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Abstract

Increasing antibiotic resistance and beneficial effects of host microbiota has motivated the search 

for anti-infective agents that attenuate bacterial virulence rather than growth. For example, we 

discovered that specific flavonoids such as baicalein and quercetin from traditional medicinal plant 

extracts could attenuate Salmonella enterica serovar Typhimurium type III protein secretion and 

invasion of host cells. Here, we show epigallocatechin-3-gallate from green tea extracts also 

inhibits the activity of S. Typhimurium type III protein effectors and significantly reduces bacterial 

invasion into host cells. These results reveal additional dietary plant metabolites that can attenuate 

bacterial virulence and infection of host cells.
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1. Introduction

The discovery of specific microbial virulence mechanisms has motivated the search for anti-

infective agents that attenuate bacterial pathogenesis mechanisms instead of growth.1, 2 For 

example, the essential function of type III secretion systems (T3SSs) in Gram-negative 

bacteria virulence has highlighted these protein translocation organelles as prime targets for 

next-generation anti-infectives.2–9 In the absence of T3SSs, bacterial pathogens such as 

Salmonella enterica serovar Typhimurium (S. Typhimurium) cannot inject “effector” 

proteins into host cells to manipulate signaling pathways for invasion and intracellular 

replication.6, 10 Beyond Salmonella, T3SSs are also crucial for the pathogenesis of other 

Gram-negative bacterial pathogens including Shigella, Pseudomonas, enteropathogenic 

Escherichia coli (EPEC), enterohemorrhagic Escherichia coli (EHEC), Chlamydia and 

Yersinia.4, 5, 11

To identify T3SS inhibitors, we have explored traditional medicinal extracts and discovered 

that specific flavonoids could attenuate S. Typhimurium invasion of epithelial cells through 

covalent inactivation of the Salmonella Pathogenicity Island -1 (SPI-1) T3SS substrates and 

effectors.12 Based on these initial findings, we explored additional plant metabolites from 

other medicinal and dietary sources with proposed anti-infective activities towards Gram-

negative bacterial pathogens. Here we show that epigallocatechin-3-gallate (EGCG), a major 

metabolite from green tea,17 a previously reported inhibitor of α-synuclein amyloid 

formation13, 14 and hepatitis C viral entry15, 16, also effectively inhibits S. Typhimurium 

T3SS and invasion of host cells.

2. Results and discussion

2.1 Analysis of polyphenolic catechins on S. Typhimurium type III protein secretion

To explore other anti-infective plant metabolites, we used a sensitive two-component 

enzymatic reporter system, SopE2-CPG2-HA:Glu-CyFur, for monitoring type III protein 

secretion in S. Typhimurium previously developed in our laboratory.18 This two-component 

assay takes advantage of the unique enzyme activity of carboxypeptidase G2 (CPG2) that 

when attached to the C-terminus of a known S. Typhimurium bacterial effector (SopE2) can 

rapidly and specifically report on type III protein secretion through cleavage of fluorogenic 

substrates (Glu-CyFur) (Fig 1A).18 Amongst the plant metabolites we explored, 

polyphenolic catechins such as catechin gallate (CG) and epicatechin gallate (ECG) 

completely inhibited SopE2-CPG2-HA reporter activity, whereas catechin and gallic acid 

had less than 20% inhibitory activity at 25 µM (Fig. 1B). In addition, co-incubation of 

catechin with gallic acid showed marginal improvement in the inhibitory activities when 

compared to either catechin or gallic acid alone (Fig. 1B). These data suggest the catechin 

core must be covalently coupled with gallic acid for optimal inhibitory activity against the 

T3SS-dependent SopE2-CPG2-HA reporter activity.
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2.2 Epigallocatechin gallate inhibits secretion of S. Typhimurium SPI-1 T3SS substrates in 
vitro

As epigallocatechin gallate (EGCG) is the major polyphenolic components among the tea 

derived catechins, we compared the activities of EGCG and ECG with previously reported 

T3SS inhibitors baicalein12 and INP000719 on endogenously secreted SPI-1 T3SS effectors 

from the growth media of S. Typhimurium (Fig. 1C). With chrysin as the inactive control, all 

active compounds treated S. Typhimurium growth media exhibited dose-dependent 

reduction of SPI-1 T3SS substrates, such as SipA, SipB, SopB, SipC and SipD (Fig. 1C). In 

addition, both EGCG and ECG also exhibited a pronounced effect on the level of FliC and 

FliD, two proteins associated with bacterial flagella. These SPI-1 T3SS components are key 

virulence factors for pathogenesis and successful invasion of the host cells.20–25 In general, 

both EGCG and ECG exerted stronger effects in reducing endogenous SPI-1 T3SS substrate 

levels compared to INP0007 and baicalein. EGCG effectively attenuated the level of SopE2-

CPG2-HA in a dose-dependent manner with an IC50 of 2.15 µM (Fig. 2A-C). Moreover, 

fluorescence and western blot analysis of the bacterial lysates from EGCG-treated S. 
Typhimurium indicated that the expression of the SopE2-CPG2-HA was not impaired (Fig. 

2A, B). To alleviate the concern of bacterial toxicity by EGCG, we showed that EGCG did 

not affect S. Typhimurium growth at 100 µM (Fig. 2D). Taken together, these data show that 

EGCG is a non-bactericidal and potent plant-derived metabolite that inhibits SPI-1 T3SS 

substrates.

2.3 Epigallocatechin gallate inhibits SPI-1 T3SS-mediated invasion of host cells

We then investigated the invasion of S. Typhimurium into HeLa cells with the presence of 

EGCG. Ability of S. Typhimurium to invade epithelial cells is dependent on the SPI-1 

effector and translocation proteins, SipA, SipB, SipC, SopE, SopE2, and SopB, which 

trigger bacterial internalization by stimulating the Rho-family GTPases Rac1 and RhoG.26 

We evaluated S. Typhimurium invasion into HeLa cells by flow cytometry and 

immunofluorescence imaging using anti-Salmonella antibody staining. S. Typhimurium 

grown in the presence of EGCG showed significant reduction in its ability to invade the 

cultured HeLa cells (Fig. 3A). The inhibitory effect of EGCG at 100 μM was similar to that 

of a non-invasive S. Typhimurium strain with an insertion mutation in the invA gene 27–29 

(Fig. 3A,B). The inhibition of bacterial invasion could also be readily observed by 

immunofluorescence analysis of intracellular S. Typhimurium (Fig 3C). Collectively, our 

results demonstrated that EGCG did not affect bacterial growth but could potently inhibit 

SPI-1 T3SS-dependent S. Typhimurium invasion of host cells.

3. Conclusion

The flavonoid EGCG is most abundant and bioactive catechin in green tea17 with diverse 

pharmacological activities in mammalian cells,13, 14, 30 and viruses,15, 16 but its effects on 

Gram-negative bacteria T3SS-mediated virulence have not been described. Here, we 

demonstrate that EGCG targets bacterial virulence with potent inhibitory activity in blocking 

SPI-1 T3SS-dependent S. Typhimurium invasion of host cells. As EGCG also contains 

polyphenolic functionality similar to baicalein and quercetin, the uptake and reactivity of 

these plant metabolites may covalently react with T3SS substrates and inactivate these 
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secreted bacterial protein effectors to attenuate pathogen virulence pathways. These results 

suggest that specific plant metabolites amongst medicinal extracts and dietary sources (i.e. 

green tea) may attenuate the virulence mechanisms of microbial pathogens.

4. Experimental

4.1 General

Chemical compounds were purchased from commercial suppliers and were used without 

further purifications.

4.2 Type III secretion assay

S. Typhimurium strain expressing SopE2-CPG2-HA fusion protein18 and the T3SS-

defective invA mutant31 have been previously described. All LB media used were made 

from BD Difco™ LB (Luria-Bertani) Broth Miller, which contains 10 g/L NaCl. S. 
Typhimurium containing SopE2-CPG2-HA plasmid was grown overnight at 37 °C in LB 

containing 50 μg/mL ampicillin and was diluted by 1:30. In each well of the sterile Nunc 96 

deep-well plates (2 mL), 400 µL of the diluted culture was then grown for 4 hours in the 

presence of compounds at indicated concentrations with DMSO or H2O as controls. All 

added volumes of inhibitors or DMSO were <1% of the total volume in each experiment. 

After 4 hours, the OD600 was measured to confirm comparable bacterial growth. 250 µL of 

each sample was transferred into a 96- well plate and bacterial cells were spun down at 

5,250 g for 6 minutes. 20 μL of supernatant from each sample was then transferred into a 

384- well costar black-bottom plate. 80 μL of CPG2 buffer (50 mM Tris, 0.1 mM ZnCl2, pH 

7.4) containing 0.1% Brij-97 to aid in solubility of CyFur18 and 10 μM Glu-CyFur was 

added, and fluorescence readings (λex= 563 nm, λem= 610 nm with no cutoff) were started 

immediately and monitored as kinetic readings for 2 hours. Absorbance and fluorescence 

data were collected on SpectraMax M2 multi-detection reader (Molecular Devices). The 

percent inhibition by chemical inhibitors was determined by calculating the rates of change 

in fluorescence of the CPG2-expressing strain in the presence of compound in comparison to 

the DMSO or H2O control. IC50 values of the inhibitors were then determined using 

KaleigaGraph version 4.1 and fitting to the exponential decay equation: y = m1 + m2*exp(-

m3*x).

4.3 Coomassie staining of secreted proteins

1:30 dilutions of overnight cultures of S. Typhimurium were grown in LB for 4 h in the 

absence or presence of compounds at indicated concentrations. Secreted proteins from 1 mL 

culture were precipitated overnight with a final concentration of 10% TCA at 4 °C. Secreted 

effectors were pelleted at 14,000 rpm for 30 minutes and washed with 250 µL ice-chilled 

acetone. This procedure was repeated 2 times and the precipitates were allowed to dry for 15 

minutes before the addition of Laemmli buffer. Secreted proteins were then separated by 4–

20% SDS-PAGE and stained with SimplyBlue™ SafeStain (Invitrogen). Gels were imaged 

with ChemiDoc™ XRS+ System and Image Lab™ Software (Bio-Rad).
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4.4 Cell culture, bacterial infection, flow cytometry and immunofluoresence

HeLa cells were cultured in 12-well plates in DMEM supplemented with 10% FBS (Gemini 

Bio-Products) at 37 °C in a humidified incubator with an atmosphere of 5% CO2. S. 
Typhimurium strains IR715, and the invA deletion mutant were grown overnight in LB at 

37 °C in a shaker set at 250 rpm. Bacteria were diluted 1/33 in LB containing DMSO or 

inhibitors, and were grown for additional 4 hours. Optical density readings were used to 

determine an MOI of 10 and bacteria was added to cells in a total volume of 500 uL 

DMEM/10% FBS containing inhibitors or DMSO as a control. Plates containing cells and 

bacteria were then centrifuged at room temperature for 5 min at 1000×g. Plates were then 

transferred back to the 37 °C incubator for 30 min to allow infection to proceed. Cells were 

then washed three times with room temperature PBS containing 100 ug/mL gentamycin and 

were then incubated with DMEM/10% FBS containing 100 ug/mL gentamycin and 

inhibitors or DMSO as a control at 37 °C for an additional 30 min. Cells were then washed 

an additional three times with room temperature PBS containing 100 ug/mL gentamycin to 

remove any remaining extracellular bacteria. Cells were trypsinized and then fixed with ice 

cold 3.7% paraformaldehyde in PBS for 10 minutes followed by permeabilization with ice 

cold 0.2% saponin in PBS for 10 min. Cells were then blocked with ice cold 2% FBS in PBS 

for 10 min. All antibody stainings and washes were performed with ice-cold 0.2% saponin 

in PBS. Cells were stained for bacterial antigens with anti-Salmonella rabbit serum 

(Biodesign International, 1/250 dilution) for 1 h and washed three times. Goat anti-rabbit 

secondary antibody conjugated to AlexaFluor 488 (Invitrogen) was used at a 1/1000 dilution 

for 30 min. Cells were then washed 3 times. Flow cytometry was performed using a Becton 

Dickinson LSRII machine and FlowJo software was used for analysis. 30,000 cells were 

analyzed for each sample. Cellular debris was eliminated from analysis of all samples based 

on forward and side scatter measurements and never constituted more than 10% of collected 

events. Gates drawn to illustrate infected cells were based on a value close to 0% for non-

infected samples. For microscopy, HeLa cells were grown on glass coverslips. Infections and 

staining were performed using the same protocol as described above for flow cytometry. For 

the imaging the extracellular S. Typhimurium, the scrapped-harvest HeLa cells were not 

permeablized and there is no gentamycin added. Cells were treated with TOPRO-3 (1/1000 

dilution, Invitrogen) as a final step to stain nuclei and were mounted using Prolong Gold 

Antifade Reagent (Invitrogen).
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Figure 1. Tea extracts inhibit SPI-1 T3SS
(A) Scheme for SopE2-CPG2-HA:Glu-CyFur reporter system. SopE2-CPG2-HA (SPI-1 

T3SS) adopts enzymatic activity of carboxypeptidase G2 (CPG2) that when fused to the C-

terminus of SopE2, a known S. Typhimurium T3SS bacterial effector, can be secreted and 

used for monitoring type III protein secretion via cleavage of fluorogenic substrates (Glu-

CyFur). (B) Structures of catechin, gallic acid, catechin gallate, and epicatechin gallate. (C) 

Dose-dependent effect of EGCG, epicatechin gallate, chrysin, INP0007, and baicalein on the 
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levels of SPI-1 T3SS secreted proteins (SipA, SipB, SopB, SipC, and SipD) and flagella 

components in S. Typhimurium growth media.
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Figure 2. Epigallocatechin gallate (EGCG) inhibits SPI-1 T3SS
(A) Dose-dependent activity of EGCG on SPI-1 T3SS (SopE2-CPG2-HA) reporter in S. 
Typhimurium growth media and cell lysate. (B) Western blot analysis of SopE2-CPG2-HA 

levels in cell lysate. (C) IC50 value of EGCG measured with the SopE2-CPG2-HA reporter 

fluorescence assay. Mean ± s.d., n = 3. (D) S. Typhimurim growth curve with 100 µM of 

EGCG.
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Figure 3. EGCG inhibits SPI-1 T3SS-mediated bacterial invasion of epithelial cells
(A) Flow cytometry analysis of EGCG (100 μM) on S. Typhimurium invasion of HeLa cells 

judged by anti-S. Typhimurium antibody staining. MOI = 10, 30 minute infection. 

Experiment was done in triplicate and similar results were seen in two independent runs. (B) 

Quantification of the invasion studies and values are normalized to those of DMSO treated. 

(C) Immunofluorescence analysis of intracellular S. Typhimurium in HeLa cells with 100 

μM EGCG. Scale bar = 10 μm.
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