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�-Glutamyl transpeptidase (GGT) is an enzyme located on the
surface of cellular membranes and involved in GSH metabolism
and maintenance of redox homeostasis. High GGT expression
on tumor cells is associated with increased cell proliferation and
resistance against chemotherapy. GGT inhibitors evaluated so
far in clinical trials are too toxic for human use. In this study,
using enzyme kinetics analyses, we demonstrate that ovothiols,
5(N�)-methyl thiohistidines of marine origin, act as noncom-
petitive inhibitors of GGT, with an apparent Ki of 21 �M, when
we fixed the concentrations of the donor substrate. We found
that these compounds are more potent than the known GGT
inhibitor 6-diazo-5-oxo-L-norleucine and are not toxic toward
human embryonic cells. In particular, cellular process–specific
fluorescence-based assays revealed that ovothiols induce a
mixed cell-death phenotype of apoptosis and autophagy in
GGT-overexpressing cell lines, including human liver cancer
and chronic B leukemic cells. The findings of our study provide
the basis for further development of 5-thiohistidines as thera-
peutics for GGT-positive tumors and highlight that GGT inhi-
bition is involved in autophagy.

�-Glutamyl transpeptidase (GGT)4 is an enzyme (EC
2.3.2.2), localized on the outside of the cell surface, that cata-
lyzes the hydrolysis of extracellular glutathione (GSH), thus
providing the cell a source of cysteine for increased synthesis of
intracellular GSH (1). In detail, GGT catalyzes the cleavage of
�-glutamyl compounds and the transfer of the �-glutamyl
group to an acceptor substrate by a ping–pong mechanism (2,

3). GSH, the most common physiological substrate of GGT,
acts as the �-glutamyl donor in the initial reaction of hydrolysis,
and then cysteinyl-glycine is released and cleaved into cysteine
and glycine by cell-surface dipeptidases. In the second reaction
catalyzed by GGT (transpeptidation), the �-glutamyl group is
transferred from the �-glutamyl-GGT complex to water to
release glutamate or to a second substrate (the acceptor), usu-
ally consisting in amino acids or dipeptides. However, although
the hydrolysis of GSH is the most accepted biological function
for GGT, the transpeptidation reaction is far from being dem-
onstrated to really occur in the cell (3). Several human tumors,
including hepatocellular carcinoma and renal cell carcinoma,
exhibit high levels of GGT activity, which enhances their resis-
tance to chemotherapy due to GGT ability to recycle GSH (1,
4–7). Indeed, elevated GSH levels in tumors have been shown
to contribute to chemo- and radiotherapy resistance and pre-
vent the initiation of the apoptotic cascade in tumor cells (8, 9).
When inhibiting GGT for as little as 2 h, the intracellular cys-
teine concentration in GGT-positive tumors is significantly
reduced (10). In GGT-knockout mice, the absence of GGT in
the renal proximal tubules results in the excretion of GSH in the
urine (11). In these mice, GSH in the glomerular filtrate cannot
be cleaved into its constituent amino acids for reabsorption. As
a consequence, these mice grow slowly and finally die due to
cysteine deficiency. Intense efforts are continuously devoted to
identifying new inhibitors of GGT due to their therapeutic
potential in the treatment of GGT-dependent pathologies such
as some types of cancer, ischemia/reperfusion-induced renal
injury, asthma, and liver fibrosis (7, 12–14).

The most-known compounds that inhibit GGT include glu-
tamine analogues and other amino acidic derivatives such as
acivicin, 6-diazo-5-oxo-L-norleucine (DON), azaserine (15, 16),
sulfur derivatives of L-glutamic acid (17), and �-(monophenyl)
phosphonoglutamate analogues (18, 19). However, most of
these compounds have proved to be toxic (20 –22) due to their
interference with essential pathways such as the glutamate
recycling involved in neurotransmission. Among monophenyl
phosphonoglutamate analogues, only the butanoic acid deriva-
tive GGsTop was found to be inactive on glutamine amido-
transferase (23) and effective for the treatment of oral mucositis
(24). In contrast, serine borate was found to be too weak as
inhibitor (16, 25). Subsequently, a class of uncompetitive inhib-
itors, structurally different from and less toxic than the gluta-
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mine analogs, were developed. These compounds do not inter-
act with the �-glutamyl– binding site, but they bind the
acceptor site (26). However, no further in vitro and in vivo stud-
ies have confirmed their therapeutic potential.

In recent years, great attention has been focused on the
marine environment as an unexplored reserve of new mole-
cules with pharmacological potential. Among them, the class
of thiohistidines, sulfur-containing natural products, has
attracted researchers’ attention for their redox properties (27,
28). In particular, 5-thiohistidines, mainly present in marine
invertebrates, bacteria, and microalgae (29), occur either as free
amino acids or as building blocks of complex thioalkaloids or
iron-chelating pigments (29, 30). Briefly, 5(N�)-methyl thiohis-
tidines, also named ovothiols, are known to play a key role in
controlling the cellular redox balance for their ability to make a
redox exchange with GSH (31–33). Ovothiol A (see Fig. 1 for
the chemical structure) was isolated and characterized from the
eggs of the sea urchin Paracentrotus lividus and from the ovary,
eggs, and biological fluids of other marine invertebrates such as
sea stars and cephalopods (29, 30). Moreover, ovothiol A was
found in some human pathogens, marine worms (34, 35), and
microalgae known for their high metabolic profile and potential
in biotechnological applications (36, 37). The ovothiol deriva-
tives B and C (Fig. 1), distinguished by one or two additional
methyl groups at the �-amino group of 5-thiohistidine, were
also discovered in the eggs of the spiny scallop Chlamys hastata
and the sea urchins Strongylocentrotus purpuratus and Spha-
erechinus granularis (29, 30). Recently, the enzymes responsi-
ble for ovothiol biosynthesis have been characterized (38, 39),
and in silico analysis has revealed homologous genes in a wide
range of genomes from Proteobacteria to Animalia (38). How-
ever, the finding that tetrapods’ genomes lack the genes respon-
sible for ovothiol biosynthesis (40) led to the investigation of
their biological activities in mammalian models (14, 41, 42). In
particular, we have recently demonstrated that ovothiol A
induces autophagy in a human liver carcinoma cell line, HepG2
(41), and exhibits anti-inflammatory activity, when adminis-
tered in its disulfide form, in an in vivo model of liver fibrosis
(14). Overall, these studies prompted the total chemical synthe-
sis of these compounds (43, 44), leading to the recently pub-
lished synthetic protocol that starts from the natural precursor
L-histidine (45). Here, we report for the first time the biochem-
ical characterization of 5-thiohistidines as a novel class of GGT
inhibitors to be potentially employed in the treatment of GGT-
positive diseases.

Results

Ovothiol inhibits GGT activity

Enzyme assays were carried out using both human GGT
(hGGT) isolated from membranes of human liver cancer cell
line HepG2 or chronic B leukemic cells HG3 cells and the com-
mercial equine kidney GGT (eqGGT; with a high percentage
of identity with hGGT), maintaining fixed and saturating
concentrations of �-glutamyl-para-nitroanilide (GpNa) and
the acceptor glycyl-glycine (GlyGly) and varying the concentra-
tions of the different testing compounds. Residual GGT activity
in the presence of ovothiol A (ovo), isolated from P. lividus eggs
in its disulfide form (41), was compared with that in the pres-
ence of the trimethyl-2-thiohistidine ergothioneine (erg) stabi-
lized in thione form, the previously characterized GGT inhibi-
tor DON (15), and dithiothreitol (DTT), used as a negative
control (Fig. 2). Under these conditions, 50% GGT inhibition
was obtained at 16 �M for ovo compared with 282 �M for DON,
which was abandoned in clinical trials for toxicity (21), and with
297 �M for erg. Similar results were obtained with eqGGT in the
presence of the different compounds. The addition of DTT did
not induce any GGT-inhibitory action, thus excluding the pos-
sibility that the observed inhibitory effect was due to the intrin-
sic ability of an unspecific thiol to reduce cysteine or disulfides.

Kinetic analysis of GGT inhibition by ovothiol

To determine the mechanism of ovothiol-driven inhibition
of GGT, kinetics of eqGGT activity were analyzed, in the
absence or presence of the inhibitor, varying each of the sub-
strates with the second maintained at a fixed concentration. In
particular, when GlyGly (the acceptor substrate) concentration
varied, GpNA was maintained at 3 mM; vice versa, GlyGly was
maintained at 40 mM when GpNA concentration varied. The
effect of different concentrations of ovo, DON, and erg on the

Figure 1. Sulfur-containing histidines and the GGT inhibitor DON. Chem-
ical structures of ovo, erg, and DON.

Figure 2. Inhibition of GGT activity. GGT activity was measured in the pres-
ence of 40 mM GlyGly and 3 mM GpNA at the indicated concentrations of ovo
(F), erg (f), DON (Œ), and DTT (�) and is reported as percentage of the
activity measured in the absence of the inhibitor (21 units). Data were fitted
according to a rectangular hyperbolic binding function.
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kinetics of eqGGT is shown in representative Lineweaver–Burk
graphs reported in Fig. 3. The behavior of ovo inhibition (Fig. 3,
A and B) accounted for a noncompetitive-like inhibition. In
fact, the extrapolation of the fitting on the x axis approached
very similar Km values, whereas a decrease of Vmax was observed
in all cases. These data indicate that ovo has the same affinity for
the free enzyme and the covalent E–�-glutamyl complex, both
when GpNA binds as donor substrate and GlyGly binds as
acceptor. Similar kinetic behaviors with decreased Vmax and
roughly constant Km values were also obtained in the presence
of erg (Fig. 3, C and D) and DON (Fig. 3, E and F). The apparent
Ki values obtained from nonlinear fitting in the Michaelis–
Menten equation (Fig. S1) are reported in Table 1. The appar-
ent Ki values obtained for each compound indicated that,
among those tested, ovo is a more potent inhibitor compared
with erg and DON, thus confirming the data reported in Fig. 2.

Ovothiol inhibits membrane-bound GGT of human cells

HepG2 and HG3 cells were tested for GGT expression and
activity. Partially purified GGT extracts from two different bio-
logical samples containing the mature membrane-bound form
of GGT were evaluated by immunoblotting using specific anti-
body against hGGT. Both cell lines showed a significant higher
expression of the membrane-bound form of GGT (�64 kDa)
compared with normal lymphocytes and human embryonic

kidney (HEK) 293 cells (Fig. 4). Curiously, the molecular weight
of GGT in HEK 293 was apparently lower compared with GGT
from HepG2 and HG3, likely due to differences in the status of
protein glycosylation. These results demonstrated that the
tumoral cell lines investigated in this study expressed higher
levels of GGT compared with nonmalignant cells.

To confirm that ovothiol inhibits membrane-bound GGT in
dividing cells, we treated HG3 cells with 20 �M ovo and mea-
sured GGT activity and expression after 2 and 24 h. Ovo did not
induce significant changes in GGT expression compared with
non-treated cells at 2 h, except for a slight decrease of GGT
expression at 24 h (Fig. 5, A and B). On the contrary, GGT
activity normalized versus GGT content was significantly
reduced both at 2 and 24 h (Fig. 5C). After 24 h, we also
observed a significant increase of GSH levels in the cell me-
dium, confirming the inhibition of its extracellular hydrolysis
following GGT inhibition (Fig. 5D).

Ovothiol reduces cell proliferation in GGT-positive cell lines

To assess whether ovo was able to interfere with cell prolif-
eration, HG3 and HepG2 cells were incubated in the presence
of different concentrations of ovo, erg, and DON for 24 – 48 h.
In the case of HG3 cells, the CyQuant assay, employed to mea-
sure proliferating cells, indicated a significant cytotoxic effect

Figure 4. Protein expression analysis of hGGT. A, representative Western
blot using hGGT-specific antibody against microsomal extracts of HG3 and
HepG2 human cancer cells compared with normal lymphocytes and HEK 293
cells. B, protein expression levels were quantified by densitometric analysis
using ImageJ software and normalized versus total protein content: **, p �
0.0048; ***, p � 0.0003 versus HEK 293 cells; ##, p � 0.0021; ###, p � 0.0002
versus lymphocytes. Error bars represent S.D. The significance was deter-
mined by Student’s t test and post hoc analysis.

Table 1
Inhibition constants of GGT activity by sulfur-containing compounds
Data of apparent Ki were obtained as reported under “Experimental procedures”
and are expressed as mean � S.D. (n � 3).

Compound Fixed substrate Variable substrate Apparent Ki (�M)

Ovo GpNA GlyGly 21 � 7
DON GpNA GlyGly 141 � 27
Erg GpNA GlyGly 171 � 3
Ovo GlyGly GpNA 7 � 1
DON GlyGly GpNA 83 � 11
Erg GlyGly GpNA 111 � 10

Figure 3. Kinetic analysis of GGT inhibition. EqGGT activity was assayed as
reported under “Experimental procedures” in the presence of 3 mM GpNA and
the indicated concentrations of GlyGly (A, C, and E) or in the presence of 40 mM

GlyGly and the indicated concentrations of GpNA (B, D, and F). Double-recip-
rocal Lineweaver–Burk plots were obtained in the absence (F) or presence of
5 (Œ), 10 (f), or 20 (�) �M ovo (A and B) and 100 (Œ), 200 (f), or 300 (�) �M erg
(C and D) and DON (E and F).

Marine ovothiols inhibit GGT activity
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of 50 �M ovo at 24 h with a decrease in cell viability of about 80%
(Fig. 6, A and B). Cells treated with erg were resistant to the
treatment at both 24 and 48 h, also at the highest concentration
(100 �M). In these conditions, we also observed increased cell
proliferation. DON showed a significant reduction of cell via-
bility (about 60 –70%) at 48 h but less pronounced compared
with ovo (Fig. 6A). Based on these results, we performed a dose-
effect experiment applying a range of ovo concentrations
between 5 and 100 �M. The resulting EC50 was about 29 �M. A
similar trend was observed on HepG2 cells, which, in general,
were more resistant to DON, erg, and ovo treatments (Fig. 6, C
and D), although, similarly to HG3 cells, ovo was the most effec-
tive in reducing cell viability.

Ovothiol A induces autophagy in GGT-positive HG3 cell line

We previously demonstrated that ovo induced an auto-
phagy-dependent form of cell death in HepG2 cells (41). There-
fore, we verified whether a similar effect was detectable in the
HG3 cell line. To this aim, cells were stained with Cyto-ID�
autophagy dye, a fluorescent reagent able to be specifically
incorporated into autophagosomes. Fluorescence staining
indicated the presence of autophagic vacuoles in cells incu-
bated with ovo and DON, with a maximum effect for the former
in the range of 20 –50 �M (Fig. 7). Erg did not induce any sig-
nificant variation compared with untreated cells or cells treated
with vehicle (data not shown). As positive controls, we treated
HG3 cells for 24 h with 25 �M quercetin (Fig. 7B). The vacuoles
stained by Cyto-ID were clearly visible under phase-contrast
microscopy (Fig. 7A). The result of the Cyto-ID assay over-
lapped with the quantification obtained by measuring the fluo-
rescence emitted by vacuoles (FITC) and by normalizing with

that deriving from nuclei through a spectrofluorimetric reading
(Fig. 7B). We were also able to confirm the modulation of
autophagy by ovo and DON and, at a lesser extent, by erg in
HepG2 cells (Fig. S2). The activation of an autophagic process
was confirmed by the increased expression of microtubule-as-
sociated protein 1A/1B light chain 3 (LC3) bands after treat-
ment for 24 h with ovo and DON (Fig. 7C). Densitometric anal-
ysis of the relevant bands indicated a 6-fold increase of the
lipidated form (LC3-II), an essential factor for autophagosome
formation (46).

Activation of a cytotoxic autophagy by ovothiol in HG3 cells

Data obtained from Cyto-ID assays and LC3-II expression
confirmed the involvement of autophagy in killing HG3 cells
after ovo treatment (Fig. 6). Therefore, we tried to characterize
the type of autophagy activated by ovo among those associated
with cancer cell growth (47). We could bona fide exclude cyto-
static and cytoprotective autophagy, characterized by cell cycle
arrest and cell survival, respectively. Therefore, we hypo-
thesized the activation of a cytotoxic/nonprotective form of
autophagy. To experimentally support this conclusion, we
modulated autophagy flux using two different, widely em-
ployed pharmacological inhibitors, namely 3-methyladenine
(MA) and bafilomycin (Baf-A1) (48, 49). In the presence of a
“cytoprotective” autophagy, the inhibition of the autophagic
flux by MA or Baf-A1 in combination with ovo should increase
cell death. In contrast, the inhibition of nonprotective
autophagy should not affect or rescue cells from ovo sensitivity.
The latter hypothesis has been confirmed by the results
reported in Fig. 8, where MA � ovo cotreatment or Baf-A1 �
ovo cotreatment significantly rescued cell viability compared

Figure 5. GGT activity and GSH content in HG3 upon treatment with ovothiol. A, representative Western blot performed with hGGT-specific antibody using
microsomal extract of HG3 cells. B, protein expression levels analyzed by densitometric analysis and normalized to total protein content (n � 3). *, p � 0.0403 versus
nontreated cells (NT). C, enzymatic activity of GGT evaluated on cell microsomal extracts containing membrane-bound GGT. The activity of GGT was normalized to the
densitometric value of GGT protein band detected by immunoblotting (n�6). **, p�0.0014 (2 h); **, p�0.0075 (24 h) versus nontreated cells. D, the levels of GSH were
determined in the medium of cells. GSH content was normalized versus the number of cells (n � 6). *, p � 0.0376 versus nontreated cells. Error bars represent S.D. The
significance was determined by the Student’s t test and post hoc analysis. ns, not significant.
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with the reduction induced by ovo treatment alone. Therefore,
we concluded that ovo activates a nonprotective/cytotoxic
form of autophagy in HG3 cells.

Activation of apoptotic cell death by ovothiol in HG3 cells

Following the demonstration that ovo induces a nonprotec-
tive form of autophagy, we investigated the possible origin of
the massive cell death caused by this compound at 24 and 48 h
(Fig. 6). Microscope observation of HG3 cells treated with ovo
suggested the possible activation of apoptotic processes, as
demonstrated by the presence and quantification of apoptotic
nuclei (Fig. 9, A and B), which were confirmed by the 4-fold
increase in caspase-3 activity (Fig. 9C), measured at an early
time point (6 h). The rapid caspase cascade activation indicates
that ovo specifically targets the apoptotic process, which does
not represent an epiphenomenon due to the length of the treat-
ment. It is worthwhile to note that both DON and erg did not
produce any significant effect on caspase-3 activation but
rather a decrease in caspase activity (Fig. 9C).

Ovothiol is not cytotoxic on nonmalignant cells

The most common inhibitors of GGT activity, for example
DON and acivicin (36 –38), show a high toxicity, limiting

potential clinical applications. To test the cytotoxicity of ovo in
nonmalignant cells, viability of HEK 293 was assessed after treat-
ment for 24–48 h at concentrations of 20–100 �M. The results
showed that ovo was not cytotoxic when compared with untreated
cells but induced a slight increase in cell viability (Fig. 10).

Discussion

GGT plays a key role in maintaining cellular redox homeo-
stasis, in detoxification processes, and in the evolution of many
physiological disorders such as tumor progression, drug resis-
tance, neurodegenerative diseases, the pathology of asthma,
ischemia/reperfusion-induced renal injury, and liver fibrosis (7,
12–14). In particular, the high expression and/or activity of
GGT in several human tumors can induce new protein synthe-
sis and fast cell division (1, 6). For these reasons, inhibitors of
GGT activity can sensitize GGT-positive tumors to chemother-
apeutic treatment by limiting the supply of cysteine to tumor
cells and blocking the accumulation of intracellular GSH.
Acivicin, for example, has been used to deplete tumor GSH in
combination with aggressive chemotherapy, resulting in com-
plete cure of metastatic melanoma to the liver in 90% of test
animals (50). However, most of the known GGT inhibitors are
toxic or possess a limited efficacy for their potential use in clin-

Figure 6. A and C, cell viability of HG3 (A) and HepG2 (C) cells treated with ovo (50 –100 �M), DON (50 –100 �M), and erg (50 –100 �M). A CyQuant viability assay
was performed after 24 – 48 h of treatment as indicated and described under “Experimental procedures.” Error bars represent S.D. Symbols indicate significance:
*, p � 0.05; **, p � 0.01; ***, p � 0.001 with respect to untreated cells. B and D, micrographs of HG3 (B) and HepG2 (D) cell nuclei stained with CyQuant
fluorescent dye after 24 h of treatment with the indicated concentrations of ovo (Axiovert 200 microscope, FITC fluorescence filter, 200� magnification). Scale
bars, 50 �m.
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ics; therefore, the discovery of novel and less toxic GGT inhib-
itors already represents a challenge for physiological disorders
associated with high levels of GGT (2).

In a previous study, we demonstrated that ovo purified from
sea urchin eggs reduced cell proliferation through an auto-
phagic mechanism in HepG2 cells (41). In that case, most of the
ovo administered to the cells remained in the cell medium, thus

prompting us to speculate that ovo could interact with a mem-
brane surface protein complex. Among these, GGT represents
one of the most expressed enzyme on the surface of liver cells.

In this study, we identified GGT as a direct target of ovo
action, leading to the discovery of a novel class of GGT inhibi-
tors, i.e. marine 5-thiohistidines. Kinetic studies on hGGT and
eqGGT in the presence of these compounds pointed to a non-
competitive-like inhibition relative to the donor and the accep-
tor substrate. Although in a strictly noncompetitive inhibition
identical values of Ki should be obtained regardless of the fixed
substrate used in the kinetic assay, the complexity of the ping–
pong mechanism might explain the slight differences of the
inhibition constant for ovo, DON, and erg (see Table 1). In
contrast to competitive inhibitors, which lose potency as sub-
strate concentration rises, uncompetitive inhibitors become
more potent as the substrate concentration rises in an inhibited
open system (51). Therefore, ovo can result in a more advanta-
geous effect compared with other competitive inhibitors
mainly in vivo when GSH concentrations rise following GGT
enzymatic inhibition. Structural properties of ovo increased
inhibitory activity more than 10-fold compared with other
inhibitors (e.g. DON) but without being accompanied by an
increase in toxicity. In fact, the in vitro cytotoxicity profile of
ovo is favorable because it does not induce cell death in HEK
293, at least up to 100 �M concentration. Curiously, ovo
induced an increase of nonmalignant cell vitality at 24 h. This

Figure 7. DON and ovo induce autophagy in HG3 cells. A, micrographs of autophagic vacuoles (green) and nuclei (blue) in untreated cells and after 24-h
treatment with the indicated molecules. The photographs were taken with FITC and DAPI filters using a fluorescence invertoscope (Axiovert 200) with a total
magnification of 400�. The Cyto-ID autophagy assay was performed as reported under “Experimental procedures.” Scale bars, 20 �m. B, autophagosome
quantification expressed as the FITC/DAPI fluorescence ratio in HG3 cells treated with different doses of ovo (20 and 50 �M) and DON (50 �M) using 25 �M

quercetin as a positive control, respectively. The bars in the graphs indicate S.D.; symbols indicate significance: ***, p � 0.001 with respect to untreated cells. C,
immunoblot of LC3-I and LC3-II expression in HG3 cells treated for 24 h with ovo (50 �M) and DON (100 �M), normalized for total protein content. Bands are
representative of one of three separate experiments performed. a.u., absorbance units.

Figure 8. Activation of a nonprotective autophagy by ovo in HG3 cells.
Cells were treated with ovo (50 �M) alone, autophagy inhibitor MA (100 �M) or
Baf-A1 (25 nM), or their combination. The CyQuant viability assay was per-
formed after 24 h of incubation as described. Error bars represent S.D.; symbols
indicate significance: ��, p � 0.01 with respect to untreated cells; ***, p �
0.001 with respect to ovo-treated cells.
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phenomenon may account for an adaptive response of the cell
known as hormesis, which deserves further investigations. On
the contrary, the trimethyl-2-thiohistidine erg appeared as a
very weak inhibitor of GGT activity. This observation may sug-
gest that the disulfide form of 5-thiohistidines has a strong

effect in inhibiting GGT activity, likely due to a major steric
hindrance or to the higher reactivity of the sulfhydryl group,
compared with the stabilized thione form of erg.

Most importantly, ovo reduced cell proliferation in GGT-
positive cell lines with concomitant occurrence of a nonprotec-
tive/cytotoxic form of autophagy, indicating that the inhibition
of GGT activity is likely involved in the modulation of
autophagic mechanisms. Indeed, our data demonstrated that
both ovo and DON induced autophagy, with the former being
more effective. This is in agreement with the lower IC50 showed
by ovo versus DON as a result of the inhibition of GGT enzy-
matic activity (Fig. 2). The capacity of ovo to specifically acti-
vate nonprotective autophagy by modulating the autophagic
flux has been confirmed by the increase in autophagosome for-
mation and overexpression of the lipidated form of LC3 (LC3-
II). Conversely, the more efficient GGT inhibition associated
with ovo treatment compared with DON is supported by the
observed induction of caspase-3 activation and the consequent
formation of apoptotic nuclei. Several explanations can be pro-
vided to understand the dual role of ovo in inducing both apo-
ptosis and nonprotective autophagy. It is well-known that these
two processes are functionally and biochemically connected,
with key factors (e.g. p53, death-associated protein kinase, Bcl-2
family members, and several oncogenes) affecting many signal
transduction pathways regulating both autophagy and apopto-
sis (52). It is possible the GGT inhibition by ovo triggers one of
these pathways, generating a sequential activation of both pro-
cesses. Specifically, a rapid apoptotic induction after 6 h of ovo
treatment (Fig. 9C) and a later (24 h) autophagy flux modula-

Figure 9. Ovo activates apoptosis in HG3 cells. A and B, cells were treated for 24 h with ovo (50 �M), and apoptotic nuclei, detected by Hoechst solution, were
measured as percentage of total cells (�200/field). Scale bars, 20 �m. C, cells were treated for 6 h with ovo, DON, or erg at the indicated concentration, and
caspase-3 specific activity was measured as described under “Experimental procedures.” Error bars represent S.D.; symbols indicate significance: **, p � 0.01;
***, p � 0.001 with respect to untreated cells.

Figure 10. Cytotoxicity assay on HEK 293 cells. Cells were treated for 24
and 48 h with ovo at the indicated concentrations, and cell viability was mea-
sured by a resazurin-based assay (n � 3). *, p � 0.0206; **, p � 0.0021; ***, p �
0.0002 versus untreated (24 h), **, p � 0.0050; ***, p � 0.0003; ns, not signifi-
cant, versus untreated (48 h). Error bars represent S.D. The significance was
determined by Student’s t test and post hoc analysis.
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tion were measured in HG3 cells (Fig. 7, A and B). On the con-
trary, we detected only lethal autophagy in HepG2 cells treated
with ovo as reported previously (41). A possible hypothesis is
that the initial apoptotic induction in HG3 cells leads to
caspase-dependent cleavage of autophagy-related (ATG) pro-
teins necessary to induce a cytoprotective form of autophagy.
This event blocks autophagic flux, resulting in cytotoxic
autophagy at later stages (52). The autophagic switch from a
protective process to cell death depends upon overcoming a
resistance threshold, which differs in cancer cells of different
origins, in relation to the stimulus applied. In other words, apo-
ptotic induction followed by lethal autophagy may rely on the
intracellular status of key regulators such as p53 or BH3-only
factors, both involved in the switch between apoptosis and
autophagy (52) However, we cannot exclude that the two
events, autophagy and apoptosis, are parallel but due to inde-
pendent molecular mechanisms, in accord with the pleiotropic
nature of ovo. In fact, the inhibition of extracellular GSH hy-
drolysis is known to block cysteine uptake, which is responsible
for maintaining the cellular reductive potential and preventing
the apoptotic cascade (53). Therefore, a strong GGT inhibition
favors the establishment of a cellular oxidative environment,
which can, in turn, promote the apoptotic cascade. In addition,
it is also possible to hypothesize the existence of two different
populations of cancer cells, which, in relation to their cell cycle
phase, can differently react to ovo treatment. Consequently,
one population shows high sensitivity to the direct proapopto-
tic effects of ovo, whereas the other responds by activating non-
protective autophagy and triggering autophagic cell death.
Future studies will be devoted to discriminating among these
different hypotheses. Overall, the data presented here are in
agreement with the presence of multiple routes activated by
ovo to kill cancer cells via inhibition of GGT enzyme.

Moreover, ovo, exerting a more powerful inhibitory activity
on GGT, also induced a stronger decrease of cell proliferation
at lower micromolar concentrations compared with DON.
According to this, the EC50 of about 29 �M for ovo cytotoxicity
in HG3 is comparable with the apparent Ki determined for
GGT in the presence of ovo (21 �M).

Our working hypothesis is that GGT inhibition should block
the continuous metabolism of extracellular GSH and the fast
recovery of intracellular cysteine, necessary for new protein
synthesis and rapid division. Indeed, we showed that, shortly
after inhibition of membrane-bound GGT activity by ovo, GSH
accumulated outside the cells (Fig. 5). This event should block
the recycling of amino acids like cysteine and glycine, leading to
cell stress and consequent apoptosis and autophagy induction.
To the best of our knowledge, this should be the first time that
the modulation of GGT activity has been associated with
autophagic processes. Reduced autophagic activity was already
observed several years ago in hepatocytes isolated from carcin-
ogen-treated rats, characterized by GGT-positive loci (54).
These cells survived much better than normal hepatocytes in
culture under conditions of amino acid deprivation, suggesting
the activation of a protective form of autophagy. These obser-
vations suggested that the anabolic advantage of protective
autophagy may possibly contribute to the selective outgrowth
of preneoplastic cells during the earliest stage of liver carcino-

genesis. In this regard, ovo-dependent GGT inhibition can
selectively induce a nonprotective/cytotoxic autophagy in
malignant cells compared with their normal counterpart where
the autophagic mechanism remains finely regulated. Our find-
ings confirm that GGT is overexpressed in malignant cell lines
HepG2 and HG3 compared with normal cells (HEK 293 and
lymphocytes) (Fig. 4) and that ovothiol reduces cell viability
only for the former. This suggest that physiological levels of
GGT in normal cells like hepatocytes may account for fine reg-
ulation of the cellular redox homeostasis, GSH levels, amino
acid metabolism, and finally controlled autophagy. In contrast,
GGT-overexpressing cell lines can be characterized by modu-
lation of the autophagic mechanisms favoring cancer cell sur-
vival and proliferation. This is in agreement with the well-de-
scribed and now consolidated dual and opposite role of
autophagy in cancer (52).

In conclusion, because clinical application of known GGT
inhibitors was abandoned due to their toxicity and/or low
effectiveness, the development of more efficient and less
toxic compounds such as the class of 5-thiohistidines holds
great promise for improving cancer therapy of GGT-positive
tumors and other GGT-dependent pathologies. In regard to
this concern, we have recently demonstrated the efficacy of
ovo to ameliorate liver fibrosis in an in vivo murine model
(14). In addition, we demonstrated that mice affected by liver
fibrosis exhibited higher membrane-bound GGT activity
and that the administration of ovo induced the reduction of
GGT activity. These results could help in the near future to
develop new therapeutic approaches based on marine natu-
ral products.

Experimental procedures

Enzyme isolation and GGT activity assay

GGT was isolated from HepG2 and HG3 cell lines as
described by King et al. (26). Cells were homogenized in 4 vol-
umes of 25 mM Tris�Cl, pH 7.5, containing 0.33 M sucrose, 0.2
mM EDTA, 1 �M leupeptin, and 1.4 �g/ml aprotinin. A 9,000 �
g supernatant was spun at 100,000 � g for 1 h. The microsomal
pellet, resuspended in 25 mM Tris�Cl, pH 7.35, 0.5% Triton
X-100, 1 �M leupeptin, 1.4 �g/ml aprotinin, was centrifuged
again at 100,000 � g for 1 h. The supernatant was aliquoted,
stored at 	80 °C, and then assayed for GGT protein expression
and activity. GGT activity was determined by a colorimetric
test. The assay buffer contained 100 mM Tris�Cl, pH 7.8, or 1�
PBS, pH 7.4. Each reaction contained 1 mM GpNA as a donor
substrate and 40 mM GlyGly as an acceptor substrate. The for-
mation of product, p-nitroaniline, was continuously monitored
at room temperature at 405 nm using a Bio-Rad 680 microplate
reader with Microplate Manager 5.2 (Bio-Rad) software. One
unit of GGT activity was defined as the amount of GGT that
released 1 �mol of p-nitroaniline/min at room temperature
using 10000 M	1�cm	1 as the molar absorption coefficient,
derived as reported previously (55). All the substrates for GGT
assay (GpNA, GlyGly, and eqGGT) and the compounds tested
as inhibitors (erg, DON, and DTT) were purchased from
Sigma-Aldrich.
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Kinetic studies and data analysis

EqGGT was purchased from Sigma-Aldrich and used to
carry out kinetics studies. The assay buffer contained 100 mM

Na2HPO4, pH 7.4, with 3.2 mM KCl, 1.8 mM KH2PO4, and 27.5
mM NaCl. The concentrations of the substrate GpNA and the
acceptor GlyGly were varied as indicated in the figure legends.
Aliquots of 0.5–1 �l of GGT (1 mg/ml) were added to start the
reaction, which was time-monitored as described above using a
Cary100 spectrophotometer (Agilent). The initial velocity of
the reaction was derived from the linear part of the kinetics.
Data were nonlinear fitted to the Michaelis–Menten equation
using KaleidagraphTM 4.1 software (Synergy).

The apparent inhibition constant (Ki) were calculated using
the following equation.

Vmax
 � Vmax/�1 � �I/Ki� (Eq. 1)

in which Vmax and Vmax
 represent the Vmax in the absence or
presence of [I], the concentration of the inhibitor. The apparent
Ki values obtained at each inhibitor concentration were aver-
aged to obtain a unique value of apparent Ki for each com-
pound. Kinetic parameters and their corresponding standard
errors were evaluated using a simple weighting method (Student’s
t test).

Immunoblotting

After treatments, cells (0.5 � 106) were resuspended in lysis
buffer, and total protein lysates (20 �g) were loaded on a 4 –12%
precast gel (Novex Bis-Tris precast gel, 4 –12%; Life Technolo-
gies) using MES buffer according to the manufacturer’s proto-
col. Immunoblotting was performed following standard proce-
dures using as primary antibody anti-LC3 (Cell Signaling
Technology, Milano, Italy). Polyvinylidene difluoride mem-
branes were finally incubated with horseradish peroxidase–
linked secondary antibody against mouse or rabbit (GE Health-
care), and immunoblots were developed using the ECL Plus
Western blotting Detection System kit (GE Healthcare). Band
intensities were quantified by measuring their optical density
on a Gel Doc 2000 apparatus (Bio-Rad) using Multi-Analyst
software (Bio-Rad).

For GGT detection, microsomal extracts (5 �g) were run on
a 12% SDS-polyacrylamide gel according to Laemmli (59). Fol-
lowing electrophoresis, proteins were transferred onto a poly-
vinylidene difluoride membrane (Millipore) using a Bio-Rad
Trans-Blot apparatus and detected using a mouse anti-mouse
anti-GGT mAb (Santa Cruz Biotechnology). The primary anti-
body was incubated at 4 °C overnight. The appropriate second-
ary antibody was added, and immunoreactive proteins were
detected using enhanced chemiluminescence (Western-
BrightTM ECL detection kit, Advansta) according to the man-
ufacturer’s instructions. Protein expression levels were ana-
lyzed by means of densitometric analysis using ImageJ software
and normalized with respect to total protein content deter-
mined by Bradford (60) assay and checked by Coomassie Blue
gel staining.

GSH assay

Total GSH levels were determined using a GSH Assay kit
(Sigma). Briefly, cell culture media were added with 3 vol-

umes of 5% 5-sulfosalicylic acid and mixed. Subsequently, 7
volumes of 5% 5-sulfosalicylic acid were added, mixed, incu-
bated for 5 min at 4 °C, and finally centrifuged at 10,000 � g
for 10 min. Diluted samples of the supernatants were used
for the assay procedure where, following incubation with
GSH reductase and NADPH, GSH was totally recovered in
the reduced form, and its concentration was determined by
monitoring the reduction of 5,5-dithiobis(2-nitrobenzoic
acid) to 5-thio-2-nitrobenzoic spectrophotometrically (at
412 nm using a Thermo ScientificTM MultiskanTM FC microplate
photometer).

Cell culture and viability assay

The HepG2 cell line, derived from a human hepatocellular
carcinoma, and HG3 cell line, derived from chronic B-cell leu-
kemia, were maintained in Dulbecco’s modified Eagle’s
medium supplemented with 10% fetal bovine serum (Lonza,
Belgium), 1% L-glutamine, 1% penicillin, and 1% streptomycin
(Life Technologies) at 37 °C in a 5% CO2 humidified atmo-
sphere and harvested at �90% confluence. For viability exper-
iments, cells were plated in a 96-multiwell plate at a density of
2 � 104/well in a total volume of 0.1 ml. Subsequently, cells
were treated for 24 h with ovo, erg, and DON at the indicated
concentrations. Cell viability was determined by the CyQuant
assay according to the manufacturer’s instructions (Life Tech-
nologies). Fluorescence was measured at the excitation wave-
length of 485 nm and 530-nm emission, and the results were
expressed as percentage of fluorescence of the untreated con-
trol using a microplate reader (Synergy HT, BioTek, Milan,
Italy). Experiments were performed in quadruplicate and
repeated three times. Cells were photographed using a FITC
filter (magnification, 400�) by an inverted microscope (Axio-
vert 200, Zeiss, Jena, Germany).

Peripheral blood samples were provided by anonymous
healthy donors with informed consent. Lymphocytes were iso-
lated following density gradient centrifugation (Ficoll-Paque
Plus, GE Healthcare). Cells were washed three times in PBS,
counted with trypan blue dye to assess their viability (cell via-
bility �95%), and immediately cultured in RPMI 1640 medium
supplemented with 1% penicillin/streptomycin, 2 mM L-gluta-
mine, and 10% heat-inactivated autologous serum at 37 °C in a
humidified atmosphere containing 5% CO2.

Measurement of autophagy

Autophagy was monitored using the Cyto-ID Autophagy
Detection kit (ENZO Life Science, Milan, Italy) as described
(56, 57) using quercetin as the positive control. After incubation
with ovo (20 –100 �M), HepG2 or HG3 cells (2 � 104) were
washed and incubated with the autophagy detection marker
(Cyto-ID) and nuclear dye (Hoechst 33342). Cells were then
rinsed with the assay buffer and photographed using a fluo-
rescence microscope (Axiovert 200). Finally, autophago-
somes were quantified by normalizing green (Cyto-ID) and
blue (Hoechst) fluorescence using a microplate fluorescence
reader (Synergy HT). Experiments were performed twice in
quadruplicate.
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Caspase-3 assay and apoptotic nuclei staining

To measure caspase-3 enzymatic activity, cells (1.0 � 106/
ml) were incubated with the indicated compounds for 6 h and
then lysed in lysis buffer (10 mM Hepes, pH 7.4, 2 mM EDTA,
0.1% CHAPS, 5 mM DTT, 1 mM phenylmethylsulfonyl fluoride,
10 �g/ml pepstatin-A, 10 �g/ml aprotinin, 20 �g/ml leupep-
tin). Cell extracts (10 �g) were mixed with caspase-3 reaction
buffer and the conjugated amino-4-trifluoromethylcoumarin
(AFC) substrates benzyloxycarbonyl-Asp (OMe)-Glu (OMe)-
Val-Asp (OMe)-AFC (Z-DEVD-AFC). The samples were
incubated at 37 °C for 30 min. Upon proteolytic cleavage of the
substrates by caspase-3, the free fluorochrome AFC was de-
tected by a spectrofluorometer multiplate reader (Bio-Tek
Instruments) with excitation at 400 � 20 nm and emission at
530 � 20 nm. To quantify enzymatic activities, an AFC stan-
dard curve was determined. Caspase-3 specific activity was cal-
culated as nmol of AFC produced/min/�g of proteins at 37 °C
in the presence of saturating substrate concentrations (50 �M)
(58).

For apoptotic nuclei staining after incubation with ovothiol
A, cells were collected and centrifuged at 400 � g for 5 min,
washed in PBS, and stained at 37 °C with Hoechst solution
(33268, ENZO Life Science) dissolved in PBS (5 �g/ml) for 30
min. Cells were washed in PBS, and apoptotic nuclei were pho-
tographed and counted using a fluorescence microscope (�100
cells/field, 400� magnification).

Cytotoxicity assays

For cytotoxicity assays, HEK 293 cells were plated in 384-mul-
tiwell plates (2 � 103 cell/well) and treated with ovo, erg, and DON
at the indicated concentrations for 24–48 h. Cytotoxicity was
assessed by resazurin-based assays (CellTiter-Blue� Cell Viability
Assay, Promega) according to the manufacturer’s recommenda-
tions using a Spark� multimode microplate reader (TECAN).
Experiments were performed in triplicate. Data were expressed as
fluorescence 560/590nm.

Statistical analysis

As appropriate, comparisons among groups were made by
Student’s t test or analysis of variance followed by a Bonferroni
or Tukey’s multiple comparison test. Values of p � 0.05 were
considered as significant.
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