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ABSTRACT

Chlamydia trachomatis is the most common sexually transmitted bacterial disease worldwide. Untreated C. trachomatis
infections may cause inflammation and ultimately damage tissues. Here, we evaluated the ability of Andrographolide
(Andro), a natural diterpenoid lactone component of Andrographis paniculata, to inhibit C. trachomatis infection in
cultured human cervical epithelial cells. We found that Andro exposure inhibited C. trachomatis growth in a dose- and
time-dependent manner. The greatest inhibitory effect was observed when exponentially growing C. trachomatis was
exposed to Andro. Electron micrographs demonstrated the accumulation of unusual, structurally deficient chlamydial
organisms, correlated with a decrease in levels of OmcB expressed at the late stage of infection. Additionally, Andro
significantly reduced the secretion of interleukin6, CXCL8 and interferon-γ -induced protein10 produced by host cells
infected with C. trachomatis. These results indicate the efficacy of Andro to perturb C. trachomatis transition from the
metabolically active reticulate body to the infectious elementary body and concurrently reduce the production of a
proinflammatory mediator by epithelial cells in vitro. Further dissection of Andro’s anti-Chlamydia action may provide
identification of novel therapeutic targets.

Key words: Chlamydia trachomatis; Andrographolide; antibacterial activity; anti-inflammation; green fluorescent protein

Received: 5 September 2014; Accepted: 15 December 2014
C© The Author 2014. Published by Oxford University Press on behalf of FEMS. All rights reserved. For permissions, please e-mail:
journals.permissions@oup.com.

1

http://www.oxfordjournals.org
mailto:lshen@lsuhsc.edu
mailto:journals.permissions@oup.com


2 FEMS Pathogens and Disease, 2015, Vol. 73, No. 1

(a) (b) 

0 20 40 60 80 10
0

12
0

14
0

16
0

18
0

20
0

22
0

24
0

0
10
20
30
40
50
60
70
80
90

100
110

HeLa
HeLa+Ct

Andro (µM)

%
 v

ia
bi

lit
y 

vs
D

M
SO

 tr
ea

te
d 

ce
lls

Figure 1. Effect of Andro on cell viability of HeLa 229 cells. (a) Molecular structure of Andro. (b) Cell viability determination using CCK-8 assays. Shown are representative

Andro response curves for HeLa 229 cellswith (�) andwithout (©)C. trachomatis L2GFP infection (HeLa+Ct). The infected cellswere exposed to increasing concentrations
of Andro (0–220μM) for 44 h. The data represent the mean ± SEM. Studies were repeated three times in quadruplicate.

INTRODUCTION

Chlamydia trachomatis is a Gram-negative obligate intracellu-
lar bacterium that causes significant public health concerns
at a global level (Cohen, Koochesfahani, Meier, et al., 2005;
Gottlieb, Brunham, Byrne, et al., 2010). C. trachomatis serovars
A–C cause trachoma, the leading cause of preventable blind-
ness, while serovars D–K contribute to Chlamydia’s place as the
most prevalent bacterial sexually transmitted infection (STI)
worldwide. Lymphogranuloma venereum (LGV) serovars L1–L3
result in an STI that can become systemic, with symptoms such
as ulceration and formation of buboes. Severe reproductive se-
quelae in women may include the development of pelvic in-
flammatory disease (PID), tubal scarring, infertility and ectopic
pregnancy. Adverse outcomes of C. trachomatis infections ac-
count for an estimated US$4 billion in healthcare costs per year
in the USA alone (Patton, Sweeney and Stamm. 2005; Gottlieb,
Brunham, Byrne, et al., 2010). C. trachomatis can also be spread
perinatally from an untreated mother to her baby to produce
neonatorumor pneumonia in some exposed infants. Despite ag-
gressive control programs, rates of C. trachomatis infection have
continued to increase. Novel strategies to prevent and treat C.
trachomatis infection effectively are needed.

C. trachomatis undergoes a unique developmental cycle that
begins with the attachment of infectious elementary bod-
ies (EBs) to eukaryotic host cells (Moulder 1991; Abdelrah-
man and Belland 2005). After EBs enter into cells, they re-
side in a membrane-bound inclusion and differentiate into
non-infectious, replicating reticulate bodies (RBs). RBs then
asynchronously re-differentiate into EBs prior to release from
host cells. These released EBs are infectious and can in-
vade neighboring cells, exacerbating infection. C. trachoma-
tis infection of epithelial cells evokes an increased synthesis
and secretion of proinflammatory mediators, such as inter-
leukin6 (IL6), IL1, tumor necrotic factor α (TNFα) and CXCL8
(Rasmussen, Echmann, Quayle, et al., 1997; Buchholz and
Stephens 2006). These mediators play an important role in
the host immune response during infections and function to
improve the clearance of pathogens. However, exacerbated in-
flammatory responses elicited by chronic infection or rein-
fection can lead to permanent tissue damage, tubal scaring
and infertility (Gottlieb, Xu, Brunham, et al., 2013; Darville
and Hiltke 2010).

The treatments of chlamydial infection ideally eradicate per-
sisting pathogens and prevent tissue damage. Azithromycin (a
macrolide antibiotic) and doxycycline are the preferred antibi-
otics used to treat C. trachomatis infections. Recent studies high-
light the value of these therapeutic drugs, macrolides in par-
ticular, as effective antimicrobial and anti-inflammatory agents
in chronic bacterial infection and inflammation (Sweeney and
Stamm. 2005; Srivastava, Ja, Vardhan, et al., 2012; Altenburg, de
Graaff, Stienstra, et al., 2013). More recently, however, targeting
virulence factors, such as the type III secretion system (T3SS)
and quorum sensing (QS) or host-directed immunomodulatory
therapies, represent novel strategies that would avoid potential
antibiotic resistance in bacterial pathogens (Baron and Coombes
2007; Barczak and Hung 2009; Zigangirova, Zayakin, Kapotina,
et al., 2012; Rampioni, Lioni and Williams 2014). Efforts have
also been made to identify natural components that may con-
tribute to the treatment of various infectious diseases (Kalan
andWright 2011; Ma, Liu, Liang, et al., 2012; Yilma, Singh, Morici,
et al., 2013). The herb Andrographis paniculata (Chuan Xin Lian)
has been traditionally used to treat various diseases, including
respiratory tract infection, in China and other Asian countries
(Chao and Lin 2010; Jayakumar, Hsieh, Lee, et al., 2013). In Chi-
nese medicine theory, A. paniculata can cool down the internal
heat caused by infection, reduce inflammation and stop pain. Its
major derivative, Andrographolide (Andro), a labdane diterpene
lactone product (Fig. 1a), has a wide range of bioactivity, includ-
ing antibacterial, antiparasitic, antiviral, anticancer and antidia-
betic properties, as reported in various laboratory studies (Wiart,
Kumar, Yusof, et al., 2005; Abu-Ghefreh, Canatan and Ezeamuzi
2009; Zheng, Liu and Guo 2012; Nugroho, Rais, Setiawan, 2014)
and clinical trials (Calabrese, Berman, Babish, et al., 2000; Coon
and Ernst 2004; Jayakumar, Hsieh, Lee, et al., 2013). Natural
remedies such as Andro offer antimicrobial properties and may
serve as an alternative or synergistic therapeutic to traditional
antibiotics.

The aim of this study was to investigate the effect of An-
dro on C. trachomatis infection using a human cervical epithe-
lial cell culture model. The time- and dose-dependent impacts
of Andro on the C. trachomatis developmental cycle within host
cells were established using strains LGV L2/434/Bu and the
transformed strain L2GFP expressing green fluorescent protein
(GFP). We have demonstrated that Andro exerts a dual role
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in Chlamydia–host interaction: to perturb C. trachomatis transi-
tion from the metabolically active RB form to the infectious
EB form and to reduce significantly the secretion of IL6, CXCL8
and interferon (IFN)-γ -induced protein10 (IP10) produced by ep-
ithelial cells following C. trachomatis infection. Future dissec-
tion of Andro’s mode of action both against Chlamydia and as
an anti-inflammatory agent may provide identification of novel
therapeutic targets.

MATERIALS AND METHODS
Cell culture and reagents

A human cervical cancer cell line, HeLa 229 cells (CCL2, ATCC),
and mouse fibroblast L929 cells (L cell, CCL-1, ATCC) were
cultured in Dulbecco’s modified Eagle’s medium with high
glucose (4.5 g/l) supplemented with 10% fetal bovine serum
(Sigma-Aldrich) and l-glutamine (2 mM) at 37◦C, in a humidified
incubator with 5% CO2. The medium excluded cycloheximide (a
host cell protein synthesis inhibitor) to examine Andro’s effects
on both bacterial growth and the host immune response. An-
drographolide (C20H30O5, Andro, HPLC ≥98%), dimethylsulfoxide
(DMSO) and ampicillin were purchased from Sigma-Aldrich. An-
dro stocks were dissolved in 100% DMSO at 30 mM. In all ex-
periments, the Andro stock was diluted in the corresponding
culture medium and controls were carried out using an equal
percentage of DMSO.

C. trachomatis strains

The chlamydial shuttle plasmid pGFP::SW2 was kindly pro-
vided by Ian Clarke (University of Southampton, UK) (Wang, Ka-
hane, Cutliffe, et al., 2011). C. trachomatis strains used in this
study are: (i) wild-type L2/434/Bu containing a natural plas-
mid; and (ii) L2GFP that was generated by the transformation
of pGFP::SW2 into a plasmid-less strain L2/25667R (kindly pro-
vided by Julius Schachter from theUniversity of California at San
Francisco) (Peterson, Markoff, Schacheter, et al., 1990) using the
method described previously (Gong, Yang, Lei, et al., 2013). Single
GFP-positive infected cells were isolated by plaque assay (Mat-
sumoto, Miyashita and Ohuchi 1998) with ampicillin (5 μg/ml)
selection. The clone of the C. trachomatis strain was amplified
in an L929 suspension culture. EBs were purified by centrifuga-
tion on anOptiPrep density gradientmedium as described previ-
ously (Frohlich, Hua, Wang, 2012), resuspended in cold sucrose-
phosphate-glutamic acid (SPG) buffer (10mMsodiumphosphate
[8 mM Na2HPO4, 2 mM NaH2PO4], 220 mM sucrose, 0.5 mM l-
glutamic acid) and stored at −80◦C until used. C. trachomatis
stocks tested negative for mycoplasma by PCR (Ossewaarde, de
Vries, Bestebroer, et al., 1996).

Cytotoxicity determination with Andro

A colorimetric cell counting kit-8 (CCK-8) (Biyuntian, Beijing,
China) was used to determine the cytotoxic effect of Andro
in HeLa 229 cells according to the manufacturer’s instructions.
Briefly, HeLa 229 cells were seeded at 5000 cells per well in
96-well plates and allowed to grow for 20 h. Monolayers with
or without C. trachomatis infection were exposed to increasing
concentrations of Andro (ranging from 0 to 220 μM) diluted in
medium. Following a 44 h exposure to Andro, 10 μl of the cell
counting reagent was directly added to the cultures. The plates
were incubated for an additional 4 h at 37◦C in a 5% CO2 envi-
ronment. The water-soluble formazan product wasmeasured at

450 nm using a microplate reader (BioTek). Cytotoxicity was de-
termined by comparing the resulting absorbance with the mean
absorbance of the controls (with DMSO as 100% viability) and
expressed as a percentage of cell viability.

C. trachomatis infection and Andro exposure

In the following experiments, monolayers of HeLa 229 cells in
96-well plates were inoculated with C. trachomatis EBs at a dose
resulting in ∼40% of cells being infected, and centrifuged at
1600 g for 40min at 37◦C. Fresh medium was added to the in-
fected cells and incubated at 37◦C for various time periods as in-
dicated in each experiment as below. (i) Andro response assay:
various concentrations of Andro or DMSO were added to me-
dia immediately after infection. Infected cells were incubated at
37◦C in a 5% CO2 environment until 44 hours post-infection (h
pi); (ii) Time of removal assay: C. trachomatis-infected cells were
cultured in Andro-containing medium immediately after infec-
tion. Themediumwas then replaced with the DMSO-containing
medium at 6 or 24 h pi. Cells were incubated up to 44 h pi be-
fore observation. (iii) Time of addition assay: Andro or DMSOwas
added to C. trachomatis-infected cell media at 0, 6 or 24 h pi and
incubated at 37◦C, 5% CO2 until 44 h pi; (iv) Invasion inhibition
assay: EBs (2 × 106) diluted in 1 ml of SPG were treated with 30
or 60μM Andro or DMSO on ice for 1 h prior to infection. Next,
HeLa 229 cells were inoculated with 10μl of the EBs–Andro mix-
ture (2 × 104 EBs) in each well. Infected cells were incubated at
37◦C, 5% CO2 for 44 h prior to observation. (v) Cell pre-treatment
assay: HeLa 229 cells were cultured in Andro (30 or 60μM) or
DMSO-containingmedium for 24 h prior to infection. Andro was
removed from the culture with extensive washing and addition
of Andro-free media. HeLa 229 cells were infected with EBs and
cultured in Andro-free medium for 44 h before observation. To
evaluate C. trachomatis infectivity, inclusions were enumerated
by manual counting in triplicate wells. The results were con-
verted to inclusion-forming units (IFUs) per 1 ml and then con-
verted into percentages of C. trachomatis infectivity relative to
the DMSO controls.

Endpoint IFU assay

C. trachomatis-infected cells were harvested in SPG at the time
points indicated in each assay and subcultured by infectingHeLa
229 cell monolayers with serial dilutions. The quantity of infec-
tious progeny was determined by IFU enumeration from trip-
licate wells using fluorescence microscopy. The total numbers
were presented as IFUs/ml in each result.

Antibodies

The primary antibodies used to detect chlamydial antigens were
rabbit polyclonal antibodies against inclusion membrane pro-
tein IncA (kind gift from Ted Hackstadt, Rocky Mountain Labo-
ratories), cysteine-rich protein OmcB (kind gift from Tom Hatch,
University of Tennessee) and amousemonoclonal antibody spe-
cific to the MOMP of LGV serovar L2 (L2-14) (kind gift from You-
xun Zhang, Boston University).

Indirect immunofluorescence assays

C. trachomatis-infected cells were grown on 12 mm diameter
glass coverslips in 24-well plates and fixed at the time in-
dicated in each result. The 2% paraformaldehyde-fixed and
4% saponin-permeabilized cells were incubated with primary
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antibodies overnight at 4◦C, followed by either Alexa 568-
(red) or fluorescein isothiocyanate (FITC; green)-conjugated sec-
ondary antibodies (Molecular Probes) for 45min at 37◦C. Cells
were counterstained with 4′,6-diamidino-2-phenylindole dihy-
drochloride (DAPI). Cells were visualized using an inverted fluo-
rescent microscope (Zeiss Axio Observer D1). Images were taken
and processed using AxioVision software version 4.8.

Multiplexed cytometric bead array assay

HeLa 229 cells infected with C. trachomatis (>90% infection rate)
were grown in 96-well plates in the presence or absence of An-
dro. Cell-free culture supernatants were collected at 18 and 42 h
pi, respectively. A panel of seven proinflammatory cytokines and
chemokines, comprising IL1α, IL1β, TNFα, IL6, CXCL8, mono-
cyte chemoattractant protein 1 (MCP1) and IP10, were simulta-
neously quantified using a multiplexed cytometric bead array
assay (Millipore) according to the manufacturer’s instructions.
In control experiments, culture supernatant frommock-infected
HeLa 229 cells were used.

Electron microscopy

C. trachomatis-infected cells were trypsinized, pelleted by a brief
centrifugation (200 g for 2min), fixed with 2% paraformalde-
hyde and 2.5% glutaraldehyde (Polysciences Inc., Warrington,
PA, USA) in 200 mM phosphate buffer and processed as de-
scribed previously (Beatty 2006). Ultrathin sectionswere cutwith
a Leica Ultracut UCT ultramicrotome (Leica Microsystems Inc.,
Bannockburn, IL, USA). Samples were viewed on a JEOL 1200 EX
II transmission electronmicroscope (JEOLUSA Inc., Peabody,MA,
USA) equipped with an AMT 8 megapixel digital camera (Ad-
vanced Microscopy Techniques, Woburn, MA, USA).

Statistical analyses

Statistical analyses were performed using GraphPad PRISM soft-
ware package. Non-linear regression analysis was performed
to determine the 50% cytotoxic concentration (CC50) of HeLa
229 cells or 50% inhibitory concentrations (IC50s) of C. trachoma-
tis infection in HeLa 229 cells. One-way analysis of variance
(ANOVA) with a Bonferroni post-test was used for differences
between Andro-exposed and non-exposed groups. Values of ∗P
< 0.05, ∗∗P < 0.01 and ∗∗∗P < 0.001 were considered statistically
significant.

RESULTS AND DISCUSSION
Determination of Andro cytotoxicity with HeLa
229 cells

Andro is classified as a labdane diterpene lactone and, as such,
is able to cross eukaryotic cell membranes (Fig. 1a). We sought
to determine the possible cytotoxic effects of Andro using our
model cervical cell line, HeLa 229 cells, to establish a range of
Andro concentrations with minimal cytotoxic effect. CCK-8 as-
says were used to evaluate Andro’s effect on dehydrogenase ac-
tivity, an indicator of cell viability, in the presence of Andro or
DMSO for 44 h. Minimal cytotoxicity associated with the expo-
sure of cells to Andro within the concentration ranging from 0
to 60μM was detected. When ≤60μM Andro was used, there
was >90% cell viability in Andro-exposed samples compared
with DMSO-exposed controls. To establish a CC50 of Andro for
HeLa 229 cells, the amounts of Andro were increased to 220μM
(Fig. 1b). The percentage cell viability was examined and the
mean CC50 ± standard error ofmean (SEM)was determined to be

125.2 ± 3.937μM for C. trachomatis L2GFP-infected cells, versus
131.3 ± 2.584μM for uninfected cells by non-linear regression
analysis. There was no significant difference in cell viability be-
tween the C. trachomatis-infected and uninfected cells (P > 0.05).
Considering the large effect on cell viability that was observed
at Andro amounts >100μM (<80% cell viability), futher exper-
iments determining the effect of Andro on C. trachomatis were
conducted using concentrations of Andro ≤60μM.

Andro exposure inhibits C. trachomatis inclusion
formation and reduces infectious progeny yields

The potency of Andro on C. trachomatis infection has not been
investigated. To this end, we performed a dose–response exper-
iment with increasing Andro concentrations. The C. trachoma-
tis inclusions were quantitated and the results were converted
to percentage infectivity compared with DMSO-exposed con-
trol. Figure 2a and b shows that both L2/434 and the trans-
formed L2GFP strains were susceptible to Andro in a dose-
dependent manner during the 44 h observation period in vitro.
In addition to the lower infectivity, there were smaller inclu-
sions in Andro-exposed samples than in DMSO-exposed con-
trols. Using non-linear regression analysis, the IC50s of Andro
for C. trachomatis-infected HeLa 229 cells were determined to
be 46.54 ± 1.174μM (mean ± SEM) against L2/434-infected cells
and 50.62.17 ± 2.157μM against L2GFP-infected cells. Within the
range of IC50s, no significant change in host cellular morphology
was observed (data not shown). Cell viability, as measured by
CCK-8 assay, was not significantly different from the DMSO con-
trol (Fig. 1b). These results suggest that the observed inhibitory
effect of Andro on C. trachomatis is not a result of cellular toxicity.

A critical step in chlamydial development is the RB to EB
transition. This transition can often be blocked in the presence
of subinhibitory concentrations of antibiotics or under nutrient
depletion in the cultures (Beatty, Belanger, Desai, et al., 1994;
Harper et al., 2000; Wyrick 2010). To address whether Andro
represses the production of progeny EB, IFU assays were per-
formed using infected cells and culture supernatants; both were
sampled at 36 h pi prior to cell lysis by infection. At this time,
the culture supernatant may contain progeny EBs released from
cells through mechanisms of extrusion (Hybiske and Stephens
2007). In the presence of 30 or 60μMAndro, a significant decline
in L2/434 IFUs and L2GFP IFUs was observed using infected cells
(Fig. 2c). Similarly, IFUs in the culture supernatants dropped as
comparedwith the unexposed control for both L2/434 and L2GFP
(Fig. 2d), suggesting that a premature release of EBs is unlikely to
be the major reason for the decreased EB yields induced by An-
dro. These data suggest that Andro inhibits the chlamydial in-
fection by disrupting the RB to EB transition. Thus, the decrease
in IFUs is a direct indication of Andro’s effects on C. trachomatis
growth.

Rapidly dividing chlamydial organisms are susceptible
to Andro exposure in vitro

In order to determine the point atwhich the chlamydial develop-
mental cycle was affected by Andro, we conducted a series of as-
says with C. trachomatis L2GFP by examining the changes in IFUs
induced by Andro. Under our experimental conditions, the de-
velopmental cycle for both C. trachomatis L2GFP and L2/434 took
∼48 h to complete. Pre-exposure of EBs to Andro at a concentra-
tion of 30 or 60μM did not significantly decrease IFUs compared
with unexposed EBs, suggesting that Andro did not directly im-
pede EB invasion (data not shown). We next pre-exposed HeLa
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Figure 2. Inhibitory effect of Andro on C. trachomatis growth. (a) Dose–response curves for C. trachomatis-infected HeLa 229 cells exposed to Andro. Cells infected with
C. trachomatis L2/434 (�) or L2GFP (©) were fixed at 44 h pi and processed for IFA. The data represent the mean ± SEM from three separate experiments, in which
quadruplicates were tested. (b) Changes in inclusion sizes induced by Andro. Infected cells were exposed to Andro at increasing concentrations of 0, 30 and 60μM.

One hundred inclusions were measured for each category from three separate experiments. The area data represent the mean ± SEM. The P-value was determined
using one-way ANOVA with a Bonferroni test. (c) Determination of EB progeny yields by IFU assays with C. trachomatis-infected HeLa 229 cells. (d) Determinination of
EB progeny yields by IFU assays with culture supernatants. Samples were collected at 36 h pi. Shown are representative results from three separate experiments, in
which triplicates were tested. Data bars represent the mean ± standard deviation (SD). The P-value was determined using one-way ANOVA with a Bonferroni test. ∗P
< 0.05, ∗∗P < 0.01 and ∗∗P < 0.001.

229 cells to Andro at a concentration of 30 or 60μM for 24 h
prior to infection. The resultant chlamydial IFUs were similar
to those observed in unexposed HeLa 229 cells, suggesting that
Andro was unable to prevent C. trachomatis from entry through
modulating host cell factors under our test conditions (data not
shown). Based on the finding that Andro at a concentration of
30μM was sufficient to reduce EB production (Fig. 2), we con-
ducted time of addition/removal assayswith 30μMAndro. Addi-
tion of Andro to C. trachomatis-infected cells at 0 or 6 h pi, but not
at 24 h pi, caused a significant decrease in IFUs in samples col-
lected at 44 h pi (Fig. 3a and b), suggesting the stage-specific ef-
fect of Andro. This observation was further confirmed by a time
of removal assay (Fig. 3c and d). Removal of Andro from C. tra-
chomatis cultures exposed to Andro for a 6 or 24 h period resulted
in significantly fewer IFUs than in unexposed infected cells col-
lected at 44 h pi. However, a short exposure (6 h) was less ef-
fective. Overall, these results indicate that Andro inhibits C. tra-
chomatis infection of HeLa 229 cells in an entry-independent and
growth stage-dependentmanner, with the optimal inhibitory ef-
fect of Andro occurring prior to 24 h pi during RB growth and
division.

Andro exposure reduces levels of late stage expressed
OmcB protein

Chlamydia spp. growth occurs exclusively in the inclusion. There
were significantly irregular inclusions induced by 60μM An-
dro. Therefore, we examined Andro’s impact on inclusionmem-
brane protein localization and EB maturation in C. trachomatis
L2GFP-infected cells in the presence of 30μM Andro using in-
direct fluorescence assays (IFAs). First, we examined IncA pro-
tein that is normally expressed at the mid-stage of growth
and is then secreted to the inclusion membrane through the
T3SS, all of which is required for homotypic inclusion fusion
(Rockey, Grosenbach, Hruby, et al., 1997). Secondly, we exam-
ined the cysteine-rich OmcB protein that is a key component
of the disulfide-cross-linked envelope protein complex found
in EBs (Hackstadt and Caldwell 1985; Hatch 1996). Despite the
smaller size of chlamydial inclusions induced by Andro, most
of the inclusions remained intact, and localization of IncA (red)
in the inclusion membrane was observed (Fig. 4a). This latter
finding reflects the ability of chlamydial organisms to synthe-
size and secrete IncA in the presence of a low dose of Andro, a
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P-value was determined using one-way ANOVA with a Bonferroni test. ∗∗P < 0.01, ∗∗∗P < 0.001, NS, non-significant.

process which can be disrupted by T3SS inhibitors or conditions
of iron deprivation (Wolf, Betts, Chellas-Gery, et al., 2006; Zigan-
girova, Zayakin, Kaptina, et al., 2012). During the late stage of C.
trachomatis growth, we observed, in unexposed cells, abundant
small, scattered EBs that expressedOmcB (red)within inclusions
(Fig. 4b, upper panel). In contrast, at the same time point, there
was much less OmcB observed in Andro-exposed inclusions
(Fig. 4b, lower panel). This observation supports our IFU findings
(Fig. 2c and d) and verifies that fewer OmcB-expressing EBs were
produced upon exposure to Andro. Given the importance of
OmcB in the structural stability of EBs, it is likely that an altered
chlamydial form is induced by Andro.

Andro exposure induces structural alternations
in chlamydial organisms

To test this possibility, we analyzed the ultrastructure of chlamy-
dial organisms exposed to 30μMAndro by transmission electron
microscopy (TEM). Cross-sections revealed that, unlike the un-
exposed cells (Fig. 5a, d and e), Andro exposure induced inclu-
sions containing fewer chlamydial particles, including interme-
diate body (IB)-, RB- and EB-like forms during the 36 h obser-
vation period (Fig. 5b and f). Strikingly, high magnification im-
ages clearly revealed that only Andro-exposed cells displayed
deformed chlamydial organisms with irregular membranes and
blebbing-like material on their surface (Fig. 5c and g). There also
appeared to be numerous small membrane vesicles (MVs) and
low electron-dense precipitations in the inclusion lumen. These
observations were unusual but unlikely to have been an arti-
fact of TEM processing since unexposed control cells exhibited
little to no evidence of such phenotypes (Fig. 5a, d and e). It

was unclear whether these deformed C. trachomatis forms were
stably present or eventually underwent cell lysis. Nevertheless,
these TEM studies in combination with the decrease in OmcB
expression (Fig. 4) as well as decreased IFUs (Fig. 3) provide fur-
ther evidence for a perturbation of C. trachomatis growth and
EB production induced by Andro.

Morphological abnormalities of chlamydial organisms have
often been associated with a persistent growth state of C. tra-
chomatis in vitro under adverse growth conditions. For example,
aberrant enlarged RBs can be induced by nutrient (amino acid,
glucose and iron) deprivation (Harper, Pogson, Jones, et al., 2000;
Slepenkin Enquist, Hagglund, et al., 2007; Gussmann, Al-Younes,
Braun, et al., 2008), IFN-γ exposure that diminishes the pool of
tryptophan by inducing indoleamine 2,3-dioxygenase (IDO) in
host cells (Beatty, Belanger, Desai, et al., 1994) or in the pres-
ence of subinhibitory concentration of antibiotics (Engel 1992;
Wyrick 2010). Additionally, it was shown that irregular C. tra-
chomatis forms were induced by LpxC inhibitors that blocked
the biosynthesis of lipid A in C. trachomatis (Nguyen, Cunning-
ham, Liang, et al., 2011). Unlike the morphological changes
described above, Andro induces a subtle, but distinct struc-
tural consequence that is typified by the damaged chlamy-
dial membranes. We also observed an accumulation of MVs.
It is noteworthy that Chlamydia spp. naturally produce MVs
during replication (Stirling and Richmond 1980) and excess
MVs were produced under stress conditions (for a review, see
Frohlich, Hau, Quayle, et al., 2014). The present study cannot
distinguish whether increased MV formation is the result of
an Andro-triggered specific bacterial responses and/or a gen-
eral stress response. Adding excess tryptophan or glucose to
the culture media failed to reverse the Andro-induced chlamy-
dial impairment (our unpublished data), suggesting that neither
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Figure 4. Visualization of chlamydial IncA and OmcB expression by IFA in the presence or absence of Andro. (a) Representative C. trachomatis-infected cells co-stained
with IncA (red) and GFP/MOMP (green). (b) Representative C. trachomatis-infected cells co-stained with OmcB (red) and GFP/MOMP (green). HeLa 229 cells infected with

C. trachomatis L2GFP exposed to Andro (30μM) for 44 h were fixed and processed for IFA. The IncA and OmcB proteins (red) were probed with polyclonal antibodies
against IncA and OmcB, respectively. Chlamydial organisms were visualized by GFP and MOMP staining with anti-MOMP antibody (green). DNA was counterstained
with DAPI (blue). Images were obtained under the same exposure conditions. Note: more abundant, scattered, OmcB-expressing EBs were identified in unexposed

cells, but not in Andro-exposed cells as indicated by arrows. Scale bar = 10μm.

tryptophan nor glucose depletion is the mechanism of Andro’s
anti-Chlamydia action.

The use of Andro or its analogs has been shown to weaken
virulence and biofilm formation in various bacteria, includ-
ing drug-resistant Staphylococcus aureus and Pseudomonas aerug-
inosa (Zaidan, Noor Rain, Badrul, et al., 2005; Ma, Liu, Liang,
et al., 2012). Interestingly, Andro’s impact is not due to the di-
rect elimination of viable bacteria, but rather the suppression
of the synthesis of toxins and QS signal molecules, known
as autoinducers (AIs) that include AI2 and N-acylhomoserine
lactones (AHLs). QS permits bacterial cell–cell communication
and co-ordination of virulence gene expression as a result of
discerning AIs. Neither functional QS nor the signals that co-
ordinate C. trachomatis virulence at the population level has been
documented. Recently, the importance of the methyl cycle
has begun to be appreciated in C. trachomatis (Binet, Fernan-
dez, Fisher, et al., 2011). In bacteria, the methyl cycle recy-
cles adenine and methionine via S-adenosylmethionine (SAM)-
mediated methylation and produces AI-2. SAM is also essential
for the synthesis of AHLs. Despite the lack of a metK homolog,

needed for SAM synthesis, C. trachomatis possesses CTL843 that
encodes a SAM/adenosylhomocysteine (SAH) transporter. This
transporter allows C. trachomatis to acquire SAM from the host
cell and excrete the toxic by-product SAH (Binet, Fernandez,
Fisher, et al., 2011).Whether Andro, at theminimum cellular tox-
icity concentration, might mimic signal molecules, modulating
specific bacterial pathways, such as methylation, remains to be
determined.

Andro significantly represses cytokine secretion
by C. trachomatis-infected epithelial cells

To examine Andro’s effect on the innate immune response to
chlamydial infection, wemeasured secretion of a panel of seven
cytokines and chemokines from C. trachomatis-infected cultures.
As expected, there was a significant increase in levels of the
proinflammatory cytokine IL6, and the chemokines CXCL8 and
IP10 by >4-fold following infection with either C. trachomatis
L2/434 or L2GFP compared with mock-infected cells (Fig. 6).
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Figure 5. Altered ultrastructure of chlamydial organisms in HeLa 229 cells induced by Andro. (a–c) Representative micrographs of infected cells fixed at 28 h pi. Cells
unexposed (a) or exposed (b and c) to Andro (30μM). An enlarged image from the box in (b) is shown in (c). (d–g) Representative micrographs of infected cells fixed

at 36 h pi. Cells unexposed (d and e) or exposed (f and g) to Andro (30μM). Note: deformed chlamydial organisms were only observed in C. trachomatis-infected cells
exposed to Andro as indicated in (b), (c), (f) and (g). Arrows indicate irregular C. trachomatis membranes and MV accumulation induced by Andro. Scale bar for (a), (d)
and (f) = 2μm, for (b) = 500μm, and for (c), (e) and (g) = 100 nm.

There was a modest (∼2.5-fold), yet statistically insignificant el-
evation of TNFα induced by L2/434 and L2GFP infection rela-
tive to the control. No significant difference in secretion of IL1α,
IL1β and MCP1 was observed between L2/434- or L2GFP-infected
cells and themock-infected controls (data not shown). This may
reflect insufficient accumulation or release of these cytokines
prior to cell lysis (42 h pi). This is in agreement with previous
reports demonstrating that IL1 is released ≥48 h pi after cell ly-
sis by infection (Rasmussen, Eckmann, Quayle, et al., 1997; Buck-
ner, Lewis, Greene, et al., 2013). High levels of IL6, CXCL8 and
IP10 were found at 42 h pi, but not at 18 h pi (Fig. 6), indicat-
ing a delayed cytokine response to C. trachomatis infection that
is consistent with previous observations (Rasmussen, Eckmann,
Quayle, et al., 1997; Buchholz and Stephens 2006; Buckner, Lewis,
Greene, et al., 2013). In contrast, Andro exposure resulted in sig-
nificantly decreased secretion of IL6, CXCL8 and IP10, by >3.6-
fold in both L2/434- and L2GFP-infected cultures as determined
at 42 h pi (Fig. 6). Andro itself had no significant effect on mock-
infected cells. Moreover, the levels of IL1α, IL1β, TNFα and MCP1
remained constant at low levels. These data indicate that Andro
represses the host signaling pathways relevant to IL6, CXCL8 and
IP10 production in addition to its growth inhibition effect on C.
trachomatis.

The finding that L2/434 and L2GFP infections elicit similar
cytokine profiles suggests that the presence of the shuttle
plasmid and expression of GFP do not impair the ability of
C. trachomatis to stimulate a host immune response in HeLa
229 cells. The production of cytokines that have chemoattrac-
tant and proinflammatory functions, such as CXCL8, IL6 and

IP10, is a critical immune response to C. trachomatis infection.
However, cytokine constitutive expression or overproduction
may have deleterious effects involving chronic chlamydial infec-
tions (Rasmussen, Eckmann, Quayle, et al., 1997; Herrera, Shen,
Lopez, et al., 2003; Buchholz and Stephens 2006; Darville and
Hiltke 2010). The Andro-induced decline in cytokine secretion
by C. trachomatis-infected cells may reflect limited stimulation
due to fewer chlamydial organisms or an altered chlamydial pro-
tein profile. In addition, Andro was shown to directly modulate
host signaling pathways, such as nuclear factor-κB (NF-κB) (Abu-
Ghefreh, Canatan, Ezeamuzie, et al., 2009; Chao, Kuo, Lin, et al.,
2011; Hsieh, Hsu, Hsiao, et al., 2011; Lee, Chang, Chung, et al.,
2011). The exact mechanism by which C. trachomatis stimulates
the innate response remains incompletely known, but appears
to require activation of complex signal transduction cascades,
including NF-κB and mitogen-activated protein kinase (MAPK)
pathways in both epithelial cells and macrophages (Buchholz
and Stephens 2006; Zhou, Huang, Li, et al., 2013). Given thatmany
proinflammatory cytokines, including CXCL8, IL6 and IP10, are
regulated by NF-κB, Andro modulation of NF-κB pathways may
be one explanation for a decreased proinflammatory innate re-
sponse in epithelial cells. Several questions arise from our stud-
ies and include the following. How does Andro modulate the
host cytokine response to C. trachomatis infection? What role
does Andro-induced downregulation of IL6, CXCL-8 and IP10
play in the context of chlamydial clearance in vivo? We are cur-
rently addressing these and other questions in an effort to un-
derstand further C. trachomatis pathogenesis in the context of
host–pathogen interaction.
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Figure 6. Suppression of proinflammatory cytokine secretion from C. trachomatis-infected epithelial cells by Andro. (a) IL6; (b) CXCL8; (c) IP10; (d) TNFα. HeLa 229 cells
were infected with EBs of L2/434 or L2GFP, followed by the immediate addition of Andro (30μM) to the culture. Culture supernatants were collected at 18 and 42 h pi
and measured for levels of cytokines using cytometric bead assays. Data bars show the mean ± SD (pg/ml). ∗∗∗P < 0.001, compared with the mock-infected cell control
using one-way ANOVA and Bonferroni’s test. No significant difference in TNFα productionwas observed between L2/434- or L2GFP-infected cells and themock-infected

control (P > 0.05).

Andro is commercially available for oral administration or
injection. Its topical utilization may be limited due to low sol-
ubility, but, given the potent antimicrobial activity of this nat-
ural component, promising rational designs to synthesize new
derivatives with increased solubility while retaining antimicro-
bial activity for treatment of infectious diseases have emerged.
Several in vivo studies on the efficacy of Andro against microbes
with few side effects have been completed. Reasonably strong
evidence from clinical trials suggests that Andro is effective in
reducing the severity and the duration of upper respiratory tract
infection when treatment is started within the first 36–48 h of
symptoms (Coon and Ernst 2004; Jayakumar, Hsieh, Lee, et al.,
2013). Another study (Calabrese, Berman, Babish, et al., 2000)
demonstrated a significant rise in the CD4+ lymphocyte level
of HIV-positive subjects after Andro administration. Further-
more, it was found that treatment with Andro’s analogs signif-
icantly suppressed inflammation in a rat endometriosis model
(Zheng, Liu, Guo, et al., 2012). There are no safe vaccines and only

limited antibiotics available to prevent or treat chronic C. tra-
chomatis infections. Andro and its derivatives may be useful for
mitigating C. trachomatis-related inflammation as adjunct treat-
ments to work synergistically with existing antibiotics (Kalan
and Wright 2011). It is plausible that Andro may exert its an-
tibacterial and anti-inflammatory activity by targeting both bac-
terial factors and host signaling pathways. Further dissection of
Andro’s mode of action is warranted in order to pursue Andro
and its analogs as a potential novel therapeutic reagent against
C. trachomatis diseases.
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