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Abstract
N-acetylcysteine (NAC) has been widely used in cell culture-based studies for the role of reactive
oxygen species generation in apoptosis induction by isothiocyanates (ITCs). Here we have
demonstrated, using radiolabeled 14C-phenethyl ITC and 14C-sulforaphane, that NAC
pretreatment significantly reduces ITC cellular uptake by conjugating with ITCs in the medium,
suggesting that reduced uptake of ITCs, rather than the antioxidant activity of NAC itself, is
responsible for the diminished downstream apoptotic effects. The study provides a cautionary note
on the assay in studying mechanisms of apoptosis by ITCs and other electrophilic and thiol-
reactive compounds.
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Introduction
N-acetylcysteine (NAC) is a precursor of the intracellular antioxidant glutathione (GSH) (1).
Both NAC and GSH are capable of neutralizing reactive oxygen species (ROS) and
conjugating with electrophiles. NAC has been shown to prevent damage to DNA and
proteins caused by mutagens and carcinogens. These activities may contribute to its
inhibitory effect against multistage carcinogenesis in rodents (2).

Cruciferous vegetable-derived isothiocyanates (ITCs) are versatile cancer chemopreventive
compounds (3). Evidence obtained from both in vitro and in vivo studies supports ITCs anti-
proliferative activity through cell cycle arrest and apoptosis induction in cancer cells (3).
Although the detailed mechanisms underlying these events are still not fully understood,
several cell culture-based studies have indicated that ROS generation, presumably induced
by depleting cellular GSH via conjugation, might play an important role in the induction of
apoptosis (4–7). A major piece of evidence supporting this claim is that pretreatment of cells
with mM levels of NAC prevents GSH depletion, blocks ROS accumulation and oxidative
damage in mitochondria, eliminates effects on a variety of signaling pathways, and
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eventually suppresses apoptosis and cell death induced by ITCs at the µM level (4–7). None
of these reports indicate that pretreatment medium containing NAC was replaced before ITC
treatment. Due to the fact that NAC is a ROS antagonist, these results have been interpreted
to support the claim that ROS may underlie a mechanism by which ITCs induce apoptosis.
However, it is also known that electrophilic ITCs can conjugate rapidly with NAC by
forming ITC-NAC thiocarbamates (Figure 1) (8). We hypothesize that conjugate formation
in the medium could affect the cellular uptake of ITCs, which may result in inhibition of
downstream effects.

To confirm this hypothesis, we adapted the conditions reported by others (4) in which NAC
was used as a ROS antagonist. T72Ras cells were treated with 5 µM 14C-PEITC (9) for 5 h
with and without 3 mM NAC pretreatment for 1 h (molar ratio is NAC:PEITC=600:1) (see
Supplementary material for detailed methods). After treatment, harvested cells were lysed
and separated into two fractions, containing either small molecules or the precipitated
proteins. The PEITC-associated radioactivity in these fractions was determined by
scintillation counting. The results (Figure 2A left and Table S1) show that pretreatment with
NAC reduced the cellular uptake of total PEITC radioactivity by 5-fold. The radioactivity in
the supernatant containing small molecules (mainly GSH-PEITC conjugate) was reduced by
3-fold, and the radioactivity associated with protein conjugates by 14-fold. These results
indicate that under these conditions NAC pretreatment can dramatically block cellular
uptake of PEITC.

To investigate whether uptake of SFN, like PEITC, was also affected by NAC, we incubated
Hep3B cells under the conditions reported (5), with 10 µM 14C- SFN (10) for 4 h with and
without 5 mM NAC pretreatment (molar ratio is NAC:SFN=500:1). The results (Figure 2A
right and Table S2) show that NAC pretreatment inhibited uptake of total radioactivity from
SFN by 8-fold — with approximately 5-fold decrease in the small molecule fraction and
more than 28-fold in the protein fraction, indicating that NAC pretreatment can greatly
suppress the cellular uptake of SFN.

To study whether NAC blocks ITC uptake in other cell types, we expanded our study by
including three more cancer cell lines, HeLa, HT-29, and MCF-7. Cells were treated with 5
mM NAC for 1 h followed by 5 µM 14C-PEITC for 5 h (molar ratio is
NAC:PEITC=1000:1). The results (Figure 2B) show that the overall uptake of PEITC
radioactivity, including both the soluble and protein fractions, was reduced by about 10-fold
in the NAC–added medium, compared to the control, indicating that the ability of NAC to
reduce cellular uptake of PEITC is not cell-type specific.

To confirm that NAC reduces PEITC cellular uptake through conjugation in the medium, we
analyzed the radioactivity in the culture medium of T72Ras cell treatment by HPLC using a
radioflow detector. The results (Figure 3) show that in contrast to PEITC in the medium
without NAC, PEITC-NAC is the dominant species in the medium with NAC (>90% of the
initial input PEITC), indicating that, as expected, NAC substantially form conjugate with
PEITC. Therefore, conjugation with NAC in the medium is likely responsible for the
reduced PEITC uptake. It has been reported that PEITC-GSH, once formed inside cells, can
be rapidly excreted into the culture medium (11,12). Our results also show that less PEITC-
GSH was detected in the medium with NAC than without NAC, supporting the notion that
NAC in the medium suppresses PEITC uptake.

ITCs react with deprotonated thiols in both small molecules (such as GSH and NAC) and
proteins. The reaction happens very rapidly (8). It is also reversible. Therefore, the NAC-
and GSH- conjugates of ITCs, like free ITCs, can also induce apoptosis and cell cycle arrest
(13), presumably via deconjugation to free ITCs. However, the large excess of NAC used in
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previous studies (4–7) would certainly keep ITCs in the conjugated forms in the medium
and result in a significant decrease in ITC cellular uptake and ultimately ITC-induced
downstream effects. The hypothesis that NAC is reducing ITC uptake is also supported by
the inhibition of ITC-induced biological effects being neither target- nor pathway- specific
(4–7). Simultaneous suppression of various intermediate signals and endpoint apoptosis may
lead to false conclusions on these events, namely that they are ROS-dependent and are
related.

As an alternative to the ROS theory, we have proposed that binding to cellular protein
targets may underlie ITC-induced apoptosis (12). Recently, we found that benzyl ITC
(BITC) and PEITC bind specifically to certain cysteine residues in tubulin inducing tubulin
conformation changes, microtubule disruption, tubulin precipitation, and degradation (14–
16). ITC binding to tubulin correlates well with the effects of cell cycle arrest and apoptosis
by ITCs. Also, these tubulin-related events are independent of ROS generation (15,16).

The results of this study indicate that NAC should be used with caution in experiments
designed to ascertain the role of ROS in apoptosis induced by ITCs and other electrophilic
and thiol-reactive compounds. One of the most convincing strategies to gain insights of
ROS-mediated mechanisms is through regulating levels of catalase and SOD by either
transient or stable transfection.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.

List of Abbreviations

BITC benzyl isothiocyanate

GSH glutathione

ITCs isothiocyanates

NAC N-acetylcysteine

PEITC phenethyl isothiocyanates

SFN sulforaphane
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Figure 1.
Conjugate formation between PEITC and NAC.
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Figure 2.
NAC blocks uptake of ITCs in a variety of cells. (A) NAC significantly reduced
radioactivity uptake of 14C-PEITC in both fractions and the whole cell lysate of T72Ras
cells (left) and 14C-SFN in Hep3B cells (right). Open bar denotes cells without NAC
pretreatment; solid bar denotes cells with NAC pretreatment. (B) NAC significantly reduced
overall radioactivity uptake of 14C-PEITC in the whole cell lysate of HeLa, HT-29, and
MCF-7 cells. #: p=0.0012; ^: p=0.001; *, p<0.001.
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Figure 3.
HPLC-radioflow analysis of PEITC and its metabolites in the culture medium of T72Ras
cells treated with 14C-PEITC for 5 h with and without pretreatment with NAC. The
identities of the metabolites were determined by comparing the retention times with those of
the synthetic UV standards.
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