








very small number of colonies formed after treatment with BZM;
but when cells were treated with BZM in the presence of EGCG,
the number of colonies was nearly as high as those in the untreated
control group (Figure 2B,C). Thus, the antagonistic characteristic
of BZM and EGCG treatment could also be documented in
adherently growing cell lines representing a solid tumor type.

Other polyphenols and complete green tea extract neutralize
the cytotoxic effects of BZM

In addition to EGCG, green tea contains various other polyphenol
compounds, including EGC, ECG, and EC (Figure 3A). To
determine whether complete green tea extract and individual
polyphenols other than EGCG can neutralize the cytotoxic effects
of BZM, the effect of these combinations on cell growth and
survival was investigated by MTT assays. As shown in Figure 3B,
each individual green tea polyphenol (EGC, ECG, EC) was able to
neutralize the cytotoxic effects of BZM. In comparison with
EGCG, however, cytoprotection by these 3 polyphenols against
BZM was noticeably weaker. Whereas 10 �M EGCG was able to
provide 100% protection against 10 nM BZM (Figures 1,2A), these
3 polyphenols required higher concentrations to achieve the same
degree of cytoprotection (Figure 3B).

We next investigated the effects of a complete green tea extract
(GTE) purchased from a health food store as a concentrated liquid,

which represents a mixture of the aforementioned polyphenols and
other ingredients naturally present in green tea. Liquid GTE was
added to LN229 glioblastoma, as well as U266 and RPMI/8226
MM cells, over a range of concentrations providing EGCG from
0.1 to 7.5 �g/mL (equivalent to 0.22-16.6 �M), and its impact on
BZM cytotoxicity was investigated by MTT assays. As seen before
with individual polyphenols, increasing concentrations of GTE
exerted increasing and very effective protection from the cytotoxic
effects of BZM (Figure 3C-E). At the highest concentration of GTE
(equivalent to 7.5 �g/mL EGCG), some cytotoxic effects of GTE
became apparent; however, despite a 50% reduction of viability by
GTE alone, the further addition of BZM, even at 50 nM, could not
reduce viability further (Figure 3C). Thus, similar to the individual
polyphenols tested, complex GTE was able to provide effective
protection against BZM, even when its concentration was increased
to the point where it became somewhat toxic by itself.

EGCG differentially affects cytotoxicity of various proteasome
inhibitors

To determine whether EGCG can neutralize the cytotoxic effects of
proteasome inhibitors other than BZM, we included 2 different
categories of such compounds in our analysis (see Figure 4A for
chemical structures). The first group contained MG-262 and PS-IX,
which represent compounds harboring a boronic acid moiety (such

Figure 3. Complete green tea extract and its polyphenols
EGC, ECG, and EC neutralize the cytotoxic effects of BZM.
(A) Chemical structures of the green tea polyphenols EGC, ECG,
and EC. (B) Percentage cell viability of LN229 cells treated for
48 hours with increasing concentrations of BZM in the presence of
increasing concentrations of EGC, ECG, and EC was determined
by MTT assay. Percentage cell viability of (C) LN229 and (D) U266
cells treated for 48 hours with increasing concentrations of BZM in
the presence of increasing concentrations of complete green tea
extract (GTE) was determined via MTT assay. In all cases, the
average percentage of nontreated cell cultures was set to 100%;
shown is mean plus or minus SE (n � 4). (E) Typical result of MTT
survival assay of RPMI/8226 cells treated for 48 hours with
increasing concentrations of BZM in the presence of increasing
concentrations of complete GTE. Shown are wells from a 96-well
plate, and each condition is shown in quadruplicate. Deep purple
color represents fully viable cell culture; pink(ish) color indicates
reduced viability; yellow color indicates absence of viable cells.
The concentration of EGCG noted in panels C through E was
calculated based on the percentage of EGCG as listed on the
label of the liquid GTE (“Materials”).
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as BZM). The second group contained MG-132, PS-I, and nelfina-
vir (NFV), representing compounds without a boronic acid moiety.
(NFV is a clinically used HIV protease inhibitor that is known to
also block proteasome function.36) The inclusion of MG-132 and
MG-262 was expected to be particularly revealing, as these
2 compounds differ only in the presence/absence of the boronic
acid moiety.

Each proteasome inhibitor was added to cells at increasing
concentrations, in the presence or absence of EGCG, and cell
survival was determined by CFA. As shown in Figure 4, all
5 proteasome inhibitors displayed highly cytotoxic effects. In
the case of the 3 proteasome inhibitors lacking a boronic acid
moiety (MG-162, PS-I, NFV), the addition of EGCG did not at
all interfere with their severe cytotoxic efficacy (Figure 4B-D).
In contrast, and as observed before with BZM, EGCG provided
profound (close to 100%) protection against the proteasome
inhibitors that were based on boronic acid (MG-262, PS-IX;
Figure 4D,E). For example, 10 nM MG-262 or 5 �M PS-IX
reduced colony formation by 100%, but this extremely severe
cytotoxic effect was nearly completely prevented by the pres-
ence of EGCG. Thus, the protective feature of EGCG is not a
general effect toward all proteasome inhibitors, but rather
displays selectivity toward those compounds harboring a bo-
ronic acid moiety.

EGCG prevents proteasome inhibition and ER stress induction
when combined with boronic acid–based compounds

To gain insight into the molecular mechanisms by which EGCG
exerted its robust cytoprotective effect against boronic acid–based
proteasome inhibitors, we directly investigated the consequences
for (1) proteasome inhibition and (2) induction of ER stress, which
represents one of the critical proapoptotic processes mediating cell
death initiated by proteasome inhibition.22,23 Multiple myeloma
RPMI/8226 cells and glioblastoma LN229 cells were investigated
in parallel.

The drug effects on cellular proteasome activity were deter-
mined by different approaches: (1) directly via the measurement of
proteasome activity, either in lysates from drug-treated cells or with
purified 20S proteasomes, and (2) indirectly via Western blot
analysis of ubiquitinated proteins, which accumulate when protea-
some activity is inhibited. As shown in Figure 5A and B (top
panels), treatment of cells with BZM, MG-132, or MG-262 alone
resulted in pronounced reduction of proteasome activity; at the
same time, there was a marked accumulation of ubiquitinated
proteins (bottom panels of Figure 5A,B), confirming the biologic
consequence of proteasome inhibition. When EGCG was included
in these drug treatments, proteasome inhibition and accumulation
of ubiquitinated proteins were prevented in the case of BZM and

Figure 4. EGCG neutralizes the cytotoxic effect of
MG-262 and proteasome inhibitor IX but not NFV,
MG-132, and proteasome inhibitor I. (A) Chemical
structures of the proteasome inhibitors NFV, proteasome
inhibitor I (PS-I), MG-132, MG-262, and proteasome
inhibitor IX (PS-IX), and their grouping according to the
presence of a boronic acid. (B-F) LN229 cells were
treated with increasing concentrations of the individual
proteasome inhibitors in the presence or absence of
20 �M EGCG for 48 hours; thereafter, the number of
long-term surviving cells that were able to spawn colonies
during the following 2 weeks (in the absence of drug
treatment) was determined by colony-formation assays.
Shown is the mean plus or minus SE (n � 3). (G) Typical
result of MTT survival assay of LN229 cells treated for
48 hours with increasing concentrations of BZM in the
presence of increasing concentrations of either MG-262
or MG-132. Shown are wells from a 96-well plate. Deep
purple color represents fully viable cells; pink(ish) color
indicates reduced viability; yellow indicates absence of
viable cells.
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MG-262 (boronic acid–based compounds), but not in the case
MG-132 (similar to MG-262, but lacking the boronic acid moiety).

EGCG and BZM were also added to highly purified 20S protea-
somes in the absence of any other cellular components, such as
signaling proteins or organelles. Under these strictly defined
conditions as well, the proteasome inhibitory activity of BZM was
diminished when EGCG was present (Figure 5C), although the
antagonism seemed less pronounced compared with conditions
where intact cells were treated with these compounds (Figures
1-4,5A,B). Nonetheless, this result indicates that EGCG is able to
inhibit BZM function in the absence of additional cellular
components.

Various proteasome inhibitors and tGCG drug combinations
were investigated for any consequences on ER stress and subse-
quent apoptosis. Expression levels of GRP78 protein represent a
widely used marker for the induction of ER stress.25 As shown in
Figure 5A bottom panel, this marker was strongly induced by all
3 proteasome inhibitors, and the presence of EGCG effectively
prevented this induction in the case of BZM and MG-262, but not
in the case of MG-132. Caspase-7 is an ER stress–associated
enzyme and important mediator of ER stress–induced apoptosis.24

As shown in Figure 5B bottom panel, caspase-7 is effectively
activated by BZM; similarly, BZM causes cleavage of PARP (poly
(ADP ribose) polymerase), which represents one of the final steps
of the proteolytic caspase cascade and reliably indicates ongoing
apoptosis.37 However, in the presence of EGCG, BZM is unable
to trigger caspase-7 activation or PARP cleavage, indicating that
these proapoptotic events are not set in motion when the polyphe-
nol is present.

EGCG neutralizes the antitumoral effects of BZM in vivo

We next investigated whether the antagonistic effects of EGCG and
BZM would have in vivo relevance. For this purpose, RPMI/8226
multiple myeloma cells were implanted subcutaneously into nude
mice and, after sizable tumors had formed, the animals received
treatment with BZM or EGCG, alone and in combination. Three
days later, the animals were killed and the tumors were analyzed by
TUNEL or hematoxylin/eosin (H&E) staining to visualize the
extent of apoptotic and necrotic cell death, respectively.

We found that treatment with BZM alone (0.5 mg/kg) doubled
the number of TUNEL-positive cells, that is, there was a statisti-
cally significant increase in apoptosis. However, in tumors from
animals treated with EGCG alone (25 or 50 mg/kg) or with EGCG
plus BZM, there was no increase of apoptotic cell death compared
with tumors from nontreated controls (Figure 6A,B). In a repetition
of this in vivo experiment, we doubled the dosage of BZM to
1 mg/kg and performed H&E staining to reveal any necrosis within
the tumor tissue. As shown in Figure 6C, BZM-treated animals
showed signs of extensive subcapsular necrosis in their tumor
tissue, whereas none of the nontreated animals, EGCG-treated
animals, or EGCG/BZM combination–treated animals displayed
this outcome. Thus, the severe antagonistic effect of EGCG
toward the cytotoxic efficacy of BZM is not merely an in vitro
phenomenon, but also takes place in tumor tissues of drug-
treated animals in vivo.

EGCG inactivates BZM via a direct reaction with its boronic
acid group

As EGCG is known to have antioxidant function, we investigated
whether this feature might contribute to the observed antagonism
between EGCG and BZM. However, as shown in Figure 7A, BZM
treatment did not generate increased levels of reactive oxygen
species (ROS) levels and therefore, there was no basis for EGCG
interference. As a positive control, cells were challenged with
hypoxia (a known inducer of ROS38) or with hydrogen peroxide
(H2O2), and in these cases, significantly (P � .005) increased levels
of ROS were generated, which were effectively squelched by
EGCG, confirming its potent antioxidant function. Taken together,
these results indicated that EGCG’s antioxidant function did not
play a major role in its severe antagonism of BZM.

As an alternative, and because all of the investigated molecular
and cellular effects of BZM were completely blocked in the
presence of EGCG, we considered the possibility that EGCG
prevented BZM function via direct interactions between the
2 molecules, which might prohibit BZM from binding to its target,
the proteasome. This hypothesis is well supported by long-known
findings in the field of boron chemistry: namely that boronic acid

Figure 5. EGCG prevents proteasome inhibition and ER stress induction when combined with BZM and MG-262, but not MG-132. (A) LN229 cells were cultured for
30 hours with 20 nM BZM, 1.5 �M MG-132, or 20 nM MG-262 in the presence or absence of 20 �M EGCG. (Top) Percentage proteasome activity in total cell lysates was
determined via 20S proteasome activity assay. (Bottom) The relative amount of polyubiquitinated proteins and the ER stress marker GRP78 was determined via Western blot
analysis with specific antibodies against ubiquitin and GRP78, respectively. Western blot to actin was used as a loading control. (B) RPMI/8226 cells were cultured for 30 hours
with 20 nM BZM in the presence or absence of 20 �M EGCG. (Top) Percentage proteasome activity from total cell lysates was determined via 20S proteasome activity assay.
(Bottom) The relative amount of polyubiquitinated proteins, activated caspase-7 (cleaved casp-7), and cleavage of poly (ADP ribose) polymerase (PARP, which indicates
ongoing apoptosis) in RPMI/8226 cells was determined via Western blot analysis with specific antibodies against ubiquitin, caspase-7, and PARP, respectively. (C) Highly
purified proteasomes were treated with increasing concentrations of BZM in the presence or absence of 5 �M EGCG. Percentage activity was determined via 20S proteasome
activity assay. Shown is percentage proteasome activity (mean � SE; n � 3), where activity in the absence of drug was set to 100%.
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derivatives form covalent bonds with compounds having a 1,2-
benzene diol moiety, resulting in the formation of cyclic boronate
esters and representing one of the strongest single-pair reversible
functional group interactions.39,40 In this regard, it should be noted
that EGCG, ECG, EGC, and EC harbor such 1,2-benzene diol
moieties (see chemical structures in Figures 1A,3A).

To investigate the postulated binding between BZM and EGCG,
both compounds were added to alizarin red S (ARS), a widely used
reporter system to study the interaction between boronic acids and
molecules with 1,2-diols.30 As shown in Figure 7B, BZM readily
bound to ARS, but this interaction was effectively blocked in the
presence of EGCG, revealing effective competition by direct
chemical binding of EGCG to BZM. To verify the reliability of the
ARS system for our purposes, we also included MG-132 and
MG-262 in repetitions of this experiment (Figure 7C). As expected,
MG-132 (which lacks the boronic acid moiety) did not bind to
ARS, and there was no effect of added EGCG. However, MG-262
(which differs from MG-132 only by the presence of a boronic acid
moiety) displayed effective binding to ARS, which could be
blocked by EGCG. Together, these data indicate direct chemical
interactions between the EGCG molecule and boronic acid–based
proteasome inhibitors.

Finally, to observe directly the interaction of EGCG with BZM,
we carried out 1H NMR and 13C NMR experiments of several ratios
of BZM and EGCG in aqueous media (Figure 7D). By simply
mixing the 2 compounds, the direct formation of a new adduct
could be observed in the NMR spectra (Figure 7Diii). Furthermore,
the amount of the new adduct increased, relative to BZM, upon the
increased addition of EGCG (Figure 7Div). Overall, these results
demonstrate that EGCG forms a stable cyclic boronate adduct with
the boronic acid moiety of BZM and, thereby, prevents BZM from
acting as a proteasome inhibitor.

Discussion

Green tea, concentrated GTE, and certain individual components of
green tea, such as EGCG, have widely recognized health benefits,
which include purported anticarcinogenic and antitumor effects.
Besides being used by healthy people as a means to support
continued health, this “miracle herb” extract is also consumed by

many cancer patients who follow popular trends and self-medicate
with complementary and alternative medicine (CAM) in hopes to
support their conventional therapy or to lessen the burden of side
effects—sometimes without the knowledge of their health care
provider. In an effort to harness the therapeutic potential of green
tea in a more systematic fashion, numerous clinical trials are
ongoing to establish the framework for its future therapeutic use.

GTE or EGCG may also hold cancer therapeutic potential when
combined with established cancer treatments.41 In our current study
presented here, we investigated whether GTE or EGCG would be
able to boost the anticancer efficacy of BZM, a proteasome
inhibitor that is in clinical use for the treatment of multiple
myeloma and is under consideration for the treatment of other
cancers as well. To our surprise, we discovered that GTE, as well as
some of its individual components, effectively blocked the antican-
cer efficacy of BZM; that is, in the presence of polyphenolic green
tea components, BZM was unable to exert proteasome inhibitory
function and, as a consequence, there was no trigger for proapop-
totic ER stress and subsequent cell death.

The severe antagonistic effect of EGCG appeared to require the
presence of the boronic acid moiety in BZM. Among the 6 protea-
some inhibitors tested, the boronic acid–containing ones (BZM,
MG-262, PS-IX) were similarly incapacitated by EGCG, whereas
none of those without this functional group (NFV, MG-132, PS-I)
were affected by EGCG. In this context, it is noteworthy that the
chemical structures of MG-262 (effective inhibition by EGCG) and
MG-132 (no inhibition by EGCG) differ only in the presence/
absence of the boronic acid moiety (Figure 4A), indicating that the
decisive mechanism of EGCG’s antagonism resides with the
chemical structure of the target molecule (ie, the boronic acid
moiety), not its function (ie, proteasome inhibition).

The ability of molecules with a 1,2-diol group to form
covalent cyclic boronate moieties with boronic acid in a tight,
but reversible manner, is a well-described and long-established
chemical process, and is known to be one of the strongest
single-pair reversible functional group interactions in an aque-
ous environment.39,40,42 In retrospect, it was therefore not
surprising that we were able to verify direct molecular interac-
tions between EGCG and the bortezomib molecule (Figure 7),
although similar behavior is expected for other polyphenols that
harbor 1,2-benzenediol groups, such as EGC, ECG, and EC.

Figure 6. EGCG neutralizes the antitumoral effects of
BZM in multiple myeloma in vivo. Tumor-bearing mice
were treated with bortezomib and EGCG individually or in
combination, or remained untreated. Seventy-two hours
later, the animals were killed and the tumors were
analyzed by TUNEL (apoptosis indicator) or H&E (mor-
phology). (A) Representative microphotographic images
were taken of the TUNEL staining (original magnification
400� for all panels). Arrowheads indicate representa-
tively selected TUNEL-positive cells. (B) The percentage
of TUNEL-positive cells (reddish-brown stain) was deter-
mined in 10 randomly chosen microscopic fields from
each treatment group. Columns represent mean; bars,
SEM. Statistically significant differences in the extent of
tumor cell death between individual and combination
drug treatments are indicated in the chart. (C) Represen-
tative microphotographic images were taken of the H&E
staining (original magnification �200 for all panels).
Open arrowheads indicate area of subcapsular necrosis.
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Interestingly, it has been reported earlier that vitamin C, a
1,2-diol–containing compound as well, is able to antagonize cell
killing by BZM.43 This latter report measured the direct
interaction of vitamin C with 5-DMANBA (a fluorescent model
boronic acid compound) and provided evidence that the antago-
nism of vitamin C against BZM was based on the direct reaction
with the boronic acid moiety. In addition, another very recent
report showed that dietary flavonoids, such as quercetin and
myricetin, underwent chemical reactions with the boronic acid
group of BZM, thereby diminishing BZM’s ability to trigger
apoptosis in tumor cells.44 The results reported in our present
study regarding the severe antagonism of EGCG toward BZM
can be attributed similarly to a direct molecular interaction
between the 2 molecules. This view is in agreement with our
finding that proteasome inhibition by BZM does not take place
in the presence of EGCG, that is, BZM is prevented from
exercising the key step of its biologic activity (Figure 5).

An earlier study had reported that EGCG and ECG—but not
EGC or EC—exerted protease inhibitory function.45 An earlier
study had reported that EGCG and ECG—but not EGC or
EC—exerted protease inhibitory function.45 However, we were

unable to detect such inhibition, either indirectly via the cellular
accumulation of ubiquitinated proteins by Western blot analysis
(Figure 5A,B), or directly via the measurement of proteasomal
chymotryptic activity (Figure 5C), and it is likely that the
observed EGCG actions are due to the higher concentrations
used. We note, however, that in our experiments all 4 of these
polyphenols were able to antagonize the cytotoxicity of BZM
(Figure 3). Therefore, there is a lack of correlation between the
earlier reported proteasome inhibitory activity profile of these
compounds and their currently presented antagonism toward
BZM, which would argue against a major role of proteasome
inhibition, if any, in the antagonistic events we are reporting.
This view is supported further by our observation that the severe
antagonism of EGCG appears to be dependent on the chemical
structure of its targets (ie, the boronic acid moiety of the
proteasome inhibitors), rather than their function (ie, EGCG
does not interfere with other proteasome inhibitors lacking a
boronic acid group; Figure 4).

Earlier reports34,35 had indicated that EGCG alone may have
cytotoxic effects on MM cell lines when applied at concentra-
tions of 10 �M or higher. In our own experimental setting,

Figure 7. BZM does not generate ROS, but directly reacts with EGCG to form a new boronate product. (A) RPMI/8226 cells were treated with 20 nM BZM, 5 mM H2O2, or
exposed to hypoxia for 18 hours in the presence or absence of 20 �M EGCG. Shown is the fold increase of intracellular reactive oxygen species (ROS) levels (mean � SE;
n � 3) from 1 representative experiment; ** indicates statistically significant (P � .005) differences between hypoxia-treated or H2O2-treated cells versus untreated (control)
cells; ns, not statistically significantly different from untreated control. The entire experiment was repeated in different variations and with different incubation times; yet, BZM
consistently failed to increase the levels of ROS. The generation of intracellular ROS was measured via labeling with 2�,7�-dichlorofluorescein diacetate (H2DCFDA) and
subsequent analysis by flow cytometry.23 In some of the repetitions, total ROS production was determined by ultraviolet spectrometry after incubating cells with H2DCFDA.
(B) The direct binding of EGCG to BZM was investigated with the alizarin red S (ARS) reporter assay. In the absence of EGCG, there is increasing binding between ARS and
rising (0-150 �M) concentrations of BZM. However, the addition of EGCG (250 �M) effectively reduces this interaction via direct competitive binding of EGCG to BZM.
(C) Results from the ARS assay with MG-132 (65 �M) and MG-262 (65 �M) in the presence or absence of EGCG (250 �M). Note that MG-132 does not bind to ARS and there
is no interference by EGCG, but that MG-262 strongly binds to ARS and this binding is effectively prevented by EGCG. All results are presented as mean � SD (arbitrary units)
of relative binding increase. These measurements were also repeated with TEAVIGO-EGCG and yielded very similar outcomes. (D) 1H NMR spectra (400 MHz; left) and
13C NMR spectra (100 MHz; right) of combinations of BZM and EGCG in 20% D2O in CD3CN. (i) Pure BZM, (ii) pure EGCG, (iii) a 2:1 mixture of BZM and EGCG, and (iv) a
1:1 mixture of BZM and EGCG. Selected peaks from the NMR spectra indicate the presence of the new adduct from the reaction of a 1,2-diol unit of EGCG with the boronic acid
group of BZM. By increasing the amount of EGCG relative to BZM, from 2:1 in panel iii to 1:1 in panel iv, the product peaks (red arrows in the 1H NMR and red dots in the
13C NMR) increase relative to the BZM peaks (black arrows in the 1H NMR and black dots in the 13C NMR).
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however, we noted only weak cytotoxic effects starting at
20 �M (while at the same time EGCG continued to exert
profound antagonism toward BZM cytotoxicity; Figures 1-3).
The absence of cytotoxic effects at 10 �M, which contrasted
with the earlier studies, was noted with EGCG from 2 entirely
different sources, that is, from Sigma-Aldrich and from a health
food store (TEAVIGO-EGCG). We noticed, however, that
during prolonged storage at room temperature, the clear EGCG
stock solution acquired a brownish color (presumably due to
auto-oxidation) and became somewhat more toxic to cells. This
did not happen when EGCG solution was used fresh or after
storage at �80°C. Similarly, there was comparatively higher
cytotoxicity when GTE (purchased as a dark-brown liquid from
a health food store at room temperature) was used (Figure 3),
further pointing to the possibility that variable storage condi-
tions may impact the cytotoxic potency of solutions containing
EGCG and that this may contribute to the reported discrepancies
concerning EGCG toxicity at 10 �M or more. In all cases,
however, GTE and EGCG at low (nontoxic) as well as at higher
(weakly toxic) concentrations effectively abolished BZM toxicity.

Several of the previously mentioned components (EGCG,
EGC, ECG, vitamin C) are known for their potent antioxidant
function. In view of several earlier reports, which provided
evidence that BZM triggered the formation of ROS, it would be
reasonable to conclude that antioxidants antagonize BZM
cytotoxicity via their radical scavenging function, and that this
would be the major antagonistic mechanism of the green tea
compounds used in our study. However, several lines of
evidence argue against this conclusion. (1) Some earlier conclu-
sions about the role of ROS in BZM-induced cell death were
based on the use of tiron (a sulfonate-containing 1,2-benzene
diol) as an antioxidant.23,46 Although tiron is able to prevent
BZM-induced cell death, it is also one of those 1,2-diol
compounds that is able to directly react with the boronic acid
moiety of BZM; thus, the use of tiron does not allow to
distinguish between ROS scavenging and inactivation of BZM
via direct binding. (2) In previous side-by-side comparisons,
only those antioxidants with 1,2-diol groups (vitamin C, tiron,
quercetin), but not those without (N-acetyl-cysteine, butylated
hydroxyanisole, MnTBAP, glutathione, vitamin E), were able to
antagonize cell killing by BZM.43,44,47,48 (3) In head and neck
squamous cell carcinoma cells, induction of ROSs was shown to
be a consequence of BZM-induced ER stress.23 In our cell
system as well, markers of severe ER stress (GRP78, caspase-7)
were induced by BZM; however, in the presence of EGCG, ER
stress was entirely prevented (Figure 5) and therefore could not
possibly serve as a source of ROSs. (4) Antioxidants with
1,2-benzene diol groups are able to antagonize BZM function
even in cells where BZM treatment does not cause ROS; for
example, in our cell system, treatment with BZM did not
increase ROSs (Figure 7A), yet EGCG and other antioxidants
(EGC, ECG) were still able to block BZM cytotoxicity;
similarly, in several lung cancer cell lines, BZM did not increase
ROS either, yet vitamin C or tiron was able to prevent BZM
cytotoxicity.43 In summary, these considerations support our
conclusion that EGCG and other components of GTE exert their
antagonistic function against BZM (and other boronic acid–
based proteasome inhibitors) via direct interactions between
these molecules, rather than indirectly via ROS scavenging.

Compared with the previously identified antagonists of
BZM,43,44,47,48 we find that the antagonism of EGCG toward
BZM treatment is at least 2 orders of magnitude more potent than

vitamin C or tiron; for example, whereas the latter required concentra-
tions in the range of 500 to 1000 �M to be highly effective,43 EGCG
exerts pronounced (80%-100%) protection at concentrations as low as
2.5 to 5.0 �M (Figure 1). Even more so, when applied as complete
GTE, very substantial protection can be seen at EGCG concentrations of
1.0 �M—presumably because other polyphenols that are present in
GTE contribute as well (Figure 3). It is noteworthy that these low
concentrations are not merely diminishing the cytotoxic efficacy of
BZM, but are able to completely abolish it, which is also apparent in the
in vivo model we used, where significantly increased apoptosis and
necrosis in tumor tissue in response to BZM therapy was entirely absent
when EGCG was added (Figure 6). Furthermore, in view of the
underlying mechanism of EGCG/BZM antagonism, namely chemical
interactions between the molecules (Figure 7), we envision that inactiva-
tion of BZM’s therapeutic efficacy may apply not only to MM, but also
to any other cancer type where BZM might be considered for inclusion
in the therapeutic regimen. A case in point is our finding that EGCG
abolishes BZM’s cytotoxic potency in glioblastoma cell lines as well
(Figure 2).

In humans, EGCG concentrations of 5 to 8 �M can easily be
achieved after the ingestion of capsules containing GTE (polyphenon
E).33 We therefore have no doubt that our discovery is highly relevant for
clinical considerations and would strongly urge patients undergoing
BZM therapy to abstain from consuming green tea products, in
particular those widely available, highly concentrated GTEs that are
sold in liquid or capsule form. The significance of our view may be
further underscored by the following consideration: Based on the
proposed mechanism by which EGCG/GTE antagonizes BZM, namely
via direct chemical inactivation of BZM and thereby preventing its
biologic activity, one would expect that not only the therapeutic efficacy
of BZM is being neutralized, but perhaps also the emergence of some of
the side effects that usually accompany BZM therapy. As a conse-
quence, patients consuming EGCG/GTE products may experience
improved well being, which may encourage further increased EGCG/
GTE dosages, leading to even further improvements—while at the same
time, and unknowingly, the therapeutic efficacy of their BZM treatment
is severely blunted, if not entirely obliterated.
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