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ABSTRACT

The increasing understanding of bacterial pathogenesis has revealed many new targets for the development of
non-traditional antibacterial drugs. Interference with bacterial virulence has become a new strategy to treat
bacteria-mediated diseases. As an important food-borne pathogen, Salmonella enterica serovar Typhimurium
uses type III secretion system (T3SS) to facilitate invasion of host cells. In this study, we identified cinna-
maldehyde as a Salmonella pathogenicity island 1 (SPI-1) inhibitor which blocks the secretion of several SPI-1
associated effector proteins and consequently exhibits a strong inhibitory effect on SPI-1-mediated invasion of
HelLa cells. Further study revealed that cinnamaldehyde significantly reduced the transcription of some SPI-1
genes, such as sipA and sipB, in S. Typhimurium by affecting multiple SPI-1 regulator genes. In an animal
infection model, cinnamaldehyde effectively protected infected mice against S. Typhimurium-induced mortality
and pathological damages. In summary, this study presented an effective SPI-1 inhibitor, cinnamaldehyde, which

reduces the expression of SPI-1 effector proteins by regulating the transcription of main regulator genes.

1. Introduction

Various gram-negative pathogens use novel secretion systems to
traverse host barriers delivering virulence proteins into the cytoplasm
of eukaryotic cells (Thanassi and Hultgren, 2000). These machineries
belong to such systems as type III, type IV and type VI secretion ap-
paratus (Koraimann, 2003), among which type III secretion system
plays an indispensable role in the pathogenicity of Yersinia spp, Shigella
flexneri, Salmonella Typhimurium, enteropathogenic Escherichia coli
(EPEC) (Du et al., 2016), Pseudomonas aeruginosa and Chlamydia spp
(Aiello et al., 2010). Without T3SSs, these pathogens cannot overcome
host defenses, find niches, and interfere signal transduction pathways in
host cells (Galan, 2009). Thus, this system has become an ideal target
for the development of anti-microbial agents (Charro and Mota, 2015).

Salmonella enterica serovars Typhimurium causes a variety of dis-
eases ranging from mild gastroenteritis to life threatening systemic in-
fections in a wide range of hosts (Coburn et al., 2007). It has resulted in
considerable medical costs to society and economic losses in poultry
industries around the world (Forshell and Wierup, 2006; Sockett,
1995). The clinical treatment of infectious diseases is compromised by
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the spread of antibiotic resistance in bacterial pathogens (Piddock et al.,
2000). Therefore, there is an urgent need to develop new antibacterial
drugs to mitigate these challenges (Threlfall, 2002). It has been well
implicated that Salmonella enterica harbors a type three secretion
system which is pivotal for its survival within eukaryotic cells (Galdn
and Wolf-Watz, 2006). It functions by encoding two main protein se-
cretion machineries. The Salmonella pathogenicity island 1 (SPI-1)
forms a needle-like structure that injects effector proteins which induce
actin rearrangement and promote invasion of the bacteria into host
cells (Galan and Bliska, 1996). The SPI-2 exports effector proteins that
maintain the intracellular survival and replication of the bacteria
within the Salmonella-containing vacuole (SCV) (Waterman and
Holden, 2003).

Given the fact that T3SS is the main virulence factor of the bacteria,
inhibitors of T3SS have been developed to disarm these pathogens. For
example, a set of seven analogues of 2-(benzo[1,2,5]thiadiazole-4-sul-
fonylamino)-5-chloro-N-(3,4-dichloro-phenyl)-benzamide was identi-
fied as putative type III secretion inhibitors in Yersinia (Kauppi et al.,
2007). A series of salicylaldehyde derivatives reduced the production of
several type III apparatus components in EPEC potentially by regulating
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the transcription of type III system-associated genes (Gauthier et al.,
2005). The thiazolidinone dipeptide derivatives were also reported as
inhibitors of the type III secretion system (Kline et al., 2008). In addi-
tion to synthetic chemicals, natural product extracts such as camino-
sides and guadinomines have been identified as potent anti-T3SS agents
(Linington et al., 2002; Iwatsuki et al., 2008). Traditional Chinese
Medicines (TCMs) have long been used to treat infectious diseases but
the mechanism of actions of these herbal medicines mostly remain
elusive (Yuan and Lin, 2000). A recent study showed that baicalin and
some related compounds targeted T3SS-1 of S. Typhimurium by cova-
lently inactivating some of its effectors (Tsou et al., 2016). In this study,
we identified cinnamaldehyde as a strong inhibitor of T3SS-1 in S.
Typhimurium. Further studies revealed that cinnamaldehyde strongly
inhibited the production of SPI-1 related effector proteins by repressing
transcription of SPI-1 associated genes.

2. Results

2.1. Cinnamaldehyde affected the stability of multiple SPI-1 virulence
proteins without inhibiting bacterial growth

S. Typhimurium employs many virulence factors to facilitate inva-
sion of epithelial cells. Effector proteins encoded by SPI-1, such as SipA
(Zhou et al., 1999) and SipB (Hayward et al., 2000), play indispensable
role in promoting bacteria internalization into HeLa cells. Based on this
fact, we screened a chemical library that has 50 tradition Chinese
medicines with previously suggested anti-infective activity but un-
known mechanisms. To determine the inhibitory effect of these natural
compounds on the level of SipA and SipB in S. Typhimurium, S. Ty-
phimurium SipA-3 X FLAG and S. Typhimurium SipB-3 X FLAG mu-
tant strains were constructed by placing a 3 X FLAG at the C-termini of
sipA and sipB respectively. Chromosomal insertions of 3 X FLAG strains
were used to identify chemicals that inhibit the production of SipA and
SipB by detecting the amount of expressed Flag-SipA and Flag-SipB
fusions using Western blot. We found that several compounds showed
inhibitory effects against the production of SPI-1 effectors (data not
shown). Most interestingly, cinnamaldehyde exhibited significant in-
hibitory effect on the level of Flag-SipA and Flag-SipB (Fig. 1A-B). The
inhibitory rates of cinnamaldehyde against Flag-SipA and Flag-SipB at
concentrations of 0.2 and 0.4 mM were all higher than 90 %, while that
of 0.1 mM was substantially lower, only 78 % and 65 %, respectively
(Fig. 1A-B). The down regulation of SipA was confirmed by Western
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blot analysis of wild type strain SL1344 incubated with or without
cinnamaldehyde for detection of endogenous SipA (Fig. 1C).

Given the fact that cinnamaldehyde greatly affected the production
of SipA and SipB, we further examined the expression of other im-
portant SPI-1 components. Similarly, 0.2mM of cinnamaldehyde
treatment significantly reduced the level of SipC, which is responsible
for the translocation of effector proteins and modulation of actin
(Hayward and Koronakis, 1999) (Fig. 1D). Further, probing of en-
dogenous proteins with a HilA-specific antibody revealed that 0.1 mM
of cinnamaldehyde reduced the level of HilA about 10-fold (Fig. 1E).
0.2 mM of cinnamaldehyde made the protein completely undetectable
under our experimental conditions (Fig. 1E). These results indicated
that cinnamaldehyde inhibited the production of several SPI-1 viru-
lence proteins in a dose-dependent manner.

To confirm that the suppression activity of cinnamaldehyde on SPI-1
effector proteins was not caused by the antibiotic effect of the drug, the
growth curve of S. Typhimurium in LB broth was measured at indicated
concentrations. No detectable inhibitory effect on bacterial growth was
observed at all time points (Fig. 2B). The minimum detectable growth
inhibition concentration is 1.0 mM (Fig. 2B). 0.1 mM of cinnamalde-
hyde reduced the level of SPI-1 effector proteins dramatically, there-
fore, this concentration was adopted for further investigation to study
the mechanism of action of cinnamaldehyde on SPI-1.

2.2. Cinnamaldehyde inhibited the invasion of Salmonella enterica serovar
Typhimurium into epithelial cells

To test the ability of cinnamaldehyde inhibiting S. Typhimurium
invasion of epithelial cells, a phenotype predominantly mediated by
SPI-1 (Zhou and Galan, 2001), we conducted the gentamicin protection
assay. In this assay, the non-invasive S. Typhimurium invA mutant
(Ginocchio and Galan, 1995), a strain lacks an essential component of
the SPI-1, was taken as a negative control. Compared to the DMSO
control, bacteria grown in the presence of cinnamaldehyde at indicated
concentrations showed significant reduction in invasion of HeLa cells.
At the concentration of 0.2 mM, the uptake of cinnamaldehyde-treated
bacteria was almost completely reduced, which is comparable to that of
the invA mutant group (Fig. 3A).

This inhibition of S. Typhimurium invasion was also observed
through confocal laser scanning microscopy and image analysis of in-
tracellular bacteria (Fig. 3B). In this assay, bacteria were stained using
the double-immunolabeling fluorescence microscopy method, by which
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Fig. 1. Cinnamaldehyde inhibits the production of several SPI-1 virulence effector proteins in S. Typhimurium.

SipA-3xFlag, SipB-3xFlag knock-in strains or wild type S. Typhimurium were treated with the indicated concentrations of cinnamaldehyde for 4 h. Cleared cell lysates
resolved by SDS-PAGE were probed with anti-flag antibody or antibodies specific for SipA, SipC or HilA. Isocitrate dehydrogenase (ICDH), which catalyzes the
conversion of isocitrate to a-ketoglutarate in the tricarboxylic acid (TCA) cycle, was probed as a loading control. A. Dose-dependent effect of cinnamaldehyde on the
level of SipA B. Dose-dependent effect of cinnamaldehyde on the level of SipB. C-E Decreased level of endogenous SipA, SipC and HilA upon wild type S.
Typhimurium infection. Results shown were from three independent experiments done in triplicates.
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Fig. 2. The effect of cinnamaldehyde on the
growth of S. Typhimurium.

A. The chemical structure of cinnamaldehyde.
B. Cinnamaldehyde was added to bacterial
cultures at indicated concentrations and ODggqo
of the cultures were measured at indicated time
points. Note that 0.8 mM of cinnamaldehyde
did not detectably affect bacterial growth.
Results shown were from three independent
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bacteria inside and outside of HeLa cells were distinguished by in-
cubating them with secondary antibodies conjugated with different
fluorochromes. Our results showed that the internalized bacteria were
reduced significantly in cinnamaldehyde-treated group (Fig. 3B). These
results demonstrated that cinnamaldehyde was a strong inhibitor of
SPI-1 T3SS-1 mediated invasion of host cells.

2.3. Cinnamaldehyde exerted protective effect against S. Typhimurium
induced mice mortality

The strong inhibitory effect of cinnamaldehyde against invasion of
S. Typhimurium of HeLa cells prompted us to evaluate its protective
affect against S. Typhimurium induced infection in animals.
Streptomycin mouse model for Salmonella diarrhea (Suar et al., 2006)
was used to determine the effectiveness of cinnamaldehyde in im-
proving the survival rate of mice infected by S. Typhimurium. Mice
were infected with wild type or the InvA mutant strain. The body
weight of the infected animals by low doses (5 x 10%/mouse) was ex-
amined. Animals infected with wild type strain without cinnamalde-
hyde treatment exhibited prolonged body weight loss as the experi-
ments proceeded. As expected, animals pretreated with
cinnamaldehyde or infected with the AinvA mutant gained weight
through the experimental duration (Fig. 4A).

The mortality of mice challenged by high doses bacteria (1 x 10%)
was measured in the following experiment. From the 5th day to the 9th
day post infection, the mortality of mice treated with wild type strain
was up to 80 %; while no death was observed in the 7th day after S.
Typhimurium challenge in mice administered with cinnamaldehyde
(50 mg/kg) prior and post bacteria challenge (Fig. 4B). About 70 % of
the animals survived at the 8th day and 30 % of them survived to the
10th day post infection (Fig. 4B).

Simultaneously, the clinical protective effect of cinnamaldehyde
was validated by examining the histological changes of the cecum using
hematoxylin and eosin (H&E) staining. Pathological changes were
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scored as described before (Suar et al., 2006). Compared with severe
submucosal edema, loss of goblet cells along with epithelial integrity
damage and polymorphonuclear granulocytes (PMN) infiltration in the
lamina propria in wild type strain infection group, mice in cinna-
maldehyde-treated group only displayed slightly intestinal damage and
inflammation (Fig. 4C-D). Similarly, the amounts of pro-inflammatory
cytokines IL-6, IL-1B and TNF-a in the cecum were significantly higher
in wild type strain-treated group than in cinnamaldehyde-treated group
(Fig. 4E).

Bacteria in various organs such as spleen, liver and cecum were
quantified. SL1344 infected mice had higher bacterial loads in these
organs than mice in cinnamaldehyde treatment group, indicating re-
duced bacterial dissemination in cinnamaldehyde treated mice
(Fig. 4F). Taken together, these results indicated that cinnamaldehyde
effectively protected mice from Salmonella Typhimurium infection.

2.4. Cinnamaldehyde inhibited the transcription of several SPI-1 associated
effector proteins and regulator proteins in S. Typhimurium

The observation that cinnamaldehyde reduced the production of
SipA, SipB and HilA (Bajaj et al., 1995) suggested that the stability of
these proteins was influenced by cinnamaldehyde treatment. To de-
termine whether cinnamaldehyde inhibited the translation of these SPI-
1 effector proteins, sipA, sipB and sipC were cloned to the pZLQ plasmid
(Luo and Farrand, 1999; Luo and Farrand, 2001) and the level of flag-
tagged proteins were examined. The result showed that the level of
Flag-SipA, Flag-SipB and Flag-SipC were not influence by cinnamalde-
hyde treatment (Fig. 5A-C), indicating that the translation of these
proteins was not inhibited.

To further elucidate the mechanism of how cinnamaldehyde reg-
ulates the expression of these effector proteins, we determined the re-
lative mRNA levels of some SPI-1 genes using RT-qPCR. The mRNA
levels of sipA, sipB, sipC and sipD under 0.1 mM cinnamaldehyde were
reduced about 32 folds compared with that of the DMSO group

Fig. 3. Protective effect of cinnamaldehyde on
S. Typhimurium induced cell invasion.

A. Cinnamaldehyde treatment abolished inva-
sion of S. Typhimurium into HeLa cells. The
indicated bacterial strains were used to infect
HelLa cells. Internalized bacteria were counted
after gentamicin treatment. The values have
been normalized to the internalization level of
wild type bacteria, which was considered as
100 %. Bar, SEM. (n = 3); **, p < 0.01.
Results shown were from three independent
experiments.

B. Representative images of
fluorescence analysis of S. Typhimurium strains
invasion of HeLa cells. 0.2 mM of cinnamalde-
hyde was added to bacterial cultures 4 h before
infection. Red cells represent intracellular
bacteria. Scale bar=10um. Note that cinna-
maldehyde reduced the number of red cells.
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Fig. 4. Protective effect of cinnamaldehyde on S. Typhimurium induced damages in mice.

Mice were pre-dosed with streptomycin and then challenged with either wild type or the invA mutant S. Typhimurium. A. Body weight loss in infected animals was
examined by low doses (5 X 10°/mouse) bacterial infection. Compared with animals challenged with wild type bacteria, animals pretreated with cinnamaldehyde
gained weight through the experimental duration. B. Mice mortality was measured after high doses bacteria (1 x 10®) Challenge. 70 % of mice in the cinna-
maldehyde treatment group survived at the 8th day and 30 % of them survived to the 10th day post infection. Similar results were obtained in three independent
experiments, and data shown are from one representative experiment done in triplicate. **p < 0.01; *p < 0.05. Statistical analyses were performed by Log-Rank
test. C. Histopathology analysis of mice cecum. Sections of cecum from different groups of mice were stained with hematoxylin and eosin (H&E). note that cin-
namaldehyde treatment significantly alleviated S. Typhimurium infection caused epithelial cell damages, goblet cell loss and PMN infiltration. D. The histopatho-
logical damage was scored. Bar, s.e.m. (n = 3) **p < 0.01. E Cecum of infected mice differently treated with cinnamaldehyde were measured for the indicated
cytokines. All experiments were performed with tissues from at least three mice and similar results were obtained from at least three independent experiments. F.
Thymol reduces the bacterial load in several organs of the infected mice. The bacterial load in cecum, liver, and spleen were determined. Results shown were from
one representative experiment done in triplicate. Similar results were obtained in three independent experiments. *, p < 0.05, **, p < 0.01.
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Fig. 5. Cinnamaldehyde has no influence on the translation of SipA, SipB and SipC.
sipA, sipB and sipC were inserted into pZLQ plasmid and the level of Flag-SipA, Flag-SipB and Flag-SipC were determined under indicated cinnamaldehyde treatment.
A-C. Cinnamaldehyde did not influence the stability of SipA, SipB and SipC.
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Fig. 6. The mRNA levels of some T3SS-1 proteins were affected upon cinnamaldehyde treatment.

Total bacterial RNA was extracted from S. Typhimurium preincubated with cinnamaldehyde at indicated concentrations. cDNAs were analyzed using RT-qPCR. Bar,
S.EM. (n = 3); **, p < 0.01. Results shown were from three independent experiments. A-D The transcription of genes encoding main SPI-1 effector proteins were
inhibited upon cinnamaldehyde treatment. E-H transcription of hilD, hilA and invF were decreased while the transcription of hha was increased.
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(Fig. 6A-D). Effector proteins such as SipA, SipB, SipC, SipD and SicA
are encoded by the sic/sip operon within SPI-1 (Ellermeier and Slauch,
2007) and this operon is induced via the activation of InvF (Darwin and
Miller, 2001). Moreover, the combined action of three AraC-like tran-
scriptional activators, HilC, HilD and RtsA, with the HilD at the top of
the hierarchy, amplify the activation signal and act as a switch for HilA
transcription (Ellermeier and Slauch, 2007). Thus, we tested the mRNA
levels of four positive regulator genes, hilD, hilC, hilA and invF, as well
as hha, which represses the transcription of SPI-1 genes (Fahlen et al.,
2001). Our results showed that cinnamaldehyde exhibited a remarkable
inhibitory effect on the transcription of hilD, hilA and invF while pro-
moted the transcription of hha (Fig. 6E-H). When treated with 0.1 mM
cinnamaldehyde, transcription of hilD, hilC, hilA and invF were de-
creased about 4.7, 6.2, 4.5 and 8.2-fold, respectively, while the mRNA
level of hha was increased about 3.5 and 4-fold, respectively
(Fig. 6E-H). These results demonstrated that cinnamaldehyde reduced
the production of SPI-1 effector proteins by inhibiting the transcription
of the positive regulator genes and increasing the relative mRNA level
of the negative regulator hha.

2.5. Overexpression of HilC, HilD or InvF in S. Typhimurium rescued the
level of SipA under cinnamaldehyde treatment

To verify the idea that cinnamaldehyde inhibited the expression of
SPI-1 effector proteins via regulating the transcription of SPI-1 regulator
proteins, HilC, HilD or InvF were overexpressed in wild type S.
Typhimurium. Wild-type strains carrying [hilC]-pZLQ, [hilD]-pZLQ, or
[invF]-pZLQ, respectively, were treated with cinnamaldehyde at in-
dicated concentrations. Expression of the pZLQ constructs were induce
by IPTG. No difference was observed in endogenous SipA expression
level even under 0.2 mM cinnamaldehyde (Fig. 7A-C), which further
demonstrated that cinnamaldehyde inhibited the level of SPI-1 effector
proteins via effecting the transcription of SPI-1 regulator proteins.

3. Discussion

Antibiotic resistance in bacteria has emerged as a medical cata-
strophe (Cohen, 1992). The excessive use of antibiotics in human beings
and animals provides a live or death pressure for multidrug-resistant
organisms to become predominant (Levy, 1998). It is essential to de-
velop novel anti-bacterial agents (Boucher et al., 2017). In recent years,
anti-virulence approach has emerged as a new strategy to combat
multidrug-resistant bacteria due to its non-bactericidal feature (Rasko
and Sperandio, 2010). Bacterial virulence mechanisms, especially spe-
cialized protein secretion systems harbored by many pathogens, appear
to be prime targets for anti-virulence therapeutics (Baron and Coombes,
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2007). Among these secretion systems, the highly conserved type III
secretion system central to the virulence of many human gram-negative
pathogens has been extensively exploited (Charro and Mota, 2015).

Since the introduction of the first anti-T3SS compound, several
drugs have been reported, among which several classes of small mo-
lecules possessing inhibitory activity towards T3SS in several gram-
negative pathogens, such as Shigella, Chlamydia, E. coli and Salmonella,
were studied extensively (Tsou et al., 2013). For example, a group of
salicylidene acylhydrazides was identified as inhibitors of T3SS in
Shigella flexneri, where they interrupted the assembly of the needle
complex and consequently affected the secretion of T3SS proteins
(Veenendaal et al., 2009). The natural compound library serves as an-
other source of T3SS inhibitors. Cytosporone B, an octaketide, has been
identified as a strong inhibitor of the T3SS of Salmonella Typhimurium
(Li et al., 2013). Baicalin, a flavonoid, was reported as a T3SS inhibitor
which affects microbial virulence mechanisms of Salmonella Typhi-
murium and subsequently detriments invasion of the bacteria into host
cells (Tsou et al., 2016). Recently, a whole-genome microarray analysis
of Salmonella Enteritidis revealed that two plant-derived compound,
trans-cinnamaldehyde (TC) and eugenol (EG), reduced the translation
of multiple virulence genes of the bacteria (Kollanoor Johny et al.,
2017). However, the effect of cinnamaldehyde on Salmonella Typhi-
murium remains elusive. In this study, we added another natural agent
to the list of compounds that inhibit the activity of the T3SS in Sal-
monella Typhimurium.

Instead of targeting bacterial central metabolic pathways, our re-
sults indicated that cinnamaldehyde decreased the production of key
SPI-1 effector proteins SipA, SipB and SipC. We also identified the in-
hibition effect of cinnamaldehyde upon the invasion of Salmonella
Typhimurium into HeLa cells. Treatment with cinnamaldehyde atte-
nuated the mortality and pathology changes caused by Salmonella
Typhimurium infection in mice. Further study revealed that cinna-
maldehyde functions by inhibiting the transcription of several SPI-1 key
regulator proteins, HilA, HilC, HilD and InvF, and up regulating the
transcription of hha, which represses the transcription of SPI-1 genes.
Furthermore, the effect of cinnamaldehyde on SPI-1 transcription reg-
ulators was evaluated in Salmonella strains recombinantly over-
expressing HilC, HilD or InvF, respectively. Our results showed that
levels of SPI-1 effector proteins showed no difference after treatment of
cinnamaldehyde.

In summary, our study discovered that cinnamaldehyde effectively
inhibits the production of several SPI-1 proteins and thus attenuates the
virulence of S. Typhimurium both in vitro and in vivo. These findings
indicate that anti-infective therapy by targeting T3SS-1 may represent a
useful strategy for preventing and treating Salmonella Typhimurium
infection.
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4. Experimental procedures
4.1. Bacterial strains and reagents

The wild type Salmonella Typhimurium strain SL1344 used in this
study was generously provided by Dr. Xiaoyun Liu at Peking University,
China. S. Typhimurium strains harboring 3xFLAG fused to sipA and sipB
were generated by inserting 3xFlag into the chromosome (Zhang et al.,
2018). Briefly, the opening reading frame of sipA or sipB was inserted
into pKS3xFlag which provides the 3xFlag prior to the insertion of
fragments of 807 and 820 bp upstream and downstream of the fusion,
respectively. The pir protein dependent R6K vector pSR47S (Luo and
Isberg, 2004) carrying the cassette was introduced into SL1344 using
triparental mating (Datsenko and Wanner, 2000). Successful transcon-
jugants were identified by PCR with appropriate primers after 15 %
sucrose LB plates selection. SL1344 AsipA was constructed using the A
Red and FLP-mediated site-specific recombination as describe before
(Datsenko and Wanner, 2000). The AinvA mutant was a gift from Dr.
Daoguo Zhou at Purdue University. Bacteria were grown in LB medium
containing 0.3M NaCl. When required, medium was supplemented
with kanamycin 50 pg/ml, chloramphenicol 30 pg/ml or ampicillin 100
pug/ml. Cinnamaldehyde was purchased from Sigma. The anti-HilA
antibody was generously provided by Dr. Yufeng Yao at Shanghai
Jiaotong University. The anti-ICDH antibody was given by Dr. Zhaoqing
Luo at Purdue University. The SipA-specific antibody and SipC-specific
antibody was produced in our animal facility.

4.2. Measurement of bacterial growth

Salmonella Typhimurium SL1344 culture grown overnight was di-
luted at 1:100 in new LB broth and incubated with cinnamaldehyde at
indicated concentrations. At the time points indicated, the ODggq of the
culture was measured using an UV spectrophotometer. Three in-
dependent experiments were performed, and three replicates were
analyzed in each experiment.

4.3. Bacterial invasion and immunostaining

HelLa cells were suspended in DMEM supplemented with 10 % fetal
bovine serum (Biological Industry, USA) containing 100 U/mL peni-
cillin and 100 pg/ml streptomycin (Invitrogen, USA). For invasion re-
lated assay, penicillin and streptomycin in the medium were removed
and HeLa cells were seeded in 24-cell plates at a density of 1.2 x 10°
per well and incubated for 12h at 37°C and 5 % CO,, Overnight cul-
tured wild type strain SL1344 and SL1344 AsipA were diluted 20-fold in
LB broth and treated with cinnamaldehyde at indicated concentrations.
After incubation in a shaker for 4h at 37 °C, bacteria were added to
HelLa cells at a MOI of 50:1 followed by centrifugation for 10 min at
1000 rpm. 50 min after incubation in 37 °C, cells were incubated with
DMEM containing 100 pg/ml gentamicin at 37 °C for 1h to kill extra-
cellular bacteria. After washed three times with PBS, 1 mL 0.2 % sa-
ponin (Sigma Aldrich, USA) was added to lyse the cells. The CFU of
bacteria were counted by plating 1:10 dilution in LB.

For the immunofluorescence assay, cell monolayers seeded on glass
coverslips were infected as descried above in invasion assay and were
washed with PBS containing 1 mM CaCl, and 1 mM MgCl, for three
times. 20 min after 4 % paraformaldehyde fixation, coverslips were
washed with PBS for three times and incubated with PBS containing
50 mM NH,4CI for 5min. After washed another three times, cells were
incubated with anti-S. Typhimurium antibody (Abcam, USA) (1:1000)
diluted in PBS for 1h. After 3x washings, goat anti-mouse secondary
antibody conjugated to Alex Fluor 488 (Abcam, USA) was added and
incubated for 30 min. Cells were then permeabilized by 0.3 % triton X-
100 for 15 min and then washed three times. The primary antibody was
used as described before and donkey anti-mouse antibody conjugated to
Alex Fluor 594 (Abcam, USA) was used for 30 min. Finally, cells were
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washed and mounted on glass slides using DAPI (Life Technologies,
USA). All images were obtained using a confocal laser-microscope
(Olympus, Japan).

4.4. Gene cloning and overexpression of HilC, HilD and InvF in Salmonella
typhimurium

To construct strains overexpressing HilC, HilD or InvF, gene se-
quences were amplified from the genomic DNA of the wild type strain
SL1344 using primers described as follows: hilC forward, 5’-CGCGGA
TCCGTATTGCCTTCAATGAATAAATCAG-3’ (BamHI); hilC reverse, 5’-
CCGGAATTCTCAATGGTTCATTGTACGCATAAAG-3’ (EcoRI). hilD for-
ward, 5’-CGCGGATCCGAAAATGTAACCTTTGTAAGTAATAGTC-3’
(BamHI); hilD reverse, 5’-CCGGAATTCTTAATGGTTCGCCATTTTTATG
AAT-3’ (EcoRI). invF forward, 5’-CGCGGAATGTCATTTTCTGAAAGCC
GACA-3’ (BamHI); invF reverse, 5’- CCGGAATCATTTGTCTGCCAATTG
AAT. The DNA fragments and the plasmid pZLQ were digested by
BamHIand EcoRlIand then ligated by a T4 DNA ligase to construct hilC-
PZLQ, hilD-pZLQ and invF-pZLQ. The constructed plasmids were then
introduced into electrocompetent Salmonella Typhimurium.

4.5. Bacterial cell fractionation and Western blot assay

To study the influence of cinnamaldehyde on the level of SPI-1 as-
sociated effector proteins, S. Typhimurium wild type strain SL1344,
strains expressing 3xFLAG fused to sipA and sipB, respectively, strains
overexpressing HilC, HilD or InvF were grown overnight and diluted
100 times in fresh LB. Cells treated by cinnamaldehyde at indicated
concentrations were cultured for 4h at 37 °C. Bacteria were collected
based on ODggg values of the cultures to confirm the equivalent num-
bers of bacteria in each sample. Cells were centrifuged for 2min at
10,000 x g and the pellets were re-suspended with 100 ul 1 X SDS
loading buffer. Samples were immediately heated for 5min at 95 °C to
denature the proteins.

Proteins were separated by 12 % SDS-PAGE and then transferred to
a PVDF membrane using a semi-dry transfer apparatus (Bio-Rad, USA).
The blotted membrane was incubated in blocking solution (5 % milk
powder) for 2 h at room temperature. The membrane was incubated in
5 % milk powder supplemented with anti-SipA monoclonal antibody,
anti-Flag monoclonal antibody, anti-SipC monoclonal antibody or anti-
HilA monoclonal antibody for 2 h at room temperature or overnight at
4°C and then washed three times with TBST for 10 min. Followed by
incubated with anti-mouse IgG conjugated with horseradish peroxidase
(HRP) for 1h at room temperature and three times washing, the
membrane was detected by the enhanced chemiluminescence (ECL)
method.

4.6. RNA isolation and real-time RT-PCR

RT-qPCR was used to determine the effect of cinnamaldehyde on the
transcription of SPI-1 related genes in Salmonella Typhimurium.
Overnight culture of SL1344 at 37 °C was diluted 100-fold in 0.3 M NaCl
LB and grown with cinnamaldehyde at indicated concentrations for 4 h.
S. Typhimurium cells were collected, and total bacterial RNA was iso-
lated using TRIzol (Simms et al., 1993) as described before. Briefly, cell
pellets were resuspended by 1 mL TRIzol, and 200 pL chloroform was
added to stand for 5min. The mixture was vortexed for 30 s and cen-
trifuged at 10,000g for 10 min at 4°C. The upper clear phase was
transferred to a fresh tube and equal volume of isopropanol was added
and the mixture was shaken vigorously. The precipitated RNA was
centrifuged for 10 min at 4 °C and precipitated by ethanol again. RNA
was resuspended in DEPC H,O and stored in —80 °C. RNA concentra-
tions were read by a micro volume spectrophotometer (Quawell
Q6000).

Equal amounts of RNA were reverse transcribed into cDNAs using
the TIANScript c¢cDNA kit (Tian gen, China) according to the



Y. Liu, et al.

manufacturer’s instructions. The cDNAs were amplified using the
FastStart Universal SYBR Green Master kit (Roche, Germany) and 10-
pmol primers for target genes on a Bio-Rad iCycler Thermal Cycler.
Followed by 40 PCR cycles, the melting curve was generated to ascer-
tain template-independent amplification. All samples were analyzed in
triplicate and the change in gene transcription was calculated using the
method described before.

4.7. Animal experiment

Female BALB/c mice were obtained from the Experimental Animal
Center of Jilin University. Mouse model for Salmonella infection was
induced as described before (Suar et al., 2006). Briefly, mice were
provided ad libitum with water containing streptomycin (5 g/L) for two
days before treated with 50 mg cinnamaldehyde /kg of body weight by
oral gavage at 8 h intervals for one day. Drinking water as libitum was
offered 6-h before Salmonella infection, followed by 5 x 107 CFU of
Salmonella Typhimurium infection or sterile PBS (control) treatment.
Thereafter, mice were treated with cinnamaldehyde as described above
for another five days. At day 6 post-infection, mice were sacrificed by
cervical dislocation. To evaluate bacteria loads in spleen, liver and
cecum, tissue samples were homogenized in cold PBS and serial dilu-
tions of the homogenates were plated on LB plates under streptomycin
selection, followed by overnight incubation in 37 °C. For histopatho-
logical analysis, segments of cecum, liver and spleen were fixed and
embedded in paraffin according to standard procedures. Cryosections
were mounted on glass slides and stained with hematoxylin and eosin
(H&E). Pathological evaluation was performed by two pathologists in a
blinded manner. Cytokine levels were measured using an enzyme-
linked immunosorbent assay (ELISA) kit according to the manufacture’s
protocol (BioLegend, USA).
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