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Homocysteine is a thiol-containing amino acid synthes-

ized in mammals ⁄humans as part of the normal meta-

bolism of the essential amino acid methionine. Studies

conducted over the past three decades have shown

that high levels of homocysteine in the plasma (hyper-

homocysteinemia, i.e. > 15 lmolÆL)1) constitute a risk

factor for cardiovascular diseases and stroke [1]. Ele-

vated homocysteine is also a risk factor for several

neurodegenerative disorders, such as dementia [2],

Alzheimer’s disease [3], and Parkinson’s disease [4]. As

elevated homocysteine is associated with an increasing

number of pathologies, the regulation of homocysteine

levels is of clinical importance.

Several factors contribute to elevated homocysteine

levels: (a) genetic disorders stemming from mutations in

the enzymes involved in homocysteine remethylation to

methionine (e.g. 5,10-methylenetetrahydrofolate reduc-

tase) [5], or mutations in homocysteine catabolism
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Ammonium trichloro(dioxoethylene-o,o¢)tellurate (AS101) is an organotel-

lurium compound with pleiotropic functions that has been associated with

antitumoral, immunomodulatory and antineurodegenerative activities. Tel-

lurium compounds with a +4 oxidation state, such as AS101, react

uniquely with thiols, forming disulfide molecules. In light of this, we tested

whether AS101 can react with the amino acid homocysteine both in vitro

and in vivo. AS101 conferred protection against homocysteine-induced

apoptosis of HL-60 cells. The protective mechanism of AS101 against

homocysteine toxicity was directly mediated by its chemical reactivity,

whereby AS101 reacted with homocysteine to form homocystine, the less

toxic disulfide form of homocysteine. Moreover, AS101 was shown here to

reduce the levels of total homocysteine in an in vivo model of hyperhomo-

cysteinemia. As a result, AS101 also prevented sperm cells from undergoing

homocysteine-induced DNA fragmentation. Taken together, our results

suggest that the organotellurium compound AS101 may be of clinical value

in reducing total circulatory homocysteine levels.
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(e.g. cystathionine-b-synthase) [6]; (b) acquired disor-

ders arising from lack of metabolites such as folic acid

[7] and cobalamin (vitamin B12) [8], which prevents its

turnover to methionine, or lack of pyridoxine (vitamin

B6), which prevents its turnover to cysteine [9]; and

(c) acquired disorders related to lifestyle choices, such

as smoking [10], excessive coffee consumption [11], and

alcoholism [12].

Currently, there are several homocysteine-lowering

agents available. Cobalamin and vitamin B6 are admin-

istered to patients with hyperhomocysteinemia caused

by a lack of these factors, and vitamin B6 is also given to

patients with homocystinuria caused by cystathionine-b-
synthase deficiency. Folic acid is given to healthy sub-

jects with high homocysteine levels, regardless of the

cause. Three thiol-containing drugs have been shown to

suppress plasma homocysteine levels: d-penicillamine,

N-acetylcysteine, and 2-mercaptoethanesulfonate [13–15].

Despite these treatments, homocysteine levels remain

elevated in some patients. In healthy individuals,

the urinary excretion of homocysteine is less than

10 lmolÆday)1, which is less than 1% of the daily homo-

cysteine turnover in plasma [35]. Metabolic homo-

cysteine removal is mediated by the renal parenchymal

cells; homocysteine can be taken up from the glomerular

filtrate by the proximal renal tubular cells [36]. All the

trans-sulfuration as well as remethylation enzymes are

present in these kidney cells.

A large body of evidence suggests that the free –SH

form of homocysteine is involved in NO blockage,

atherogenic activity, and other adverse vascular activit-

ies. Homocysteine, in its oxidized form, bound to either

albumin or glutathione, or as a mixed disulfide linked

to other homocysteine or cysteine molecules, does not

appear to mediate the negative activities associated

with free homocysteine. Hence, increased conversion of

homocysteine to homocystine might increase renal

clearance and prevent the adverse effects of high free

homocysteine levels.

5,10-Methylenetetrahydrofolate reductase-deficient

mice have significantly higher levels of plasma homo-

cysteine, due to their reduced ability to remethylate

homocysteine to methionine. These mice were charac-

terized by abnormal spermatogenesis and male infer-

tility, factors attributed to the overall effect of

methylation defects rather than high homocysteine lev-

els [16]. A more recent study that examined thiol status

in subfertile couples found that homocysteine levels

were inversely associated with fertility outcome [17].

The nontoxic compound ammonium trichloro

(dioxoethylene-o,o¢) tellurate (AS101) is a synthetic

organotellurium compound with multiple biological

activities. Most of these activities have been primarily

attributed to the direct inhibition of the cytokine inter-

leukin-10 [18–20]. This immunomodulatory property

was found to be crucial for the clinical activities of

AS101, which exhibits protective effects in a parasite

model [21], in autoimmune diseases [22], and in septic

mice [23]. In addition, AS101 exhibits a clear anti-

tumoral effect on a variety of mouse and human

tumor models [24,25]. Recently AS101 was shown to

exert neuroprotective effects in animal models of Par-

kinson’s disease [41] and in ischemic brain stroke [42].

The various activities of AS101 are attributed to its

tellurium atom. The chalcogen family of atoms, also

known as periodic table group 16, includes oxygen,

sulfur, selenium, tellurium, and polonium. These ele-

ments share the same electron arrangement (each has

six free electrons in its outer shell), enabling them to

readily interact with each other to form disulfide-like

bonds. The ability of AS101 to react with thiol-con-

taining molecules was reported by Albeck et al. [26].

Tellurium compounds with a +4 oxidation state, such

as AS101, interact readily with nucleophiles such as

alcohols, thiols, and carboxylates, yielding (Nu)4Te

products, or, in our case, Te(SR)4 (Scheme 1, Reac-

tion 1). The Te(SR)4 product undergoes an oxidation–

reduction reaction according to: Te(SR)4 � Te(SR)2+

RSSR (Scheme 1, Reaction 2). Te(SR)2 may further

react to form a second disulfide as well as a tellurium

atom with a +2 oxidation state (Scheme 1, Reac-

tion 3). The aim of this study was to investigate whe-

ther these reactions could occur in vivo to ablate

homocysteine when present at elevated levels. We show

here that AS101 reacted with homocysteine, causing its

oxidation to homocystine, and that it can also lower

elevated homocysteine levels in vivo. This work pro-

vides a promising new therapy for reducing homo-

cysteine levels using this nontoxic organotellurium

compound, which is already in clinical trials in cancer

and Parkinson’s disease at different stages.

Results

AS101 reduced homocysteine-induced apoptosis

of HL-60 cells

The HL-60 cell line model system for homocysteine

toxicity used in this study was not intended to provide

insights into the pathophysiologic effects of homo-

cysteine in vitro or in vivo, but rather a platform to

determine whether AS101 was able to protect cells

from elevated levels of homocysteine. We first tested

the effect of AS101 on apoptosis in HL-60 cells in the

presence of homocysteine in the medium. d,l-Homocy-

steine (6 mm) increased the percentage of hypodiploid
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cells in the promyelocytic cell line HL-60, as previously

demonstrated for homocysteine thiolactone [30]. Like

homocysteine thiolactone, homocysteine induced

caspase-3-dependent apoptosis in HL-60 cells. Signifi-

cantly elevated caspase-3 activity levels were observed

3 h after homocysteine addition (Fig. 1A). After 4 h,

apoptotic cells appeared to be hypodiploid cells, i.e.

cells during apoptotic DNA degradation (Fig. 1B).

These hypodiploid cells exhibited an 8.5 ± 3.8-fold

increase in their number as compared to control cells

at 6 h after d,l-homocysteine addition, whereas longer

incubation periods resulted in extensive apoptosis and

cell death. Therefore, all subsequent analyses were per-

formed at a 6 h time point. Addition of AS101

together with d,l-homocysteine resulted in reduced

caspase-3 activity and apoptosis levels (Fig. 1C,D,

respectively). PARP1, a cleavage substrate of caspase-3

that is inactive once cleaved, was used as another indi-

rect marker for caspase-3-mediated apoptosis. Cleaved

PARP1 and the active cleaved form of caspase-3 were

both reduced in AS101 and d,l-homocysteine-treated

cells, as shown using western blotting (Fig. 2A,B,

respectively).

AS101 promoted homocysteine conversion

to homocystine

We next used several approaches to determine whether

AS101 was able to convert homocysteine to homo-

cystine. Using Raman spectrometry, a method that

detects specific atoms in a chemical bond by measuring

its vibrational energy state, we analyzed d,l-homo-

cysteine and the in vitro reaction product (RP) of

AS101 and d,l-homocysteine. Whereas homocysteine

showed a distinct peak for its S–H bond (2550–

2600 cm)1) (Fig. 3A), the RP completely lost its S–H

bond and gained a new S–S bond instead (430–

550 cm)1) (Fig. 3B). None of these peaks was evident

when AS101 alone was analyzed (data not shown).

The Raman spectrum for the RP was similar to that

of homocystine [37,38]. Next, H1-NMR analysis was

utilized to identify specific hydrogens in homocysteine

and its RP with AS101. As homocystine is composed

of two homocysteine molecules, equivalent hydrogens

in both molecules possess similar magnetic resonance

attributes, so the H1-NMR spectra for homocysteine

and homocystine are very similar [37]. H1-NMR data

(300 MHz, D2O) analysis of the RP of homocysteine

and AS101 resulted in three signals: d (p.p.m.) ¼ 3.87

(dt, 1 Ha, *CH), 2.84 (m, 2 Hc, CH2SH), and 2.29 (m,

2 Hb, CH2). These signals were similar to those meas-

ured for homocysteine: H1-NMR data (300 MHz,

D2O) d (p.p.m.) ¼ 3.86 (dd, 1 Ha, *CH), 2.62 (m,

2 Hc, CH2SH), and 2.13 (m, 2 Hb, CH2). The similar

H1-NMR spectra of both homocysteine and its RP

with AS101 support our hypothesis that AS101 oxid-

izes homocysteine to homocystine. The predicted

H1-NMR spectra for both homocysteine and homocys-

tine, as calculated using chemdraw ultra 9.0 soft-

ware, are similar: d (p.p.m.) ¼ 3.49 (1 H, *CH), 2.56

(2 H, CH2SH), and 2.08 (2 H, CH2). For H1-NMR

measurements, the hydrogens tagged as a–c are shown

on the homocysteine molecule in Fig. 3A.

Next, we analyzed free thiols using the quantitative

5,5¢-dithiobis(2-nitrobenzoic acid) (Nbs2) reagent,

which reacts with free thiol (–SH) groups. This analysis

also confirmed that whereas homocysteine had a free

thiol, the RP was devoid of a free –SH group (Fig. 3C).

The reaction of homocysteine occurred within minutes,

as measured using Nbs2 (Fig. 3D).

MS is an analytical technique used to determine the

composition of a physical sample by generating a mass

spectrum representing the masses of sample compo-

nents. We used high-resolution MS to determine the

composition of the RP of AS101 and homocysteine.

The calculated Mr of homocystine is 267.047, whereas

the measured Mr of the RP was 267.049 (Fig. 3F). The

similar H1-NMR information and the lack of free SH

groups in the RP, in addition to the Mr determined by

mass spectra, prove that the RP of AS101 and homo-

cysteine is homocystine.

In addition to these four analytical methods, we

used another indirect biochemical approach to deter-

mine the effect of AS101 on homocysteine. This assay

was based on the ability of homocysteine to induce

dissociation of IgG molecules. Rabbit IgG incubated

with homocysteine overnight in vitro with or without

AS101 was electrophoresed on a gel. The gel was sub-

sequently stained using silver staining. The results

showed that whereas homocysteine disassembled IgG

Scheme 1. AS101 oxidized thiol groups (–SH) to produce RS–SR di-

sulfide molecules in three steps. Reaction (I): tellurium compounds

with a +4 oxidation state, such as AS101, interact readily with nu-

cleophiles such as thiols, yielding Te(SR)4. Reaction (II): the result-

ing product undergoes an oxidation–reduction reaction according to

the following reaction: Te(SR)4 � Te(SR)2 + RSSR. Reaction (III):

Te(SR)2 may react further to form a second disulfide as well as a

tellurium atom with a +2 oxidation state.
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in a dose-dependent manner, AS101 prevented this

effect (Fig. 3E).

AS101 decreased total homocysteine but not total

cysteine levels in hyperhomocysteinemic mice

The ability of AS101 to inhibit homocysteine was next

tested in vivo. C57bL ⁄ 6 mice were divided into four

experimental groups: (a) regular water with NaCl ⁄Pi

injections (n ¼ 8); (b) regular water with AS101

(1.5 lgÆg)1) injections (n ¼ 8); (c) d,l-homocysteine

(200 mgÆkg)1Æday)1) in the drinking water with NaCl ⁄Pi

injections (n ¼ 8); and (d) d,l-homocysteine (200

mgÆkg)1Æday)1) in the drinking water with AS101

(1.5 lgÆg)1) injections (n ¼ 8). Injections were adminis-

tered every other day during 8 weeks. Blood was then

collected in order to measure total plasma homocysteine

and cysteine levels using HPLC. In animals that received

d,l-homocysteine in the water, AS101 treatment signi-

ficantly reduced total homocysteine levels from

22.4 ± 7.5 lm to 12.6 ± 3.4 lm (Fig. 4A). AS101 treat-

ment did not significantly change total cysteine levels in

Fig. 1. (A) Kinetic measurement of homocysteine-induced caspase-3 activation in HL-60 cells. HL-60 cells were incubated with 6 mM

D,L-homocysteine for 3–6 h. Cells were then harvested and lysed, and 50 lg of protein was incubated in a 96-well plate with the caspase-3

substrate DEVD-pNA (50 lM) for 6 h. Plates were then analyzed at a wavelength of 405 nm, using an ELISA reader (680 Microplate Absorb-

ance Reader). The results presented are from at least three repeated experiments. (B) Kinetic measurement of homocysteine-induced apop-

tosis in HL-60 cells. HL-60 cells were incubated with 6 mM D,L-homocysteine for 3–6 h. Cells were then harvested, fixed, and stained with

PI for hypodiploid DNA analysis using a fluorescence-activated cell sorter (FACS). Results are shown as percentage of control (untreated)

cells, which, in all experiments, exhibited 4 ± 2% apoptosis. The results presented are from at least three repeated experiments. (C) AS101

reduces D,L-homocysteine-induced caspase-3 activation. HL-60 cells were incubated with or without 6 mM D,L-homocysteine in the presence

or absence of 2.5 lgÆmL)1 AS101 for 6 h. Cells were then harvested and lysed, and 50 lg of protein was incubated in a 96-well plate with

the caspase-3 substrate DEVD-pNA (50 lM) for 6 h. Plates were then analyzed at a swavelength of 405 nm using an ELISA reader (680

Microplate absorbance reader). (D) AS101 reduced D,L-homocysteine-induced apoptosis. HL-60 cells were incubated with 6 mM D,L-homocy-

steine for 6 h. AS101 (2.5 lgÆmL)1) was added either with or without homocysteine. Cells were then harvested, fixed, and stained with PI

for hypodiploid DNA analysis using a FACS. Results are expressed as the percentage of control (untreated) cells. Error bars represent the

SD from three different experiments in duplicate. *P < 0.05.
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either normally fed mice (148.7 ± 13.8 lm in NaCl ⁄Pi-

treated mice vs. 133.0 ± 21.1 lm in AS101-treated

mice) or in homocysteine-fed mice (137.4 ± 17.9 lm in

NaCl ⁄Pi-treated mice vs. 122.1 ± 12.4 lm in AS101-

treated mice) (Fig. 4B) (P < 0.05).

AS101 prevented DNA degradation in sperm cells

of hyperhomocysteinemic mice

Sperm cells recovered from testes of sacrificed hyper-

homocysteinemic mice were analyzed for fragmented

DNA content. DNA fragmentation, expressed as per-

centage DFI, had increased from 4.9% ± 1.2% in con-

trol animals to 16.5% ± 4.4% in d,l-homocysteine-fed

(200 mgÆkg)1Æday)1) hyperhomocysteinemic mice. This

elevation was abrogated by AS101 treatment (1.5

lgÆg)1), and the value was reduced to 4.7% ±0.64%

(Fig. 5) (P < 0.05).

Discussion

Accumulating evidence suggests that even mild eleva-

tions in homocysteine levels are a marker for several

pathologies, notably cardiovascular and neurodegener-

ative disorders, and several homocysteine-reducing

agents, such as vitamin B6, vitamin B12, and folic acid,

have been described. N-Acetylcysteine was also evalu-

ated as a possible homocysteine-reducing agent,

although the mechanism for its activity is not entirely

clear [31]. Not all hyperhomocysteinemic patients

respond to these treatments, probably due to the fact

that, except for N-acetylcysteine, these agents act

through the body’s own metabolic routes. In cases

where metabolic abnormalities are the cause of

the hyperhomocysteinemia, current treatments are

inadequate.

Organotellurium compounds react uniquely with thi-

ols. Tellurium compounds with a +4 oxidation state,

such as Te(OR)4, readily interact with thiols, yielding

(Nu)4Te products. Further oxidation–reduction reac-

tions, such as Te(SR)4 � Te(SR)2 + RSSR, subse-

quently occur. Te(SR)2 may further react to form a

second disulfide and an inorganic tellurium compound

[26]. Interestingly, serum selenium levels were recently

shown to be associated with plasma homocysteine con-

centrations in elderly humans [32]. This led us to exam-

ine whether the organotellurium compound AS101 can

be utilized as a general homocysteine-reducing agent.

In this study, we initially used a well-studied in vitro

model for homocysteine toxicity in the HL-60 cell line

[23]. This model was used for analysis of the effect of

AS101 on homocysteine under culture conditions, but

not to study the pathophysiologic effects of homocyste-

ine that occur in vivo, as the concentrations (6 mm

in vitro as opposed to 15–100 lm in vivo) were much

higher in vitro.
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Fig. 2. (A) AS101 reduced D,L-homocysteine-induced PARP1 cleavage. HL-60 cells were incubated with 6 mM D,L-homocysteine for 6 h in

the presence of AS101 (2.5 lgÆmL)1). Cells were then lysed, and lysates were electrophoresed, blotted onto nitrocellulose membranes, and

incubated with antibody against cleaved PARP1. Results are representative of at least three repeated experiments. (B) AS101 reduced

D,L-homocysteine-induced caspase-3 activation. HL-60 cells were incubated with 6 mM D,L-homocysteine for 6 h in the presence of AS101

(2.5 lgÆmL)1). Cells were then lysed, and lysates were electrophoresed, blotted onto nitrocellulose membranes, and incubated with antibody

against cleaved caspase-3. Results are representative of at least three repeated experiments. *P < 0.05.
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To establish the experimental system, we determined

the kinetics of caspase-3 induction in these cells

(Fig. 1A), as well as the apoptotic process induced

by homocysteine, expressed as percentage of hypodip-

loid cells (Fig. 1B). The addition of AS101, together

with homocysteine, at a total incubation time of 6 h,

resulted in reduction of caspase-3 activity (Fig. 1C)

and apoptosis (Fig. 1D). Through reduction of the

apoptotic process, the levels of cleaved PARP1, a

caspase-3 substrate, and caspase-3 itself were reduced,

as shown by western blotting (Fig. 2A,B, respect-

ively).
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In order to find a possible mechanism for the direct

and rapid effect of AS101 on homocysteine, we per-

formed several in vitro assays in which homocysteine

was allowed to react with IgG in the presence or

absence of AS101 (Fig. 3E). Homocysteine caused a

dose-dependent reduction of disulfide bonds in IgG,

probably by interfering with the disulfide bonds

between the heavy and light chains. Analysis of the

supernatant of the above reaction for free thiol (–SH)

groups using Ellman’s reaction [33] (with the quantita-

tive Nbs2 reagent) revealed that whereas two homo-

cysteine molecules had two thiol (–SH) groups, the

RP in the same molar equivalent had no free –SH

groups (Fig. 3C). This reaction was rapid and

occurred within minutes (Fig. 3D), suggesting a mech-

anism in which two homocysteine molecules combined

to form a single homocystine molecule through a

disulfide bond.
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Fig. 4. AS101 lowers total homocysteine but not total cysteine in

mice fed D,L-homocysteine. C57bL ⁄ 6 mice were divided into four

groups and treated with: (A) regular water with NaCl ⁄ Pi injections

(n ¼ 8); (B) regular water with AS101 (1.5 lgÆg)1) injections (n ¼ 8);

(C) D,L-homocysteine (200 mgÆkg)1Æday)1) in the drinking water with

NaCl ⁄ Pi injections (n ¼ 8); and (D) D,L-homocysteine (200 mgÆkg)1Æ

day)1) in the drinking water with AS101 (1.5 lgÆg)1) injections

(n ¼ 8). Injections were administered every other day during the

8 weeks of homocysteine administration. Mice were then killed with

excess CO2, and blood plasma was obtained. Plasma samples were

analyzed for homocysteine (a) and cysteine (b) levels using HPLC.

*P < 0.05. The data shown represent the averages of three different

experiments performed in duplicate; error bars indicate SD.

Fig. 3. (A) Raman spectrum of homocysteine. A Raman spectrum (0–4000 cm)1) of D,L-homocysteine was obtained. The S–H bond (2550–

2600 cm)1) is labeled. (B) S–S bond in the Raman spectrum of the RP of AS101 and homocysteine. Raman spectrum (0–4000 cm)1) of RP; the

S–S bond (430–550 cm)1) is labeled. (C) The RP of AS101 and homocysteine lacks the free thiol (–SH) group, in contrast to homocysteine.

D,L-Homocysteine (1.94 mM) dissolved in NaCl ⁄ Pi was incubated with or without AS101 (0.318 mM in NaCl ⁄ Pi) on a rotating plate overnight at

37 �C. Nbs2 was then added, and allowed to react for 15 min; the colored RP was read at 412 nm. *P < 0.05. (D) AS101 reacts rapidly with

homocysteine. D,L-Homocysteine (1.94 mM) dissolved in NaCl ⁄ Pi was incubated with or without AS101 (0.318 mM in NaCl ⁄ Pi) for 2 min. Free

–SH groups were measured at 0, 1 and 2 min after the addition of AS101. Nbs2 was then added, and allowed to react for 15 min; the RP was

read at 412 nm. *P < 0.05. (E) IgG disassembly by D,L-homocysteine was abrogated by AS101. D,L-Homocysteine cleaved IgG in a dose-

dependent manner, as seen in the elevated heavy-chain fragment in the left panel. Addition of AS101 (2.5 lgÆmL)1) reduced this effect (right

panel, middle lane). (F) High-resolution MS analysis of the RP indicated an Mr of 267.049 along with the lower molecular weight products, the

result of the breakage of the molecule in this method. The Mr of the RP is tagged with an asterisk (*). Error bars represent the SD from three

different experiments in duplicate.
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Fig. 5. AS101 abrogated homocysteine-induced sperm cell DNA deg-

radation. Groups of C57BL ⁄ 6 mice were given D,L-homocysteine

(200 mgÆkg)1Æday)1) in their drinking water, or given plain water. Mice

were injected with either NaCl ⁄ Pi (n ¼ 8) or AS101 (1.5 lgÆg)1) (n ¼
8) every other day during the homocysteine administration period of

8 weeks. Following this, mice were killed with excess CO2. DNA

fragmentation was analyzed in sperm cells recovered from motile

spermatozoa of treated mice. In the SCSA, DFI was calculated for

spermatozoon in a sample, and the results were expressed as per-

centage of cells with abnormally high DFI (%DFI). DFI values were

measured within a range of 0 and 1024 channels of fluorescence.

*P < 0.05. The data shown represent the average of three separate

experiments performed in duplicate, and error bars indicate the SD.
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To further evaluate the reaction of AS101 with

homocysteine, we analyzed homocysteine and its RP

using Raman spectroscopy. Raman spectroscopy pro-

vides vibrational information that is very specific for

the chemical bonds in molecules. Whereas homocyste-

ine demonstrated a peak corresponding to an S–H

bond (Fig. 3A), the RP lost this bond and a new S–S

bond was formed (Fig. 3B). NMR also indicated that

the structure of the RP included a disulfide bond

involving two homocysteine molecules. Finally, mass

spectrum analysis led to the conclusion that the RP’s

Mr was equal to that of homocystine (Fig. 3).

The demonstration that AS101, as an organo-

tellurium compound, can react with homocysteine to

produce homocystine is important, as the conversion of

homocysteine to homocystine and ⁄or other disulfide

mixtures and its renal clearance in the urine is known to

be a major nontoxic secretion pathway of homocysteine

from the body [34]. We next sought to analyze whether

this effect also occurred in vivo. To mimic hyperhomo-

cysteinemia in mice, we utilized the oral administration

model of d,l-homocysteine. In this model, animals were

fed d,l-homocysteine that had been added to their

drinking water for a duration of 2 months. This resulted

in high circulatory levels of homocysteine (Fig. 4A), but

did not affect total cysteine levels (Fig. 4B). AS101

treatment administered to homocysteine-fed animals led

to a reduction in total homocysteine but not total cys-

teine levels (Fig. 4A,B, respectively). It remains to be

elucidated whether a degree of specificity for different

thiols exists for AS101 in vivo.

The AS101 concentration used by us in the cell cul-

ture experiments (2.5 lgÆmL)1) and the in vivo experi-

ments (1.5 lgÆg)1) correlated with the circulatory levels

of plasma tellurium measured during chronic systemic

AS101 administration to dogs in a previous pharmaco-

kinetic study (unpublished results).

Subfertility has been very recently associated with

hyperhomocysteinemia [17], whereas homocysteine was

shown to be inversely associated with fertility outcome.

The reason for this, however, is obscure. To the best of

our knowledge, our results demonstrate a novel mechan-

ism by which even moderate (22.36 ± 7.47 lm hcy)

hyperhomocysteinemia in mice can induce infertility by

causing aberrant DNA structures and increased DNA

fragmentation in sperm cells, as illustrated in Fig. 5.

This correlates with the DNA damage caused by homo-

cysteine, as sperm cells, as constantly dividing cells, are

very sensitive to such damage. These findings should be

further investigated in human subjects to try to find rea-

sons for unexplained fertility problems observed in men.

In this study, we unraveled another aspect of the bio-

logy of tellurium by showing that the organotellurium

compound AS101 reacted with homocysteine. The

mechanism for this activity was chemical modification

of homocysteine to homocystine. This mechanism may

also be involved in the reduction of circulatory levels of

homocysteine by AS101 in vivo. However, we do not

rule out additional mechanisms that may be responsible

for the lowering of total homocysteine levels by AS101

in vivo. Our hyperhomocysteinemia model revealed a

novel mechanism by which homocysteine damaged the

DNA structure of sperm cells, thus causing infertility.

This effect was completely abrogated by AS101. The

novel mechanism of the reaction between AS101, a

nontoxic organotellurium compound, and homocyste-

ine may be of clinical importance, as it might reduce

homocysteine levels in patients, irrespective of the cause

of hyperhomocysteinemia.

Experimental procedures

Materials

d,l-Homocysteine and propidium iodide (PI) were purchased

from Sigma (St Louis, MO, USA). The caspase-3 colorimet-

ric substrate, Ac-benzyloxycarbonyl aspartyl glutamylvalyl-

aspartic acid (DEVD)-p-nitroaniline (pNA), was purchased

from Bachem AG (Bubendorf, Switzerland). Fetal bovine

serum, RPMI-1640, penicillin and streptomycin were pur-

chased from Gibco Laboratories (Grand Island, NY, USA).

Caspase-3 and PARP1 antibodies were purchased from Cell

Signaling (Danvers, MA, USA). Antibody against a-tubulin
was purchased from Sigma. AS101 was synthesized by M

Albeck (Department of Chemistry, Bar-Ilan University) in

NaCl ⁄Pi (pH 7.4), and maintained at 4 �C.

Cell culture

HL-60, a human promyelocytic cell line, was cultured in

RPMI-1640 supplemented with 10% heat-inactivated fetal

bovine serum and antibiotics (2000 UÆL)1 penicillin and

20 mgÆL)1 streptomycin). Cell cultures were maintained in a

humidified 5% CO2 atmosphere at 37 �C.

Caspase-3 enzymatic activity

Cells (1 · 106) were incubated with cold lysis buffer for

10 min. Cell lysate containing 50 lg of protein was added

to 148 lL of reaction buffer (100 mmolÆL)1 Hepes, pH 7.5,

20% glycerol, 0.5 mmolÆL)1 EDTA, and 5 mmolÆL)1

dithiothreitol) and 50 lm caspase-3 colorimetric substrate,

DEVD-pNA. Samples were incubated at 37 �C for 6 h in a

96-well flat-bottomed microplate. Color was read using

a Bio-Rad model 680 microplate reader (Bio-Rad

Laboratories, Hercules, CA, USA) at a wavelength of

405 nm.
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Analysis of apoptotic cells with hypodiploid DNA

contents

Cells were collected, washed with Ca2+-free and Mg2+-free

NaCl ⁄Pi, and fixed in ice-cold 70% ethanol overnight. Cells

were then incubated with PI buffer [PI (50 lgÆmL)1), 0.1%

sodium citrate, 0.1% Triton X-100 and 0.2 mgÆmL)1 RNaseA

in Ca2+-free and Mg2+-free NaCl ⁄Pi] for 30 min at 4 �C.
Samples were analyzed using FacsCalibur (Becton-Dickinson,

Mountain View, CA, USA). The percentage of cells in differ-

ent cell cycle phases was estimated from PI histograms using

the modfit 2.8 program (Coulter Verity, Topsham, ME,

USA). Hypodiploid cells, i.e. those with sub-G0 ⁄G1 DNA

contents, were defined as apoptotic cells, as described by

Endresen et al. [27].

Western blotting

Protein concentration was quantified using Bradford rea-

gent (Bio-Rad). Samples were then electrophoresed using

10% separating gel and 4% stacking SDS polyacrylamide

gels (SDS ⁄PAGE) according to Laemmli [39]. Gels were

then electroblotted using semidry transfer apparatus (Bio-

Rad) in transfer buffer containing 0.025 m Tris base,

0.15 m glycine and 10% (v ⁄ v) methanol for 1.5 h at 15 V

onto nitrocellulose membranes (Bio-Rad). The membranes

were then incubated in blocking buffer (5% nonfat milk in

20 mm Tris ⁄HCl, pH 7.5, 137 mm NaCl, 0.2% Tween-20)

for 1 h at room temperature. Membranes were incubated

overnight at 4 �C with the indicated antibody. After being

washed three times (5 min per wash) with NaCl ⁄
Tris-T (20 mm Tris ⁄HCl, pH 7.5, 137 mm NaCl, 0.2%

Tween-20), the membrane was incubated with a horseradish

peroxidase-conjugated secondary antibody. After being

washed five times (5 min per wash) with NaCl ⁄Tris-T,
the membrane was incubated with the chemoluminescent

substrate ECL (Pierce-Endogen, Rockford, IL, USA) for

5 min, and chemoluminescence signals were visualized by

exposing the membrane to X-ray film (Kodak X-ray film;

InterScience, Mississauga, Ontario, Canada).

Raman analysis

d,l-Homocysteine and other reaction products were

analyzed using a Raman division instrument (Jobin Yvon

Horiba, Edison, NJ, USA). Data were collected with the

k ¼ 514.532 nm line of an argon laser as the excitation

source at ambient temperature in the range 100–4000 cm)1,

with an 1800 gÆmm)1 grating and a 100· objective.

NMR analysis

NMR spectra of d,l-homocysteine and other RPs were

recorded with an AC Bruker 200 instrument (Rheinstetten,

Germany). The RP of AS101 and homocysteine was centri-

fuged using SpeedVac at max. speed plus model SC110A

(Savant Instruments, Holbrook, NY, USA) under vacuum

(VacuuBrand diaphragm vacuum pump model MZ-2C;

Wertheim, Germany), to complete dryness. Compounds

were characterized by 1H-NMR. 1H-NMR spectra were

recorded at 300 MHz in D2O. Chemical shifts were repor-

ted in the d scale. Calculated p.p.m. values for both homo-

cysteine and homocystine were obtained using chemdraw

ultra 9.0 software in the chemoffice 2005 bundle (http://

www.cambridgesoft.com/).

Mass spectra

High-resolution mass spectrum analysis was performed

using VG Autospec Micromass (Waters, Milford, MA,

USA) with CI+ (chemical ionization) ⁄CH4 ionization.

Homocysteine quantification

Blood samples were kept in ice-cooled EDTA tubes. Plasma

was separated by centrifugation at 1500 g at 5 �C and

stored at ) 20 �C. Total homocysteine levels were measured

by HPLC with fluorescence detection, following labeling of

homocysteine with monobromobimane, according to a

modification of the method of Araki & Sako [28]. In brief,

disulfide bonds were reduced using sodium borohydride

(final concentration 0.4 m) instead of tri-n-tributylphos-

phine, and free –SH residues were derivatized using the

thiol-specific reagent monobromobimane (final concen-

tration 0.102 m) instead of the fluorogenic reagent ammo-

nium 7-fluorobenzo-2-oxa-1,3-diazole-4-sulfonate.

Quantitative determination of sulfhydryl (–SH)

groups

A stock solution of 50 mm Nbs2 was prepared in double-

deionized water (ddw) ⁄ ethanol (5 : 3 v ⁄ v) solution. The

Nbs2 working solution contained 2 mm Nbs2 and 20 mm

sodium acetate. For the Ellman assay, 5 lL of sample was

added to 25 lL of Nbs2 working solution, followed by

420 lL of ddw and 50 lL of 1 m Tris buffer (pH 8). After

incubation for 15 min, absorbance was measured at 412 nm

using a Bio-Rad model 680 microplate reader.

SDS ⁄ PAGE to detect IgG cleavage products

Rabbit IgG (1 lg) was incubated overnight with different

concentrations of homocysteine and ⁄ or AS101 in NaCl ⁄Pi

on a rotating plate at 37 �C. Loading buffer, without SDS,

was then added to the samples. SDS ⁄PAGE was performed

according to Laemmli [39], with 10% separating gel and 4%

stacking gel. Electrophoresis was performed under constant
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current. Proteins were detected by silver staining. The fol-

lowing washings were done: one washing (30 min) in 50%

methanol and 12% acetic acid; two washings (10 min each)

in 10% ethanol and 5% acetic acid; one washing (10 min)

in 3.4 mm K2Cr2O7 and 3.2 mm HNO3; four washings (30 s

each) in ddw; one washing (30 min) in 12 mm AgNO3 under

lamp illumination; washing in ddw; very fast washing in

0.28 mm Na2CO3 and 1% formaldehyde; and washing in

ddw and store-developed gel in 1% acetic acid.

Animals used for experiments

Eight-week-old male C57bL ⁄ 6 mice were purchased from

Harlan Laboratories (Jerusalem, Israel). Animal experi-

ments were performed in accordance with institutional pro-

tocols, and approved by the Animal Care and Use

Committee of Bar-Ilan University.

Hyperhomocysteinemic mouse model

C57bL ⁄ 6 mice were given homocysteine (200 mgÆkg)1Æ
day)1) in their drinking water, and injected with either

NaCl ⁄Pi (n ¼ 8) or AS101 (1.5 lgÆg)1) (n ¼ 8) every other

day for 8 weeks. Following this, the mice were killed with

excess CO2, and blood plasma was removed.

Recovery of testis tissues

In order to recover the motile spermatozoa, the epididymides

were minced with fine scissors and incubated at 37 �C (95%

air, 5% CO2) for 15 min in 1 mL of M2 medium (Sigma).

Aliquots of the sperm present in the supernatant were fixed

for sperm chromatin structure assay (SCSA) analysis.

SCSA

Sperm aliquots were washed twice with cold TNE buffer

solution (0.01 m Tris, 0.15 m NaCl, 0.001 m EDTA,

pH 7.4) and centrifuged at 400 g for 20 min at 4 �C (Sigma

2–5 centrifuge, ATR, Laurel, MD, USA). The final pellet

was resuspended in 0.1 mL of TNMg buffer (0.02 m Tris,

0.15 m NaCl, 0.005 m MgCl2, pH 7.4), and then fixed by

forceful pipetting into 0.9 mL of an acetone ⁄ 70% ethanol

(1 : 1 v ⁄ v) solution. All steps of this procedure were per-

formed at 4 �C. Sperms were stained with acridine orange

as previously described [29]. Fixed sperm aliquots were

diluted in TNE buffer (0.15 m NaCl, 0.001 m EDTA,

0.01 m Tris, pH 7.4) to a final concentration of

1–2 · 106 cellsÆmL)1. Then, 200 lL of sperm was added to

400 lL of a detergent ⁄ acid solution consisting of 0.1% Tri-

ton X-100 in 0.08 m HCl and 0.15 m NaCl (pH 1.4). After

30 s, 1.2 mL of staining solution containing 6 mgÆmL)1

electrophoretically purified acridine orange in staining buf-

fer (prepared by mixing 370 mL of 0.1 m citric acid mono-

hydrate and 630 mL of 0.2 m Na2HPO4 and adding 0.372 g

of disodium EDTA and 8.77 g of NaCl, pH 7.4) was added

to the sample. Flow cytometry was measured according to

the method of Evenson et al. [40] using a FacsCalibur (Bec-

ton-Dickinson) flow cytometer equipped with ultrasense

and a 15 mW argon ion laser with an excitation wavelength

of 488 nm. The internal standard for calibration was a

stock of fixed ram sperm nuclei prepared as described ear-

lier. For each sample, 103 cells were analyzed. The percent-

age DNA fragmentation index (DFI) was calculated using

a ratio time 1.1 software package (Becton-Dickinson).

Statistical analysis

The results were analyzed using a two-tailed independent

Student’s t-test. Statistical significance was defined as

P < 0.05.
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