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Epigallocatechin-gallate (EGCg), the major catechin present in green tea extracts, has been shown to have
several antibacterial activities, limiting bacterial growth and invasion and acting in synergy with �-lactam
antibiotics. In this article, we report that EGCg at doses half and below its calculated MIC of 100 �g/ml, is able
to reverse tetracycline resistance in staphylococcal isolates expressing the specific efflux pump Tet(K) and
appears to improve the MICs of tetracycline for susceptible staphylococcal isolates as well. The visible effect
of EGCg is an increased accumulation of tetracycline inside bacterial cells. This effect is likely due to the
inhibition of pump activity, and it is evident not only for Tet(K) pumps but also for efflux pumps of a different
class [Tet(B)]. In summary, our data indicate that the observed dramatic enhancement by EGCg of tetracy-
cline activity for resistant staphylococcal isolates is caused by impairment of tetracycline efflux pump activity
and increased intracellular retention of the drug, suggesting a possible use of EGCg as an adjuvant in
antibacterial therapy.

Tetracyclines are antibiotics which inhibit bacterial growth
through the inhibition of protein synthesis. They bind to the
30S ribosome subunit and thus prevent the association of ami-
noacyl-tRNA with the bacterial ribosome (2, 14). However,
since their binding is transient, these agents are bacteriostatic.

Tetracyclines have been widely used for the past 40 years as
therapeutic agents in human and veterinary medicine and also
as growth promoters in animal husbandry. However, the emer-
gence of bacterial resistance to these antibiotics has limited
their present-day use. Tetracycline resistance genes were iden-
tified in producing Streptomyces spp. (and designated tet for
tetracycline resistance) and in nonproducing Mycobacterium
spp. (and designated otr for oxytetracycline resistance). At
least 29 different tet genes and 3 otr genes have been described
to date, and there is no intrinsic difference between the two
gene categories (3).

Three different specific mechanisms of tetracycline resis-
tance have been identified so far: (i) ribosome protection (7 tet
genes and 1 otr gene) (12, 20), (ii) enzymatic modification (1 tet
gene) (16), and (iii) increased efflux (18 tet genes and 1 otr
gene). Efflux proteins have been divided into six groups based
on amino acid sequence similarities (9); the majority of the
most common resistance determinants are classified in groups
1 and 2. Group 1 includes 11 different Tet proteins, character-
ized by 12 transmembrane segments. Ten of these proteins are
expressed only by gram-negative bacteria, while Tet(Z) is also
found in gram-positive species (19). Tet(K) and Tet(L) are the
components of group 2; they display 14 transmembrane seg-
ments and are found primarily in gram-positive species. The
tet(K) gene is most commonly found in Staphylococcus aureus
but is also present in other staphylococcal species (15). The

export protein has been shown to function as an electroneutral
antiport system which catalyzes the exchange of a tetracycline-
divalent metal cation complex for a proton (23).

A different efflux pump was characterized in Bacillus subtilis
and named Bmr (bacterial multidrug resistance). The protein
encoded by the bmr gene displays a remarkable sequence sim-
ilarity to tetracycline efflux pumps (Tet proteins) and an in-
triguing functional similarity to mammalian multidrug trans-
porters, since both are inhibited by reserpine and verapamil
(10).

Green tea polyphenols possess many beneficial properties,
such as chemoprevention, anticarcinogenicity, and antiathero-
genicity, and have antioxidant actions (5). Blanco et al. (1)
recently showed that the main polyphenol component of green
tea, epigallocatechin-gallate (EGCg), beside having direct an-
tibacterial properties, can decrease bacterial invasion due to
the inhibition of bacterial gelatinase activities. EGCg has also
been shown to be able to inhibit mammalian multidrug resis-
tance P-glycoprotein (6). Furthermore, EGCg can act in syn-
ergy with penicillins and modulate the resistance of methicil-
lin-resistant staphylococci (18).

Based on these observations, we set out to investigate
whether EGCg (at various concentrations below the MIC)
would be able to decrease the tetracycline MICs for two sus-
ceptible and two resistant staphylococcal isolates (one Staph-
ylococcus epidermidis and one S. aureus) expressing the tet(K)
resistance gene. The effect of tetracycline and EGCg in com-
bination was evaluated by MIC determinations and time-kill
assays with tetracycline-resistant and -susceptible isolates. It
was found that EGCg at concentrations below the MIC (be-
tween 50 and 15 �g/ml) could effectively enhance the effect of
tetracycline on susceptible bacteria and dramatically sensitize
resistant microorganisms. Spectrofluorometric analyses sug-
gested that this effect could be due to the inhibition of Tet(K)
efflux pump activity.
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MATERIALS AND METHODS

Bacterial isolates and growth conditions. Four different staphylococcal iso-
lates, two S. epidermidis and two S. aureus, belonging to our private collection
were used throughout this study. Both a tetracycline-susceptible isolate and a
tetracycline-resistant isolate, in which resistance was due to the expression of the
tetracycline efflux pump Tet(K), were chosen for each species.

All isolates were cultured in Mueller-Hinton broth (MHB), which was sup-
plemented with tetracycline at 10 �g/ml for the resistant bacteria.

Antimicrobial assays. The MICs of tetracycline alone, tetracycline-EGCg
combinations, and EGCg alone were determined by the broth dilution method.
Bacterial cells (4 � 106 CFU/ml) from overnight cultures were used to inoculate
4 ml of MHB containing twofold serial dilutions of EGCg alone, tetracycline
alone, or tetracycline plus various concentrations of EGCg (0, 15, 30, and 50
�g/ml), and the mixtures were incubated at 37°C for 18 to 20 h. The MIC was
determined as the lowest concentration of twofold serially diluted tetracycline
and/or EGCg at which no visible growth occurred.

Time-kill assays. Two different S. epidermidis isolates (4 � 106/ml), one tet-
racycline susceptible and the other expressing the tet(K) gene, were used to
inoculate tubes containing 8 ml of MHB with tetracycline (at one-half and
one-fourth the MICs) and/or EGCg (50 �g/ml). A tube with MHB alone was
inoculated as a control. The bacterial suspensions were incubated at 37°C with
gentle shaking for defined times (0, 4, 8, 12, and 24 h), and 1 ml of bacterial
suspension was withdrawn and serially diluted in MHB. Twenty-five microliters
of each dilution was spotted on Mueller-Hinton agar plates, and the CFU were
counted after overnight incubation of the plates at 37°C.

Spectrofluorometric assays. After overnight culturing, about 2 � 107 bacterial
cells (as estimated by measuring the optical density at 590 nm) were resuspended
in 2-ml aliquots of Mg2� buffer (50% methanol, 10 mM Tris-HCl [pH 7.0], 0.1
mM MgCl2, 0.2% glucose) (11). Each vial was preincubated for 15 min at 28°C
with either EGCg at 50 �g/ml or buffer alone. Tetracycline was added at 100
�g/ml, and immediately the fluorescence (excitation at 400 nm and emission at
520 nm) was recorded for at least 15 min with a spectrofluorophotometer (Shi-
madzu). A blank baseline curve was obtained with buffer and tetracycline alone.
When required, the experiment was performed with protoplasts prepared by
lysozyme treatment (1 mg/ml, 1 h, 37°C) (10).

In other experiments, bacteria were preincubated with or without EGCg and
loaded with tetracycline for 15 min as described above. Bacterial suspensions
were centrifuged, the pellets were resuspended in 2.0 ml of Mg2� buffer, and the
released fluorescence was immediately quantitated with the spectrofluoropho-
tometer.

RESULTS

MICs for EGCg, tetracycline, and their combinations. Table
1 shows the MICs of tetracycline and EGCg, alone or in com-
bination, for the four bacterial strains. The MIC of EGCg was
100 �g/ml for the four strains. The MICs of tetracycline were
1 �g/ml for the susceptible strains and 128 and 64 �g/ml for the
resistant strains of S. epidermidis and S. aureus, respectively.
The concomitant presence of EGCg at concentrations below

the MIC (15, 30, and 50 �g/ml) effectively decreased the tet-
racycline MICs; the effect was most dramatic at 50 �g/ml, with
which the MICs for the resistant strains of S. epidermidis and S.
aureus were 256- and 128-fold lower, respectively. A decrease
(16-fold) in the MIC in the presence of 50 �g of EGCg/ml also
occurred for the susceptible strain of S. epidermidis, while the
susceptible strain of S. aureus appeared to be less sensitive to
the effect of EGCg (8-fold decrease in the MIC).

Time kill assays. Given the similar responses to EGCg and
tetracycline of S. epidermidis and S. aureus, we report next, for
the sake of brevity, only the results obtained with S. epidermi-
dis. Figure 1 shows the growth kinetics of susceptible and
resistant S. epidermidis strains in the presence of tetracycline
and EGCg, alone or in combination. Tetracycline was used at
two doses, corresponding to one-fourth and one-half the MICs
(16 and 32 �g/ml for the resistant strain [Fig. 1A] and 0.25 and
0.5 �g/ml for the susceptible strain [Fig. 1B], respectively), and
EGCg was used at 50 �g/ml, corresponding to one-half the
MIC.

In the resistant strain (Fig. 1A), tetracycline or EGCg alone
had a bacteriostatic effect. This effect, however, was limited to
8 h for EGCg and to 12 h for tetracycline, after which time the
bacteria started to grow exponentially, reaching plateau levels
at 24 h. However, the association of EGCg with tetracycline
had a clear potentiating effect. In fact, the bacteria remained at
the inoculum density after 24 h of incubation as well, indicating
a growth inhibition rate of more than 2 log units with respect
to the growth of bacteria treated with either drug alone.

In the susceptible strain (Fig. 1B), EGCg alone had a bac-
teriostatic effect, although it was still limited to the first 8 h of
incubation, whereas tetracycline alone at concentrations below
the MICs resulted only in a lower growth rate. The association
of EGCg with either dose of tetracycline still enhanced the
antibiotic effect, although the final growth inhibition rate was
less than 2 log units.

Spectrofluorometric assay. We next investigated whether
inhibition of the Tet(K) efflux pump was the reason why EGCg
enhanced tetracycline activity in these bacterial strains. Taking
advantage of the fact that only internalized tetracycline be-
comes fluorescent (11), we analyzed the kinetics of tetracycline
uptake and release by resistant and susceptible staphylococcal
strains.

Figure 2A shows the effects of EGCg on the kinetics of
fluorescent tetracycline release from resistant and susceptible
S. epidermidis strains. Under these experimental conditions,
bacterial cells were preincubated with EGCg (50 �g/ml) and
then treated with tetracycline (100 �g/ml). Immediately after
the tetracycline addition, the released fluorescence was de-
tected over a continuous period of 15 min and reported as a
curve. In the absence of EGCg pretreatment, the release curve
for resistant bacteria was steeper than that for susceptible
bacteria, indicating, as expected, more rapid efflux of tetracy-
cline from the former. EGCg pretreatment resulted in a fall in
both curves, implying that more tetracycline was now retained
within the cells. Under these conditions, values for resistant
bacteria became closer to those for nonpretreated susceptible
bacteria, and the values for susceptible bacteria became closer
to the blank values. Almost identical results were obtained with
S. aureus strains (data not shown).

In order to confirm that the effects of EGCg were directed

TABLE 1. MICs of tetracycline and EGCg alone and
in combination

Isolates

MIC (�g/ml)

Tetracycline EGCg

Tetracycline-EGCg
combination with EGCg
at the following concn

(�g/ml):

15 30 50

Tet(K) resistant
S. epidermidis 128 100 64 32 0.5
S. aureus 64 100 32 8 0.5

Susceptible
S. epidermidis 1 100 0.25 0.125 0.0625
S. aureus 1 100 0.25 0.125 0.125
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against Tet(K) proteins and were independent of EGCg bind-
ing to cell wall peptidoglycan (25), we repeated the same ex-
periment with protoplasts prepared from resistant S. epidermi-
dis cells (Fig. 2B). The effects of EGCg pretreatment on

tetracycline efflux were unaffected by cell wall removal, indi-
cating that in this scenario, interactions with the peptidoglycan
had no influence on the accumulation of and release curve for
tetracycline.

FIG. 1. Time kill-curves for tet(K)-resistant (A) and tet(K)-susceptible (B) S. epidermidis. Bacteria were grown in the presence of one-half and
one-fourth the MICs of tetracycline (32 and 16 �g/ml for resistant strains and 0.5 and 0.25 �g/ml for susceptible strains, respectively), with and
without EGCg at 50 �g/ml (corresponding to one-half the MIC). Symbols: E, control; F, tetracycline (one-half the MIC); ■ , tetracycline
(one-fourth the MIC); �, EGCg at 50 �g/ml (one-half the MIC); Œ, tetracycline (one-half the MIC) plus EGCg at 50 �g/ml; �, tetracycline
(one-fourth the MIC) plus EGCg at 50 �g/ml. Error bars indicate standard deviations.
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Finally, in the experiment shown in Fig. 3, S. epidermidis
cells were preloaded with tetracycline (100 �g/ml) during a
15-min incubation, pelleted, and resuspended in tetracycline-
free buffer. In this experiment, intracellular fluorescent tetra-
cycline was immediately released into the buffer and could be
detected by a spectrofluorophotometer (11), providing a quan-
titative estimate of the amount of tetracycline accumulated
during the 15-min loading phase. Under these conditions, tet-
racycline-resistant bacteria accumulated the smallest amount
of tetracycline, as expected, because of their expression of
Tet(K) efflux pump proteins. However, when tetracycline was
added after EGCg preincubation, the amount of tetracycline

retained by the resistant bacteria was doubled and was close to
that detected in the susceptible bacteria. EGCg pretreatment
also caused a moderate increase in tetracycline accumulation
in susceptible cells.

DISCUSSION

Antibiotic resistance is increasing worldwide at an acceler-
ating pace, forcing health agencies to recognize it as a pressing
priority for intervention (4, 22). Staphylococci are responsible
for many nosocomial infections, and often they express resis-
tance to methicillin and/or tetracyclines (Santos Sanches, 2000,

FIG. 2. Dynamics of tetracycline uptake and release. Intact tetracycline-resistant or tetracycline-susceptible S. epidermidis bacterial cells (A) or
resistant S. epidermidis cells stripped of the cell wall (B) were incubated with tetracycline (100 �g/ml), with or without EGCg preincubation (50
�g/ml), in Mg2� buffer. Under these conditions, tetracycline that enters the cells becomes fluorescent, and once extruded from the cell, it can be
detected and quantitated with a spectrofluorophotometer. The curves shown thus represent the relative amounts of tetracycline pumped out of the
cells under the various incubation conditions.
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32). Green tea polyphenols, on the other hand, have long been
known to have antibacterial properties (7, 17). More recently,
some of these properties were ascribed to the action of EGCg
which, besides having bacteriostatic and bactericidal activities
(8), can also act in synergy with �-lactams (25) and decrease
the invasive ability of gelatinase-producing strains (1).

This article describes yet another antibacterial effect of
EGCg, the inhibition of a tetracycline efflux pump, Tet(K),
resulting in the sensitization of Tet(K)-resistant bacteria to the
effects of tetracycline. The potentiating effect of EGCg on
tetracycline activity is evident in the experiments reported in
Table 1 and Fig. 1, where it is shown that 50 �g of EGCg/ml
(one-half the MIC) can dramatically decrease both the MICs
of tetracycline for resistant strains of S. aureus and S. epider-
midis (Table 1) and the rate of growth of S. epidermidis (Fig. 1).
It is interesting that EGCg alone, even at this sub-MIC, is still
bacteriostatic, although this effect vanishes quite early; after
8 h, normal growth is resumed (Fig. 1). However, when fresh
EGCg is added just before 8 h, growth remains partially inhib-
ited until 24 h (data not shown); this result suggests that the
loss of the inhibitory effect is likely due to the inactivation of
EGCg which, being a powerful antioxidant, is rapidly oxidized.

We cannot completely rule out the possibility that this initial
bacteriostatic effect partially contributes to the observed en-
hancing effect of EGCg on tetracycline; however, that effect is
better explained by the inhibition of the tetracycline efflux
pump, clearly illustrated by the experiments reported in Fig. 2
and 3. In fact, since the binding of tetracycline to its targets is
transient, the resulting toxic effect strictly depends on the
amount of accumulated drug, which is the result of a dynamic
equilibrium between influx and efflux. The influx of tetracy-

cline into bacterial cells appears to occur by passive diffusion,
since gram-positive bacteria are easily permeated by small mol-
ecules, such as tetracycline (13, 14). Tetracycline efflux, on the
other hand, is responsible for high-level resistance, is energy
dependent, and occurs through two different types of efflux
pumps: multidrug resistance pumps and tetracycline-specific
transporters belonging to the tet gene family (14). Therefore, it
is expected that the inhibition of efflux mechanisms should
enhance the antibacterial effects of tetracycline.

A similar synergy has already been described for EGCg and
�-lactams, apparently depending on both the binding of EGCg
to the cell wall peptidoglycan (25) and the inhibition of peni-
cillinase activity (24). Therefore, this ability of EGCg to bind to
peptidoglycan, which can induce some damage to the cell wall
and thus decrease the tolerance of staphylococci for low os-
motic pressure (25), also may increase the transit of tetracy-
cline. However, the experiments in Fig. 2 show that the effect
of EGCg in decreasing the efflux of tetracycline is similarly
achieved both in intact bacteria and in their protoplasts (Fig.
2); this result indicates that an interaction with efflux pumps is
the major event responsible for the observed enhanced accu-
mulation of tetracycline. Moreover, other experiments (data
not shown) indicated that EGCg has a similar blocking effect
on the Tet(B) efflux pump; these data lend further support to
the functional similarity described for tetracycline efflux pumps
and mammalian multidrug resistance proteins (10). On the
contrary, EGCg had no effect on the Tet(K)-resistant staphy-
lococcal response to minocycline treatment (MICs remained at
0.5 to 1.0 �g/ml). Since minocycline is a semisynthetic tetracy-
cline not extruded by efflux pumps (21), this result indicates
that the sensitizing effect of EGCg mainly involves interactions
with efflux pumps.

In conclusion, the data reported in this article show that
EGCg can dramatically sensitize staphylococci to the action of
tetracycline, efficiently reversing resistance in strains in which
the resistance is due to the expression of Tet(K) [and likely
also Tet(B)] efflux pump proteins. Moreover, preliminary data
show that Tet proteins acting at the level of ribosome protec-
tion [e.g., Tet(M)] can be inhibited by EGCg and thus broaden
further the possibility of using EGCg in combination with
tetracycline to overcome resistance due to the expression of
Tet determinants.
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