavelength range of 500–700 nm

and a peak height of 541 nm (ε=13.8 mM−1 cm−1) [31].

2.8 H2S measurement

H2S was analyzed in plasma by a modification of the methylene blue method [32] coupled

with HPLC detection, as previously described [33]. Briefly, 20 μl of fresh plasma was added

to 40 μl of 20% (w/v) TCA solution containing 1 mM K3EDTA and 0.2 mM diethylene

triamine pentaacetic acid. After 30 s centrifugation at 18,000g 40 μl of the supernatant were

added with 5 μl of N,N-dimethyl-p-phenylenediamine sulfate (DPD, 20 mM in 7.2 N HCl)

and then 5 μl of FeCl3 (30 mM in HCl 1.2 N); after 20′ incubation in the dark, samples were

separated by HPLC using a Zorbax Eclipse XDBC18 column (4.6×150 mm, 5 μm, Agilent

Technologies, Milan, Italy). The methylene blue formed from the reaction of H2S with DPD

in the presence of FeCl3 was monitored at 667 nm wavelength by means of a diode array

detector.
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2.9 Experiments in isolated organs

Experiments in the isolated perfused liver (IPL) and kidney (IPK) were carried out in the

recirculation mode following established procedures [34,35]. For the IPL studies, after

clarification of the effluent, recirculated perfusion was started using 150 ml of perfusion

buffer enriched with 20 mg/ml bovine serum albumin (BSA, fraction V containing 25 μM

homocysteine bound by disulfide bond), cysteine (Cys, 5, 10, or 20 μM), GSH (0.5, 1, or 2

μM), 25 μM cystine (Cyss), and 25 μM glutathione disulfide (GSSG), with or without 20 μM

ADT (all final concentrations). At the indicated times a 0.5 ml aliquot of recirculating buffer

was collected for analyses of total Hcys. Bile samples were collected at 10 min intervals. For

the IPK studies, after clarification of the effluent, inulin (60 mg/100 mL) was added to the

perfusion medium and, then after a 5-min equilibration period, recirculated perfusion was

started with 150 mL of perfusate consisting of Krebs–Henseleit bicarbonate buffer (pH 7.4)

with 1 mM BSA containing 25 μM homocysteine bound by disulfide bond, 5 mM D-

glucose, 2 mM glycine, 0.5 mM L-glutamic acid, Cys (5, 10, or 20 μM, GSH (0.5, 1, or 2

μM), 25 μM Cyss and 25 μM GSSG, with or without 20 μM ADT (all final concentrations).

At the indicated times a 0.5 ml aliquot of recirculating buffer was collected for analyses of

total Hcys. Urine samples were collected at 10 min intervals.

2.10 Inulin analysis

Inulin was hydrolyzed to its fructose monomers by mixing samples with perchloric acid,

fructose was then converted to glucose-6-phospate, which was detected by measuring

production of NADPH as previously described [36].

2.11 Preparation of homocysteinylated bovine serum albumin (BSA)

Completely reduced BSA (rBSA) was prepared by incubating 80 mg/mL protein solution

(BSA dissolved in 50 mM phosphate buffer, pH 7.40) with 5 mM GSH at room temperature

for 4h, followed by dialysis against the same buffer with dialysate exchange every 4h for a

total of three times. Finally, rBSA was extensively dialyzed against water.

Homocysteinylated BSA was obtained by reacting rBSA with 2 mM homocystine for 24 h at

room temperature. The excess homocystine was then eliminated by extensive dialysis

against water. Before its use, BSA was extensively dialyzed against IPL or IPK buffers and

adjusted to the final BSA concentration.

2.12 Statistics

Data are expressed as mean ± SD. Differences between groups were evaluated using one-

way analysis of variance (ANOVA) with Neuman-Keuls post-hoc test. p<0.05 was

considered statistically significant.

3. Results

3.1 Effect of treatment with ADT on homocysteine and H2S in rat tissues

Parenteral administration of ADT for three days markedly decreased Hcys in several organs

and tHcys in plasma as compared to controls (Fig. 1). The largest drops were in the kidney

(51.4%; p<0.01), liver (41.5%; p<0.01), testis (31.8%; p<0.05) and in plasma (31.5%;
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p<0.05). Even a single ip injection of ADT was able to induce a sustained stable decrease of

circulating tHcys as compared to vehicle. The tHcys levels dropped 29.9% and 45.8%,

respectively, 2 and 8 hours after ip injection and they maintained comparably low levels for

72 hours (Fig 2). Furthermore, since the effects of ADT on Hcys and Cys (see below) are

likely to involve catalysis within the transsulfuration pathway (TSP) and the latter is

responsible for production of H2S, rats were also tested for circulating H2S. Fig. 3 shows

that plasma H2S was increased early after ADT treatment as compared to vehicle, peaking at

about 0.5 μM, 4 hours after administration of the highest ADT dose (p<0.01) and

maintaining similar levels until the end of the 72 hours of observation. Even with lower

doses, a slight temporary increase of H2S was observed early on followed by a drop to the

initial values after 12–24 hours. Despite this evidence, the effects of ADT on Hcys did not

seem to be mediated by an action on CB synthase, the rate limiting enzyme of Hcys

catabolism within the TSP, since the enzyme activity was not affected by ADT (Table 1).

3.2 Effect of ADT on GSH and on the total thiol redox balance in plasma

Besides the above described effects of ADT on Hcys and H2S, ip administration of this

compound for three days also increased significantly GSH and its precursors Cys and γ-

glutamyl-cysteine (γ-Glu-Cys) content in several rat tissues. The increment of GSH varied

depending on the organ being analyzed (Fig 4A), with the largest rise observed in kidney

(112%; p<0.01 vs. vehicle), brain (70%; p<0.01 vs. vehicle) and liver (30%; p<0.05 vs.

vehicle). Lungs and heart experienced smaller yet significant increments. Plasma too was

characterized by a significant rise in total GSH (28.0%; p<0.01 vs vehicle, inset). Similar

but stronger effects were also noted for Cys (Fig 4B) and γ-Glu-Cys (Fig 4C) in several

tissues and in plasma. Besides this remarkable effect on thiols, Fig. 5 shows that ADT also

affected the systemic redox balance, that was evaluated by measuring the thiol to disulfide

ratio in plasma. In fact, the intracellular volume of the body is only two thirds of the total,

the remaining being represented by extracellular fluids. Indeed, in vitro data indicate that

variations in extracellular redox state have significant impact on critical cell functions and

variations in the extracellular thiol/disulfide pools are expected to contribute to the

susceptibility of tissues to oxidative stress [37]. Indeed, the plasma protein thiolation index

(PTI; a marker of oxidative stress [25]) was approximately 30% lower in ADT-treated than

in control animals (Fig. 5A; p<0.01 vs vehicle for 2,5,10 mg /kg doses). Conversely, the

ratio between LMM-SH and LMM disulfide (LMM-SS), that express the low molecular

mass thiol/disulfide pools in plasma, was about 50% higher in ADT-treated animals (Fig 5,

B; p<0.01 for 2 and 10 mg/kg and p<0.05 for 5 mg/kg). However, these remarkable effects

on GSH concentration and redox balance were not associated with change in the activity of

several major enzymes involved in GSH metabolism including, GSH reductase, γ-

glutamylcysteine synthase and glutathione S-transferase (Table 1).

3.3 Effect of ADT on Hcys levels in a rat model of hyperhomocysteinemia

The ability of ADT to ameliorate hyperhomocysteinemia was evaluated in rats with diet-

induced high blood levels of Hcys (41±6 μM) (see Methods). As shown in Fig. 6,

hyperhomocysteinemic rats responded to a single ip injection of 2, 5, or 10 mg/kg ADT with

a dramatic dose-dependent decrease of circulating tHcys. Two and 5 mg/kg ADT,

respectively, lowered the tHcys concentration transiently at 24 and from 24 through 48
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hours after injection, while 10 mg/kg ADT lowered tHcys by approximately 70% (p<0.01 vs

vehicle) starting at 24 hours and throughout the 72 hours of observation. A preventive action

of ADT on diet-induced hyperhomocysteinemia was then evaluated. Fig 7 shows that rats

pretreated ip with 2, 5 or 10 mg/kg ADT did not experience a rise in tHcys following ip

injection of 100 mg/kg Met (a classical model of hyperhomocysteinemia). Since ADT is

available as an oral formulation, rats with diet-induced hyperhomocysteinemia were treated

orally with 1, 2, 5 and 10 mg/kg/day ADT, which is commensurate to the recommended

human therapeutic dose. Fig. 8 shows that one-week treatment with ADT caused a dose-

dependent drop of circulating tHcys with approximately 55% drop elicited by 2 mg/kg or

higher ADT doses (p<0.01 vs vehicle). Finally, hyperhomocysteinemic rats were tested for

the combined effect of ADT and folic acid. Fig. 9 shows that separate administration of low

doses ADT or folic acid (0.2 mg/kg and 10 μg/kg, respectively) failed to lower tHcys, but a

combination of these two compounds caused approximately 55% drop of circulating tHcys

(p<0.01 vs vehicle).

3.4 Effect of the thiol redox balance on the hepatic and renal metabolism of circulating
Hcys

Liver and kidney are critical to the metabolism of both Hcys and GSH and these two organs

demonstrated the largest response to treatment with ADT. Therefore, we used models of

isolated perfused rat liver (IPL) and kidney (IPK) to investigate possible mechanisms by

which ADT lowers circulating Hcys. Specifically, we tested whether the relative

concentrations of thiols and disulfides in the extracellular fluids affect the hepatic and renal

efficiency of elimination of a given amount of albumin-bound Hcys. Isolated livers or

kidneys were studied with perfusate containing approximately half, equal or double LMM-

SH concentrations as compared to physiological human concentrations. Specifically, the

perfusate contained 25 μM homocysteinylated BSA (with 20 or 65 mg/mL of unthiolated

BSA), variable amounts of Cys (5, 10, or 20 μM) and GSH (0.5, 1, or 2 μM), 25 μM Cyss

and 25 μM GSSG (see further details in the 2.9 Section). Both perfused liver and kidney

displayed elimination rates of Hcys that were greater at higher thiol/disulfide ratios (Fig 10,

panels A and B). However, the levels of bile and urine tHcys did not change in response to

variation of the thiol to disulfide ratio (Fig 10, panels A and B insets) and addition of ADT

to the perfusate had no detectable effect on the bile, urine or perfusate levels of tHcys.

4. Discussion

In the present study we show that ADT has dose-dependent Hcys-lowering action that is: (1)

sustained during several days of administration, (2) applicable to a model of diet-induced

hyperhomocysteinemia, (3) elicited by both parenteral and oral administration, and (4)

synergistic with that of folic acid. In addition, we present evidence that (5) the Hcys-

lowering effect of ADT associates with higher tissue levels of GSH and increased plasma

thiol to disulfide ratio. Furthermore, since most circulating Hcys (up to 80%) is complexed

with albumin by disulfide bond (Hcyssp) [12], these data have also led us to consider the

possibility that the Hcys-lowering effect of ADT may be the consequence of a primary

action to raise the tissue levels of GSH and/or its precursors. This effect on GSH, in turn,

would promote a rightward shift of reaction (1) with formation of free Hcys.
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(1)

Since free Hcys is more membrane-permeable than the albumin-Hcys complex, it can be

more easily internalized and degraded by cells.

This hypothesis is supported by our studies in the rat IPL and IPK for which we used

perfusate which mimicked plasma as to thiol and disulfide content and ratios (Fig 10). The

data indicate that perfusate with higher thiol-disulfide ratio, i.e. a more reduced thiol redox

balance, leads to faster degradation rates of Hcys by both liver and kidney. We hypothesize

that a similar mechanism is at play in vivo: administration of ADT causes a rise in

circulating LMM-SH in particular GSH and Cys, followed by change in redox balance,

dissociation of albumin-Hcys complex, hepatic and renal internalization of free Hcys and,

finally, intracellular processing of Hcys to Cys by the TSP (or to methionine by the Methyl

Activated Cycle [MAC]) [14]. This hypothesis is also supported by our observation that

ADT raises the concentrations of Cys and GSH in the kidneys and liver more than in other

organs. In fact, increased hepatic and renal internalization of Hcys makes this amino acid

more available for degradation to Cys. The latter, in turn, is the rate limiting amino acid for

formation of γ-Glu-Cys (catalyzed by the γ-Glu-Cys synthase) and then for the synthesis of

GSH. Since the kM of γ-Glu-Cys synthase for Cys (kM ~0.4 mM) [38] is almost one order of

magnitude higher than the cell concentration of the substrate (80–300 μM), one can expect

that the catalytic rate of γ-Glu-Cys formation will increase nearly linearly as the Cys

concentration increases in kidney and liver, which are the major organs of GSH production.

A possible fate of Cys, γ-Glu-Cys and GSH in both kidney and liver is their transfer

extracellularly into plasma thus increasing the plasma thiol-to-disulfide ratio, thereby

promoting dissociation of Hcys from albumin and other proteins. The diagram in Figure 11

summarizes the proposed mechanism by which ADT could lower Hcys by activating a self-

sustained cycle of Hcys release from complexed to more degradable forms and of utilization

of Hcys for the synthesis of new GSH. Maintenance of low intracellular Hcys is probably

critical for cell function and viability [39] and cells accomplish this by degrading Hcys via

the TSP [14,40] and by exporting it via specialized transporters rather than involving it in

the MAC [39]. Thus, intracellular Hcys levels are the product of a dynamic balance between

formation, utilization and export of the amino acid, whereas the extracellular/plasma levels

depend exclusively on import/export of cellular Hcys [41]. This said, it is remarkable that

the extracellular fluid is the main repository of Hcys with an approximate amino acid

concentration of 10 μM and a total volume of 10 L, compared with 0–3 μM in other tissues

and organs. In plasma, the major fraction of Hcys is the mixed disulfide with albumin (up to

80%), a form that crosses cell membranes with difficulty [12]. Since urinary excretion of

Hcys is negligible, metabolism is the only means for eliminating this amino acid. Liver and

kidney are the organs with highest TSP enzymes activity and patients suffering from renal or

liver failure have increased plasma levels of total Hcys. Hyperhomocysteinemia in these

patients is not due to the insufficient biliary or urinary excretion but to inefficient

metabolism by either kidney or liver tissue.
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Despite prior evidence of pharmacological effects of ADT on GSH [for review, 17], the

molecular mechanisms of this action remain undefined. For example, we could not confirm

in this or in earlier work [16] the report of another laboratory about ADT-induced activation

of several enzymes that are involved in GSH metabolism [42]. Specifically we show here

that the GSH synthase and reductase and the γ-Glu-Cys synthase are not affected by ADT.

Despite this, it is possible that ADT may affect GSH through other antioxidant enzymes. For

example growing evidence supports that ADT is able to stimulate the nuclear factor

(erythroid-derived 2)-like 2 (Nrf2) signal pathway, including activation of the antioxidant

response element (ARE) which is present in the promoter region of a vast array of genes that

codify antioxidant enzymes and it operates essentially as a master regulator of antioxidant

cell functions [43]. Since ADT induces early transient generation of free radicals [16] and

excess free radicals can directly activate Nrf2 [44], it is possible that ADT may modulate

through Nrf2 other antioxidant enzymes besides those tested in the present study, such as

haem oxygenase 1, peroxiredoxin, NAD(P)H:quinone oxidoreductase-1, superoxide

dismutase 1. Furthermore, in cultured cells from the CNS, ADT inhibits very efficiently the

monoamine oxidase B [45], which is suspected to contribute to oxidative stress and

neurodegeneration. It remains undefined whether these findings may be applicable to other

tissues and what the molecular mechanism(s) of this action might be, although it is known

that activity of both monoamine oxidase A and B is affected by interaction with cysteine

residues involved in the catalytic mechanism of the enzyme [46]. These possibilities need to

be tested with in vitro and in vivo studies including, for example, investigation about the

impact of ADT on intracellular GSH/GSSG ratio and the relation with Nrf2 processing

and/or modulation of targeted specific enzymatic activities by protein thiolation/

dethiolation.

Poorly understood are also the molecular mechanism(s) by which hyperhomocysteinemia

results in tissue damage. An interesting possibility proposed by Loscalzo [7] is that elevation

of plasma Hcys, even when mild, may adversely affect the endothelium possibly via

oxidative damage. Based on this construct, transition metal enzymes would catalyze the

oxidation of Hcys to the disulfide form which, in turn, would generate a variety of reactive

oxygen species. In this context, administration of ADT, through a rise of GSH and a drop of

Hcys, may synergistically prevent tissue damage from hyperhomocysteinemia.

Our findings about therapeutic effects of ADT in the rat may have clinical implications.

First, ADT is a natural constituent of certain cruciferous vegetables [17,42] and therefore it

is accessible by humans through the diet. Second, ADT is marketed in several countries as a

choleretic and sialogogue drug, with a good record of safety and tolerability [17]. Thus,

ADT may be applicable for the treatment of human conditions associated to

hyperhomocysteinemia. This possibility is particularly well-timed since recent trials that

tested prospectively other more publicized Hcys-reducing approaches in humans, including

those with folic acid, vitamin B6 and B12 have all shown lack of effectiveness or paradoxical

detrimental actions. For example, a recent multicenter clinical trial in patients with

moderately advanced diabetic nephropathy found that combined treatment with

pharmacological doses of folic acid, vitamin B6 and B12 lowers circulating Hcys by

approximately 14%, but it also causes more rapid progression of renal disease and worse
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composite cardiovascular outcome as compared to placebo treatment [47]. It should be

emphasized that besides their effect on Hcys, none of these B complex vitamins is known to

have major effects on other thiols including GSH. ADT may therefore be superior to the B-

complex vitamins specifically because of its positive effects on the thiols redox balance.

Also, since ADT increases GSH primarily in the kidney of our rats (Fig. 4), it is can be

inferred that this compound may be capable of protecting this organ from oxidative damage

which, for example, is known to occur in diabetic nephropathy. The clinical significance of

our animal studies, however, needs to be further demonstrated by human investigation that

both confirms the Hcys-lowering effect of ADT and demonstrates long-term cardiovascular

benefits.

In conclusion, our data indicate that ADT is able to reduce Hcys in normal and

hyperhomocysteinemic animals and to concomitantly increase GSH in solid tissues and

plasma. As a therapeutic agent, ADT is supposed to have both the ability to lower the Hcys

levels and to protect from Hcys-induced oxidative damage. These pharmacological features

position ADT as a promising Hcys-lowering drug with good potential for application in

humans. This study can set the stage for future prospective clinical investigation aimed at

verifying the therapeutic potential of ADT in humans.
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Figure 1.
Levels of Hcys in several rat tissues after daily ip injection of 10 mg/kg ADT (grey bar) or

vehicle (black bar) for 3 days. The unit measures are pmoles Hcys/g tissue for the solid

organs, nmoles Hcys/g Hb for erythrocytes, and μmoles total Hcys/l for plasma. Data

represent mean ± SD of 4 animals per treatment; * indicates p<0.05 ADT vs vehicle; **

indicates p<0.01 ADT vs vehicle.
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Figure 2.
Levels of plasma total Hcys in rats treated ip with a single administration of 10 mg/kg ADT

(white circles) and in control rats treated with DMSO (black triangle). Data represent mean

± SD of 4 animals per treatment; **indicates p<0.01 vs. vehicle.
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Figure 3.
Levels of plasma hydrogen sulfide in rats treated ip with a single administration of 1 (black

square), 2 (white diamond), 5 (white triangle down), 10 (black circles) mg/kg ADT. Control

rats were treated with vehicle (black triangles, DMSO). Data represent mean of 4 animals

per treatment; SD and statistical significance were omitted for some data points for graphical

reasons. **indicates p<0.01 vs vehicle.
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Figure 4.
Levels of glutathione (panel A), cysteine (panel B), γ-glutamylcysteine (panel C) in several

rat tissues after daily ip injection of 10 mg/kg ADT (grey bar) or vehicle (black bar) for 3

days. The unit measures are pmoles /g tissue for the solid organs, pmoles /g Hb for

erythrocytes, and μmoles total thiols/l for plasma. Data represent mean ± SD of 4 animals

per treatment; *indicates p<0.05 ADT vs. vehicle; **p<0.01 ADT vs. vehicle.
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Figure 5.
Values of Protein Thiolation Index (panel A) and of LMM-SH to LMM-SS ratio in plasma.

Rats were ip treated with 1, 2, 5, 10 mg/kg/day of ADT for three days. Control rats were

treated with vehicle (DMSO). Data represent mean ± SD of 4 animals per treatment;

*indicates p<0.05 ADT vs vehicle; **p<0.01 ADT vs. vehicle.
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Figure 6.
Plasma levels of tHcys in rats fed with a Met enriched diet. After achieving stable tHcys

levels, the rats received a single ip injection of 0 (dark circle), 2 (white circle), 5 (dark

triangle), or 10 mg/kg (dark square) ADT. Levels of tHCys are shown at baseline and 24,

48, 72h after ADT injection. Data represent mean ± SD of 4 animals per treatment; *

indicates p<0.05 ADT vs. control rats; ** indicates p<0.01 ADT vs. control rats; ## indicates

p<0.01 ADT vs. the lowest dose ADT; §§indicates p<0.01 ADT vs. intermediate dose of

ADT.
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Figure 7.
Plasma levels of tHcys in rats pre-treated with a single ip injection of 2 mg/kg (white

diamond), 5 mg/kg (black square) or 10 mg/kg (white triangle) ADT, or vehicle (dark

circle), followed after 24 hours by the ip injection of 100 mg/kg Met. Data represent mean ±

SD of 4 animals per treatment; **indicates p<0.01 ADT vs. control rats.
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Figure 8.
Plasma levels of tHcys in rats fed with a Met-enriched diet and treated daily with 0, 1, 2, 5,

or 10 mg/kg oral ADT for one week. Data represent mean ± SD of 4 animals per treatment;

*indicates p<0.05 ADT vs. vehicle; **p<0.01 ADT vs. vehicle.

Giustarini et al. Page 21

Biochem Pharmacol. Author manuscript; available in PMC 2014 August 25.

N
IH

-P
A

 A
uthor M

anuscript
N

IH
-P

A
 A

uthor M
anuscript

N
IH

-P
A

 A
uthor M

anuscript



Figure 9.
Levels of plasma total Hcys in rats fed with a Met-enriched diet orally treated with ADT,

folic acid (FA) or a combination of both daily for three weeks. Control rats were treated with

vehicle (DMSO). Data represent mean ± SD of 4 animals per treatment; **indicates p<0.01

ADT vs. vehicle.
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Figure 10.
Efficiency of elimination of tHcys in the isolated perfused rat liver (IPL; panel A) and

isolated perfused rat kidney (IPK, panel B). The IPL perfusate included 20 mg/mL BSA

containing 25 μM homocysteine bound by disulfide bond. The IPK perfusate consisted of 65

mg/mL BSA containing 25 μM homocysteine bound by disulfide bond. Both the IPL and

IPK perfusate contained variable concentrations and relative ratios of Cys and GSH: low

concentration, Cys 5 μM and GSH 0.5 μM (white circle), intermediate concentration, Cys 10

μM and GSH 1 μM (white triangle), high concentration, Cys 20 μM and GSH 2 μM (black

circles). 25 μM of cystine and of GSSG occur in all perfusates. The downward pointing dark

arrows represent perfusate with low concentration Cys/GSH plus 20 μM ADT. Insets: tHcys

levels in bile and urine collected at 10-min intervals. Data represent the mean of 4

experiments per treatment. SD and statistical significance were omitted for some data points

for graphical reasons. **indicates p<0.01 high vs. low and intermediate concentration Cys/

GSH; ##p<0.01 intermediate vs. low concentration Cys/GSH.
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Figure 11.
Proposed mechanism of the Hcys lowering effect of ADT. ADT may increase the

intracellular levels GSH by enhancing the TSP pathway, by means of which Hcys is

converted to Cys. In fact, Cys availability is rate-limiting for GSH synthesis. Consequently,

an increased output from intracellular compartment to blood of both Cys and GSH can

occur, leading to a rise of the thiol to disulfide ratio in plasma. Thiols can react with the

protein-bound form of Hcys (Alb-Hcys in the scheme), favoring the delivery of free Hcys.

Released Hcys, that is able to cross membranes, can be internalized and undergo further

metabolic processing.
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