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Abstract: Current treatment of Chlamydia trachomatis using doxycycline and azithromycin intro-
duces detrimental side effects on the host’s microbiota. As a potential alternative treatment, the
myxobacterial natural product sorangicin A (SorA) blocks the bacterial RNA polymerase. In this
study we analyzed the effectiveness of SorA against C. trachomatis in cell culture, and explanted
fallopian tubes and systemic and local treatment in mice, providing also pharmacokinetic data on
SorA. Potential side effects of SorA on the vaginal and gut microbiome were assessed in mice and
against human-derived Lactobacillus species. SorA showed minimal inhibitory concentrations of
80 ng/mL (normoxia) to 120 ng/mL (hypoxia) against C. trachomatis in vitro and was eradicating
C. trachomatis at a concentration of 1 µg/mL from fallopian tubes. In vivo, SorA reduced chlamydial
shedding by more than 100-fold within the first days of infection by topical application corresponding
with vaginal detection of SorA only upon topical treatment, but not after systemic application. SorA
changed gut microbial composition during intraperitoneal application only and did neither alter
the vaginal microbiota in mice nor affect growth of human-derived lactobacilli. Additional dose
escalations and/or pharmaceutical modifications will be needed to optimize application of SorA and
to reach sufficient anti-chlamydial activity in vivo.

Keywords: sorangicin A; antibiotics; Chlamydia trachomatis; Chlamydia muridarum; mouse; novel
therapeutics; microbiota; vagina

1. Introduction

More than 100 million are the global estimated incident cases of genital C. trachomatis
infections [1], which makes the intracellular pathogen the most common sexually transmit-
ted infection (STI) amongst various other bacterial STIs [2]. While generally infecting both
men and women, women carry the major burden of the illness. Chlamydial infections, espe-
cially when recurrent, cause upper genital sequelae, such as pelvic inflammatory diseases
(PID), ectopic pregnancy, and infertility [3]; thus, antibiotic treatment of the infection is nec-
essary. Current first-line treatment options are oral application of 100 mg doxycycline twice
a day for one week or one single dose of 1.5 g azithromycin. However, azithromycin has
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certain limitations that in part account for an estimated treatment failure rate of ~11% [4,5]
and both antibiotics are detrimental to resident Lactobacillus species [6]. Consequently, new
antibiotic agents and strategies should be investigated. While established treatment strate-
gies focus on systemic drug application, no topical therapies against vaginal chlamydial
infections are so far available. However, antibacterial topical therapeutics are well estab-
lished in special fields, such as ophthalmology and dermatology [7,8], providing benefits
of easy application, lower substance concentration, and avoidance of systemic side effects.
By investigating novel anti-chlamydial substances, e.g., corallopyronin A, we could show
high effectiveness of this substance in in vitro and ex vivo models [9]; however, its systemic
effectiveness in vivo could not be proven [10]. Exhibiting the same target as corallopyronin
A for its antibacterial mechanism, we now analyzed the anti-chlamydial effects of the
antibiotic sorangicin A (SorA). The compound was originally isolated from Sorangium
cellulosum, a member of the bacterial order myxococcales, a group of bacteria known for the
production of antimicrobial substances [11]. SorA (Figure 1) acts by inhibiting the bacterial
transcription via blocking the beta-subunit of the bacterial RNAP specifically, preventing
RNA translocation [12] (a general description of anti-bacterial mechanisms targeting RNAP
can be found in a recent paper by Wenholz et al. [13]). Therefore, the compound shows
selective, broad spectrum antibacterial activities in vitro and is particularly active against
Gram-positive pathogens [12]. Intracellular bacteria, such as Mycobacterium tuberculosis,
was also shown to be susceptible to SorA treatment [14]. Yet, effects of SorA application on
C. trachomatis remained unclear and its in vivo capacities are to be studied.
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Figure 1. Chemical structure of Sorangicin A.

Thus, we investigated SorA’s effectiveness against chlamydial infections in cell culture,
in human fallopian tissue and in a mouse model. Further, we were interested in the
potential harmful side effects of the new drug on the commensal microbes and analyzed its
impact on the vaginal and gut microbiome in our mouse model and Lactobacilllus species
from the human vagina.

2. Materials and Methods
2.1. Bacterial Strains and Human Cells

C. trachomatis serovar D (ATCC VR-885) and C. muridarum NiggII (ATCC VR-123) were
purchased from ATCC and propagated in HeLa (ATCC) or HEp-2 (ATCC) cells in vitro.
Strains were regularly checked for strain-specific inclusion morphology and growth kinetics,
and an amplicon sequencing approach is available at the lab to determine strain specificity.
Human fallopian tubes were infected ex vivo with C. trachomatis serovar D. C. muridarum
NiggII was used for all in vivo experiments for the genital infection of the mice.

2.2. Chemicals

Doxycycline was purchased from Sigma-Aldrich (St. Louis, MO, USA). SorA (pro-
duced by the Helmholtz Zentrum für Infektiologie (Braunschweig, Germany)) was diluted
in dimethyl sulfoxide (DMSO). For in vitro and ex vivo experiments, a stock solution
(c = 5775 µg/mL) was prepared and stored in aliquots at −20 ◦C. Work solutions were pre-
pared directly before experimental runs. Experiments of topical application were performed
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by using a mixure of the SorA-DMSO solution (10%), PBS (60%), and macrogolglycerol
ricinoleate (30%). For intraperitoneal experiments, the SorA-DMSO solution (10%) was
mixed with PBS (90%).

2.3. Determination of the Minimal Inhibitory Concentration (MIC) for Chlamydiae

A total of 0.5 × 105 HeLa cells was grown in each well of a 24-well plate (Greiner
bio-one, Frickenhausen, Germany) in RMPI 1640 with 5% FCS, non-essential amino acids
and 2 mM glutamine without antibiotics (Sigma-Aldrich Corporation, St. Louis, MO, USA)
for 24 h at 37 ◦C and 5% CO2. Afterwards, cells were infected with C. trachomatis serovar
D, followed by centrifugation (800 × g, 1 h, 35 ◦C). Infection was titrated to yield an
infection rate of approximately 60% in DMSO-treated controls. Infected cells were then
incubated with or without indicated SorA concentrations under normoxic (20% O2) or
hypoxic (2% O2) conditions at 37 ◦C, and negative controls were treated with the solvent
DMSO. MICs were determined by visualization of the growth of chlamydial inclusions
after 30 h of incubation based on n = 3 experiments. Chlamydial inclusions were visualized
by immunofluorescence staining with a mouse anti-chlamydial lipopolysaccharide (LPS)
antibody (kindly provided by Prof. Helmut Brade, Borstel, Germany) and a polyclonal
rabbit FITC-labeled anti-mouse IgG antibody (Dako Denmark A/S, Glostrup, Denmark).

2.4. Testing Recoverable Chlamydiae

For recovery assays, a total of 3 × 105 cells/mL HEp-2 cells was used in 24-well plates
and incubated for 24 h at 37 ◦C with 5% CO2. Infected HeLa cells of the primary infection
were separately treated with indicated concentrations of SorA. Afterwards, cells from
primary infection were washed with medium to remove the remaining SorA. The cells were
scratched from the surface and homogenized in tubes using glass beads on a vortexing
device. Recoverable chlamydiae were determined, as described previously [15], by serial
dilutions of the homogenized primary infection on recovery plates. Recovery plates were
incubated for 30 h and chlamydial inclusions were visualized as described above.

2.5. Assessing Growth Pattern Changes of Species from the Genus Lactobacillus under Sorangicin
A Application

To analyze whether the growth pattern of lactobacilli would be altered upon SorA
application, six patient-derived vaginal isolates from our STI culturomics facility [16] were
selected: L. gasseri, L. fermentum, L. jensenii, L. mucosae, L. reuteri, and L. rhamnosus. Culture
purity was confirmed via MALDI-TOF (matrix assisted laser desorption/ionization time of
flight) (Bruker Corporation, Billercia, USA) and a pre-culture inoculated in 10 mL brain
heart infusion media (Thermo Fischer, Waltham, MA, USA) under anaerobic conditions
(Whitely H35 HEPA, Don Whitley Scientific, Bingley, UK). After 24 h of growth, the optical
density (600 nm) of precultures was measured (Nanophotometer P330, Implen GmbH,
München, Germany). Based on the turbidity, equivalent volumes were added to 10 mL
brain heart infusion media. Next, 200 µL of media with inoculum were transferred to the
96 multi-well plates (96 flat bottom, Greiner, Kremsmünster, Austria) and SorA solution
was added to selected wells (end concentration 100 ng/mL). Brain heart infusion media
with and without SorA were used as a negative control. Bacterial growth patterns were
measured (Epoch2 multi-plate reader, BioTek, Winooski, VT, USA) every 30 min for 72 h
(37 ◦C, 282 cpm rotation, 600 nm). Growth rate was calculated while comparing the first
measured point with growth at 20 h using following formula: (log (growth at timepoint 2)
− log (growth at timepoint 1)) × 2.303 (timepoint 2 − timepoint 1). Growth rate values
were used after deblanking.

2.6. Efficacy of Sorangicin A against C. trachomatis Serovar D in the Human Fallopian Tube
Ex Vivo Model

Preparation of human fallopian tubes was performed as described previously [17].
Briefly, the tissue of human fallopian tubes was collected from individuals undergoing
hysterectomy by a trained physician. Fallopian tubes were made available to the study if no
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macroscopically visible signs of inflammation were apparent based on the judgement of the
physician. A separate fallopian tube for each replicate was dissected in a Petri dish contain-
ing RPMI1640 (Gibco/Invitrogen, Schwerte, Germany) with 5% FCS (Gibco/Invitrogen)
removing connective tissue and tissue destroyed by the surgery. After dissection, human
fallopian tubes were opened with a scalpel. The tissue was infected with 5 × 108 IFUs
C. trachomatis serovar D and treated with or without (1 or 2 µg/mL) SorA before 48 h of
incubation. Afterwards, tissue pieces were washed with medium to remove remaining
SorA. The tissue was homogenized using glass beads in a homogenizer and recovery assays
of C. trachomatis were determined.

2.7. Application of Sorangicin A in an In Vivo Mouse Model of Chlamydia Muridarum Infection

Eight-week-old female C57BL/6JRj mice (Janvier Labs, Le Genest-Saint-Isle, France)
were synchronized to the same stage of the estrous cycle by subcutaneous injection of
2.5 mg medroxyprogesterone acetate (Depo-Clinovir®, Pfizer, New York, NY, USA) per
mouse. After 7 days, each mouse was vaginally infected with 106 IFUs C. muridarum
(as conducted previously [10]) or mock-infected with sucrose phosphate buffer (SPG).
SorA was applied every 12 h either from day 1 to 7 after infection or from day 4 to 11
after infection. Doxycycline (50 mg/kg body weight) and the respective vehicle were
used as control groups for intraperitoneal treatment. For intravaginal treatment, SorA or
doxycycline diluted in DMSO (10%), PBS (60%), and macrogolglycerol ricinoleate (30%)
were used. A SorA concentration of 5 or 10 mg/kg body weight was intravaginally applied
in a volume of 21.4 µL. After each application, the mouse was restrained upside down for
one minute. For intraperitoneal application, 35 mg/kg SorA was used in 150 µL solution
of DMSO (10%) and PBS (90%). Vaginal swabs were collected directly before infection
at days during and after chlamydial infection, and recovery assays of C. muridarum were
performed on HEp-2 cells to determine the bacterial burden.

2.8. Microbiome Analysis

Stool droppings and vaginal swabs were taken on a regular basis during the above-
mentioned mouse experiments. We used swabs that were opened together with the actually
used swabs but remained unused to control for DNA-contamination. For microbiome
analysis of theses samples, DNA isolation was performed using the DNeasy PowerSoil
Kit (Qiagen, Düsseldorf, Germany). Each round of isolation was complemented with
an isolation control containing all reagents to account for potential introduction of DNA-
contamination at this stage as well. From the isolated DNA, PCR was performed amplifying
the V3/V4 region of the bacterial 16S rRNA gene. Specialized primers [18] were designed
as we described previously [19]. All primers targeted the region 319F or 806R of the bac-
terial 16S rRNA gene. Primers included a heterogeneity spacer and an index sequence.
Every single specimen was assigned to a unique combination of indices to barcode each
sample during PCR, making it suitable for sequencing. Continuing, gel electrophoresis
was utilized to determine DNA concentration and size of amplicons on an aliquot of each
sample. Following, all barcoded samples were put together from the original PCR into one
complete library containing DNA concentration of 50 ng per sample, run through gel elec-
trophoresis, and bands were picked with Gene Catcher tips on a pipette. These gel pieces
were further eluted with the MinElute Gel Extraction Kit (Qiagen, Düsseldorf, Germany)
following the manufacturer’s protocol. To quantify the concentration of the eluted samples,
we used the NEBNext® Library Quantification Kit for Illumina® (New England Biolabs,
Ipswich, Massachusetts, United States) following the manufacturer’s instructions. Finally,
all sequencing procedures were performed using the sequencing-by-synthesis technique
on an Illumina MiSeq (Illumina, San Diego, CA, USA) desktop sequencer.

Raw sequencing reads were processed using mothur [20] version 1.44.1 via the fol-
lowing pipeline: sequences with homopolymers under 12 and sizes shorter than 500 bp
were aligned against SILVA reference data base [21], not aligned sequences were removed
from further analysis. Chimeric sequences (VSEARCH [22]) were removed and remaining
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sequences were taxonomically assigned using the Ribosomal Data Base [23] or (if species
level classification was desired) using EzBioCloud [24]. Statistical analysis and graphical vi-
sualization were assembled via R (version 4.0.1) using package vegan [25]. Alpha diversity
measurements were assessed using Shannon’s diversity index and calculating the number
of detected taxa in each of the sample types. Indicator species analysis was used to reveal
taxa being associated with SorA treatment.

2.9. Measurements of SorA Levels

To analyze SorA concentration in vaginal cells, the same type of swabs as for recoveries
was taken over the course of the experiment from uninfected control animals with topical
SorA treatment. Vaginal cell swabs for tissue levels were taken on day 2 and 9. Directly
after swab collection, the swab was put into a 1.5 mL reaction tube and shock frozen in
liquid nitrogen before storage in −80 ◦C. For tissue analysis of the genital tract, three nine-
week-old mice were topically treated with SorA for seven days as previously described;
however, they were not infected before treatment. One hour after the last application of
SorA, all mice were sacrificed, followed by immediate dissection of the genital tracts. The
genital tracts were separated in uteri, adnexa, and vagina samples and stored in 1.5 mL
reaction tubes and put into liquid nitrogen.

Vaginal swabs were extracted by adding 500 µL of a mixture of 20% DMSO and 80%
of a L-ascorbic acid solution (20/80 (v/v)) and extraction for 2 h at 1000 rpm on a vortex
mixer in the dark. Samples were homogenized using 3 mL of 0.9% isotonic sodium chlo-
ride solution with an ULTRA-TURRAX®. All samples were analyzed via HPLC-MS/MS
using an Agilent 1290 Infinity II HPLC system coupled to an AB Sciex QTrap 6500+ mass
spectrometer. First, a calibration curve was prepared by spiking different concentrations of
SorA into a mixture of 20% DMSO and 80% L-ascorbic acid solution (20/80 (v/v)) (as matrix
for vaginal swabs), or homogenized organs. Caffeine was used as an internal standard.
We used 100 µL of each vaginal swab and 20–50 µL of homogenized tissue. Next, 200 µL
MeOH was added and samples were concentrated for 5 h in the dark using an Eppendorf
concentrator. A mixture of 200 µL ACN + 195 µL of a 20% L-ascorbic acid solution +
5 µL caffeine (1 µg/mL in ACN) was used as an extraction agent, added to the samples,
shortly vortexed, extracted for additional 5 min at 800× g on a vortex mixer, and then
centrifuged for 5 min at 16,000× g at 4 ◦C. The supernatant was transferred to HPLC glass
vials for analysis. Mass spectrometric conditions were as follows: scan type: MRM, positive
mode; Q1 and Q3 masses for caffeine and SorA can be found in Supplementary Table S1;
and peak areas of each sample and of the corresponding internal standard were analyzed
using MultiQuant 3.0 software (AB Sciex, Toronto, Canada). Peak areas of the respective
sample of SorA were normalized to the internal standard peak area. Peaks of PK samples
were quantified using the calibration curve. The accuracy of the calibration curve was
determined using QCs independently prepared on different days. Experiments for SorA
plasma level measurements were performed by Saretius (Reading, UK).

2.10. Statistics

Readouts for primary infection and recovery data were analyzed by one-way ANOVA,
followed by post hoc tests corrected for multiple testing using Holm–Sidak or using the
Tuckey’s test as provided in GraphPad Prism. For longitudinal recovery data and microbial
alpha diversity from mouse experiments, we used two-way ANOVA followed by pairwise
post hoc tests with correction for multiple testing. SorA levels were tested with a similar
strategy, but with one-way instead of two-way ANOVA.

3. Results
3.1. Sorangicin A Is Active against C. trachomatis in Cell Culture and the Fallopian Tube Model

To determine if SorA has anti-chlamydial activity, we compared the ability of C.
trachomatis to form inclusions in the presence of SorA in HeLa cells. Using a logarithmic
range of concentration from 1 ng/mL up to 1 µg/mL, we identified significant reduction in
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C. trachomatis inclusions at 100 ng/mL in both normoxic (Figure 2A) and hypoxic (Figure 2B)
conditions. We subsequently determined that the MIC was in the range of 60 ng/mL to
120 ng/mL SorA, with a median MIC of 80 ng/mL SorA under normoxia and of 120 ng/mL
SorA under hypoxic conditions.
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Figure 2. SorA displays high efficacy against C. trachomatis in cell culture and an ex vivo fallopian
tube model. A primary infection screen of C. trachomatis on HeLa cells shows significant reduction
in detectable chlamydial inclusions at 100 ng/mL for both normoxic (A) and hypoxic (B) environ-
ments (n = 3, ANOVA multiple comparison test with Holm–Sidak correction and significances from
* p < 0.05, ** p < 0.01, and **** p < 0.0001). MIC was assessed as shown by representative pictures
of a SorA-treated infection model among normoxic and hypoxic conditions (C). Among normoxic
conditions, no chlamydial inclusions are detected at a SorA concentration from 80 ng/mL, as among
hypoxic conditions from 120 ng/mL (green = chlamydial inclusions, red = HeLa cells, n = 3). Recovery
of C. trachomatis showed a significant reduction in the infectious progeny from the infection at a SorA
concentration of 100 ng/mL and higher for both normoxic (D) and hypoxic (E) environments (n = 3,
ANOVA multiple comparison test with Holm–Sidak correction and significances from ** p < 0.01,
and *** p < 0.001). When using a human fallopian tube model (F), significant reduction in chlamydial
recovery was achieved at the tested condition of 1 µg/mL and 2 µg/mL (n = 3, one-way ANOVA
with multiple comparison and Tukey post hoc correction).

While inclusion formation and MIC are important measures for the efficacy against
intracellular Chlamydia, we further analyzed the effects of SorA on C. trachomatis progeny
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in HeLa cells. Similar to the effects of SorA on inclusion formation, 100 ng/mL SorA
significantly reduced the yield of infectious C. trachomatis from the primary infection under
both normoxic and hypoxic condition. For sub-inhibitory SorA concentrations, recoverable
inclusion forming units (IFUs) were higher compared with untreated controls in normoxic
and hypoxic environments (Figure 2D,E). We further investigated the efficacy of SorA in a
previously established ex vivo tissue model under normoxic conditions. Treatment with
1 µg/mL SorA significantly reduced C. trachomatis progeny in the fallopian tube model
(Figure 2F).

3.2. Efficacy of Topical and Systemic Sorangicin A Application on Chlamydial Shedding Differs in
a Mouse Infection Model

While in vitro cell culture experiments and the ex vivo fallopian tube model demon-
strated the efficacy SorA displays against C. trachomatis, we next sought to check its efficacy
in an in vivo mouse model. While systemic application of 35 mg/kg SorA elicited only
a minor reduction in C. muridarum recovery from vaginal swabs during the course of
infection (Figure 3A), topical application of SorA elicited a much more significant reduc-
tion (Figure 3B). Notably, increasing doses of the topically applied SorA treatment from
5 mg/kg to 10 mg/kg further decreased C. muridarum recovery (Figure 3B). Mimicking
the physiological situation during an infection in humans, we also delayed the antibiotic
treatment until days 4 to 11 after infection and observed a similar but less pronounced
efficacy compared to simultaneously treated mice (Supplementary Figure S1).
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Figure 3. Topical SorA treatment decreases the initial C. muridarum burden in a mouse model.
Chlamydial shedding from the vagina was only slightly reduced by systemic treatment with 35 mg/kg
body weight SorA (A), while the anti-chlamydial effect was much more pronounced under topical
treatment in a dose-dependent manner (B) when using 5 (SorA low) or 10 (SorA high) mg/kg body
weight (n = 4, two-way ANOVA multiple comparisons and significances vs vehicle control from
* p < 0.05, ** p < 0.01, and **** p < 0.0001). Doxycycline (Doxy) was applied as a positive control
using 50 mg/kg body weight for panels (A,B). SorA was measured from vaginal cell swabs (C) by
high-performance liquid chromatography after topical application, indicating prolonged application
leading to an accumulation of SorA in the vagina (n = 11 at day 2, n = 4 at day 9, Wilcoxon rank sum
test, * p < 0.05). However, tissue levels of SorA in n = 3 animals following topical treatment (D) reveal
SorA to be restricted to the site of application (data given as individual data points including mean +
standard deviation).



Antibiotics 2023, 12, 795 8 of 14

3.3. Accumulation of Sorangicin A Is Detected at the Site of Topical Treatment Only

We next analyzed SorA levels in the vagina in uninfected mice. Analysis of SorA
levels from vaginal swabs on day 2 of topical SorA treatment showed its presence in the
vagina (mean: 8.9 µg/mL, standard deviation: 11.4 µg/mL) and accumulation of the
antibiotic on day 9 when treatment time was increased (mean: 46.5 µg/mL, standard
deviation: 35.2 µg/mL) (Figure 3C). SorA could be detected only at the direct site of
application (ranging from 84.9 up to 230.1 µg/g in vaginal tissue) and not at upper parts of
the urogenital tract (Figure 3D). Of note, intraperitoneally injected SorA was cleared from
the serum within 7 h of administration (Supplementary Figure S2), explaining at least in
part the missing anti-chlamydial effectivity in this model.

3.4. Impact of Sorangicin A on the Gut and Vaginal Microbiota

A thriving question in modern development of new antibiotic treatment strategies is
potential side effects on the residual microbiota. We compared the impact of SorA treat-
ment after intraperitoneal and topical administration on the gut microbiota. Intraperitoneal
injection of SorA significantly reduced the number of observed taxa (Figure 4A), whereas
topical application of SorA in the vagina did not impact the richness of the gut microbiota
(Figure 4B). Of note, topical treatment did not significantly alter the microbial diversity
within the vagina when tested in uninfected animals (Figure 4C). We further performed an
indicator species analysis comparing vaginal microbiota of the mice before and under treat-
ment with SorA. Interestingly, while no other bacterial taxa were found to be significantly
associated with SorA treatment or the control group, SorA treatment was associated with
detection of Lactobacillus taiwanensis in the indicator species analysis (p-value 0.02), with
respective reads being only found in the SorA-treated group. In addition, we analyzed
the effectivity of SorA at a concentration of 100 ng/mL, resembling the mean MIC for C.
trachomatis, on the growth of six different Lactobacillus sp. derived from human vaginal
samples (L. gasseri, L. fermentum, L. jensenii, L. mucosae, L. reuteri, and L. rhamnosus). We
could show that the growth of the tested lactobacilli is not impaired by SorA treatment
(Figure 4D).
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Figure 4. Topical administration of SorA preserves gut microbial composition and does not harm
vaginal microbiota. Gut microbial species richness was analyzed before infection (day 0), during
antibiotic treatment (day 3), and at termination of the experiments (day 42), showing that antibiotic
treatment induces a transient decrease in number of taxa at day 3 only following intraperitoneal
treatment (A) with 35 mg/kg body weight SorA and 50 mg/kg body weight Doxycycline (Doxy).
In contrast, topical treatment (B) with 5 mg/kg body weight SorA and 50 mg/kg body weight
Doxycycline (Doxy) did not impact gut microbiota (n = 8, two-way ANOVA followed by pairwise
post hoc tests with correction for multiple testing). Microbiome analysis from vaginal swabs of
uninfected mice (C) shows no change in microbial diversity during topical SorA application (n = 8,
paired Student’s t-test). Single bacterial isolates from human vaginal swabs show no growth difference
(D) when subjected to growth under standard conditions versus 100 ng/mL SorA (resembling MIC
values for C. trachomatis) in brain heart infusion media (n = 3, unpaired Student’s t-test adjusted
for the number of tested bacteria by Holm correction). Growth rate was calculated by comparing
optical density (OD) of first-time measured time point with OD at 20 h (log (growth at timepoint 2)
− log (growth at timepoint 1)) × 2.303 (timepoint 2 − timepoint 1). Lrh: Lactobacillus rhamnosus; Lreu:
L. reuteri; Lm: L. mucosae; Lj: L. jensenii; Lf: L. fermentum; and Lg: L. gasseri.

4. Discussion

Although genital tract infections with C. trachomatis can be efficiently treated and
cured with currently available antibiotics, the burden of infections has continuously in-
creased [1], followed in some cases by severe clinical entities, such as salpingitis or PID [3].
Additionally, diagnostic restraints in detecting asymptomatic infections, antibiotic treat-
ment failures, and recurrences of infections under azithromycin are common [5]. Even
though emergence of antimicrobial resistance in is not a problem for C. trachomatis so
far, first choice antibiotics against C. trachomatis were shown to negatively affect vaginal
microbiota composition, and in particular, Lactobacillus species [6]. This illustrates the
need for novel antibiotic substances and treatment strategies against C. trachomatis to both
help circumventing treatment failures and provide an alternative not being harmful to the
resident vaginal bacteria. The macrolide-polyether-antibiotic SorA inhibits the bacterial
transcription via blocking the DNA-dependent RNA polymerase specifically. The sub-
stance was proven active against Gram-positive bacteria and mycobacteria, and in higher
concentrations also against Gram-negative bacteria [12]. It was also effective in inhibiting
growth of intracellular bacteria, such as Mycobacterium tuberculosis [14]. Within the group
of selective RNAP inhibitors from cultures of myxobaceria, Corallopyronin A, which has
a different binding site than SorA, was found to be highly efficacious against chlamydial
infections [9,10], yet lacks effective in vivo application [10]. Interestingly, sorangicins are
more potent than corallopyronins in vitro. While they do have the same binding site as
rifampin [26], they are effective even against rifampin-resistant M. tuberculosis, which is
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important to consider in a broader perspective when developing new treatment strategies.
We therefore tested SorA against C. trachomatis in cell culture in a human fallopian tube
model as well as in an established Chlamydia mouse infection model, including vaginal and
gut microbiota analysis for potential side effects, as well as pharmacological determination
of SorA tissue levels.

We could show earlier that efficacy testing of antibiotics differs with respect to the
availability of oxygen. As cervical and vaginal oxygen concentrations range from 0.5 to
5.5% [27,28] and can be affected by pathophysiological conditions (e.g., bacteria-induced
inflammation [29]), SorA was tested among hypoxic (2%) and normoxic (20%) conditions
in cell culture experiments. We determined that MICs against C. trachomatis serovar D
were 80 ng/mL under normoxic and 120 ng/mL under hypoxic conditions, with con-
secutive recovery assays displaying high anti-chlamydial potency. The observed SorA
concentrations are comparable to previous studies with Corallopyronin A, representing
similar anti-chlamydial properties [10]. When compared to first-line anti-chlamydial drugs,
such as azithromycin and doxycycline, comparable values of 125 ng/mL for azithromycin
and 30 to 63 ng/mL for doxycycline are found [15,30,31]. Oxygen depletion resulted in
increased MICs of SorA, suggesting a reduced intracellular activity of the antibiotic among
low oxygen conditions, as it was also shown for first line treatment before [15,32]. While
the increased MIC-value under hypoxic condition is to be considered in further planning
when developing SorA as a new treatment option, the observed MIC-value should not
qualify as an obstacle in the efficacy of the substance in vivo. Interestingly, sub-inhibitory
concentrations of 1 and 10 ng/mL SorA slightly increased infection rates and recovery of
infectious particles, which is a so far not-well-understood phenomenon also described for
cefotaxime treatment against Salmonella typhimurium infections [33]. While the appearance
of such effects in an organism remains unclear, this points towards the importance of
reaching sufficient concentration in the tissue where the infection resides.

Reflecting more the physiological situation of female infections, SorA was additionally
tested in an ex vivo human fallopian tube model. This model is frequently used to transfer
findings from cell culture or mice to a more complex model of genital tract chlamydial
infections in humans [17,34–36]. In accordance with the in vitro findings, SorA at concen-
trations of 1 to 2 µg/mL significantly reduced chlamydial growth and progeny in human
fallopian tubes, pointing at the need to closely monitor the required dose to be reached in
the infected tissue.

To analyze the systemic effect of SorA on chlamydial shedding in the urogenital tract,
we performed mice infection experiments with C. muridarum, as an established rodent
model in Chlamydia research [37–39]. SorA was either applied systemically (i.p.) or topically
via intravaginal administration. Intraperitoneal SorA application against C. muridarum
showed only a minor reduction in chlamydial growth. Measurements of SorA plasma levels
in mice revealed a relatively short disposition of the drug within the murine blood stream,
presumably not reaching respective drug concentrations above the MICs in the genital
tract. Along that line, dose response and drug stability experiments are needed to evaluate
the potential of SorA for systemic application against Chlamydia [40]. However, SorA may
also just not be secreted to the female genital tract after systemic antibiotic application, as
other antibiotic investigations showed that plasma concentrations would not always be
indicative of the antibiotic efficacy in the target tissue [41]. In principle, intraperitoneally
applied SorA is systemically transported and active, which could be proven by analyzing
the stool microbiota of these animals. Treated animals showed a significant decrease
in observed bacterial taxa following intraperitoneal SorA administration, indicating a
potential harmful, untargeted side effect on the gut microbiome. It was pointed out how
adverse collateral damage on the gut microbiome by well-established antibiotics can be [42];
therefore, we consider acknowledging strategies to circumvent such damage already in the
developmental process of new antibiotic substances a key point to consider.

In contrast to systemic application of SorA, topically applied SorA in mice revealed an
elicited reduction in the chlamydial load within the early stage of infection (Supplementary
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Table S2 compares the main achievements of the models used within this work). Topical ap-
plication of e.g., antifungals, is widely used in the vagina or to treat bacterial vaginosis [43],
but targeted antibiotic treatments are better explored and established in the field of ophthal-
mology and dermatology. Topical treatments are easily applied and can be used with lower
drug concentrations compared with systemic administration. In addition, it can help to
avoid systemic side effects, such as vomiting, the first-past effect, a feared consequence of
oral antibiotic treatment, and the development of gut microbiome dysbiosis [44], which we
could also observe for SorA. In this line, topical SorA application does not have negative
side effects, neither on the gut nor on the vaginal microbiota. Importantly, SorA at MIC
concentration for C. trachomatis does also not inhibit the growth of various tested vaginally
isolated Lactobacillus species, making SorA potentially superior to first-choice antibiotics
regarding preservation of protective microbes in the vagina.

5. Conclusions

Although topical SorA application significantly reduced chlamydial load in the murine
vagina, the observed effect was less pronounced than in doxycycline-treated animals and
it is not to be expected that the detected reduction in SorA-treated animals would have a
strong impact on ascending chlamydial infection and pathology. A broad range of models
and test conditions is needed to extract strength and weaknesses of a novel substance and
to deduce at an early stage whether additional efforts towards clinical applicability are
promising. For SorA, further analysis should be focused on specific factors that apparently
impair substance stability in the vaginal tract after intravenous and intraperitoneal admin-
istration. Given that myxobacteria do present to produce a large number of antibacterial
substances, screening closely related analogs of SorA may prove useful. Modification
of antibacterial substances [45] or drug conjugation to biological carriers [46] may also
improve efficacy of SorA within the urogenital tract. It may further be important to consider
that host proteins are playing a role in sensitizing to antibiotics [47]. Given the fact that
Chlamydia infection was shown to reduce the host’s translation machinery [48] there may be
further mechanisms reducing the effectivity of SorA treatment in vivo to be encountered.
Addressing those points will be a prerequisite to test the efficacy of SorA against chlamy-
dial pathology in ascending infections in the mouse model in comparison to the currently
applied treatment regiments.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/antibiotics12050795/s1, Figure S1. Topical SorA treatment only
slightly decreases the C. muridarum burden during the course of an established infection in a mouse
model. Figure S2. Plasma levels after intravenous and intraperitoneal SorA application. Table S1. Q1
and Q3 masses for caffeine and SorA. Table S2: Contribution of the different models to developing
sorangicin A as a new therapeutic option for the treatment of chlamydial infections.

Author Contributions: S.G.: K.S., J.H., N.K., M.S., M.B., R.M. and J.R. conceived the experiments;
S.G., K.K., C.S., L.S., K.R., K.W. and L.C.H. performed the experiments; S.G., K.K., L.S., M.L. and L.K.
analyzed the data; S.G., K.K. and J.R. wrote the first draft of the manuscript. All authors have read
and agreed to the published version of the manuscript.

Funding: This work was funded by the German Center for Infection Research (DZIF) granted to JR.
KR and RM received support from the German Center for Infection Research (DZIF) for operating the
PK/PD unit (DZIF TTU 09.710). MS received funding from the German Center for Infection Research
(DZIF) for the Natural Compound Library.

Institutional Review Board Statement: The study was conducted in accordance with the Declaration
of Helsinki, and approved by the Institutional Review Board (or Ethics Committee) of the University
of Lübeck (file number: 20-027, date of approval: 11 February 2020). The animal study protocol was
approved by the Ministerium für Energiewende, Landwirtschaft, Umwelt und ländliche Räume of
the state Schleswig-Holstein (file number 8-1/19, date of approval: 22 March 2019).

Informed Consent Statement: Informed consent was obtained from all subjects involved in the study.

https://www.mdpi.com/article/10.3390/antibiotics12050795/s1
https://www.mdpi.com/article/10.3390/antibiotics12050795/s1


Antibiotics 2023, 12, 795 12 of 14

Data Availability Statement: The sequencing data used within this study are being made available
at the European Nucleotide Archive with accession number PRJEB55639.

Acknowledgments: The Authors thank Erik Winzheim, Anke Hellberg, Siegrid Pätzmann and
Angela Gravenhorst for their constant and valuable support.

Conflicts of Interest: The Authors declare that this work was conducted in absence of any commercial
or financial conflict of interest.

References
1. Rowley, J.; Vander Hoorn, S.; Korenromp, E.; Low, N.; Unemo, M.; Abu-Raddad, L.J.; Chico, R.M.; Smolak, A.; Newman, L.;

Gottlieb, S.; et al. Chlamydia, Gonorrhoea, Trichomoniasis and Syphilis: Global Prevalence and Incidence Estimates, 2016. Bull.
World Health Organ. 2019, 97, 548–562. [CrossRef] [PubMed]

2. Starnbach, M.N. Action Needed on Chlamydia Vaccines. Trends Microbiol. 2018, 26, 639–640. [CrossRef]
3. Workowski, K.A.; Bolan, G.A. Sexually Transmitted Diseases Treatment Guidelines, 2015. MMWR Recomm. Rep. Morb. Mortal.

Wkly. Rep. Recomm. Rep. 2015, 64, 1–137.
4. Golden, M.R.; Handsfield, H.H.; Hogben, M.; Helmers, J.R.L.; Holmes, K.K. Effect of Expedited Treatment of Sex Partners on

Recurrent or Persistent Gonorrhea or Chlamydial Infection. N. Engl. J. Med. 2005, 352, 676–685. [CrossRef] [PubMed]
5. Mohammadzadeh, F.; Dolatian, M.; Jorjani, M.; Afrakhteh, M.; Majd, H.A.; Abdi, F.; Pakzad, R. Urogenital Chlamydia Trachomatis

Treatment Failure with Azithromycin: A Meta-Analysis. Int. J. Reprod. Biomed. 2019, 17, 603–620. [CrossRef]
6. Edwards, V.L.; Smith, S.B.; McComb, E.J.; Tamarelle, J.; Ma, B.; Humphrys, M.S.; Gajer, P.; Gwilliam, K.; Schaefer, A.M.; Lai, S.K.;

et al. The Cervicovaginal Microbiota-Host Interaction Modulates Chlamydia Trachomatis Infection. mBio 2019, 10, e01548-19.
[CrossRef]

7. Smith, A.; Pennefather, P.M.; Kaye, S.B.; Hart, C.A. Fluoroquinolones. Drugs 2001, 61, 747–761. [CrossRef] [PubMed]
8. Thaçi, D.; Schöfer, H. Topische Antibiotika zur Therapie von Hautinfektionen. Hautarzt 2005, 56, 381–396. [CrossRef] [PubMed]
9. Shima, K.; Ledig, S.; Loeper, N.; Schiefer, A.; Pfarr, K.; Hoerauf, A.; Graspeuntner, S.; Rupp, J. Effective Inhibition of Rifampicin-

Resistant Chlamydia Trachomatis by the Novel DNA-Dependent RNA Polymerase Inhibitor Corallopyronin A. Int. J. Antimicrob.
Agents 2018, 52, 523–524. [CrossRef]

10. Loeper, N.; Graspeuntner, S.; Ledig, S.; Kaufhold, I.; Hoellen, F.; Schiefer, A.; Henrichfreise, B.; Pfarr, K.; Hoerauf, A.; Shima, K.;
et al. Elaborations on Corallopyronin A as a Novel Treatment Strategy Against Genital Chlamydial Infections. Front. Microbiol.
2019, 10, 943. [CrossRef]

11. Weissman, K.J.; Müller, R. Myxobacterial Secondary Metabolites: Bioactivities and Modes-of-Action. Nat. Prod. Rep. 2010, 27,
1276–1295. [CrossRef]

12. Irschik, H.; Jansen, R.; Gerth, K.; Höfle, G.; Reichenbach, H. The Sorangicins, Novel and Powerful Inhibitors of Eubacterial RNA
Polymerase Isolated from Myxobacteria. J. Antibiot. 1987, 40, 7–13. [CrossRef]

13. Wenholz, D.S.; Miller, M.; Dawson, C.; Bhadbhade, M.; Black, D.S.; Griffith, R.; Dinh, H.; Cain, A.; Lewis, P.; Kumar, N. Inhibitors
of Bacterial RNA Polymerase Transcription Complex. Bioorg. Chem. 2022, 118, 105481. [CrossRef]

14. Lilic, M.; Chen, J.; Boyaci, H.; Braffman, N.; Hubin, E.A.; Herrmann, J.; Müller, R.; Mooney, R.; Landick, R.; Darst, S.A.; et al.
The Antibiotic Sorangicin A Inhibits Promoter DNA Unwinding in a Mycobacterium Tuberculosis Rifampicin-Resistant RNA
Polymerase. Proc. Natl. Acad. Sci. USA 2020, 117, 30423–30432. [CrossRef] [PubMed]

15. Shima, K.; Szaszák, M.; Solbach, W.; Gieffers, J.; Rupp, J. Impact of a Low-Oxygen Environment on the Efficacy of Antimicrobials
against Intracellular Chlamydia Trachomatis. Antimicrob. Agents Chemother. 2011, 55, 2319–2324. [CrossRef] [PubMed]

16. Wolf, E.A.; Rettig, H.C.; Lupatsii, M.; Schlüter, B.; Schäfer, K.; Friedrich, D.; Graspeuntner, S.; Rupp, J. Culturomics Approaches
Expand the Diagnostic Accuracy for Sexually Transmitted Infections. Int. J. Mol. Sci. 2021, 22, 10815. [CrossRef]

17. Jerchel, S.; Knebel, G.; König, P.; Bohlmann, M.K.; Rupp, J. A Human Fallopian Tube Model for Investigation of C. Trachomatis
Infections. J. Vis. Exp. JoVE 2012, 66, e4036. [CrossRef]

18. Fadrosh, D.W.; Ma, B.; Gajer, P.; Sengamalay, N.; Ott, S.; Brotman, R.M.; Ravel, J. An Improved Dual-Indexing Approach for
Multiplexed 16S RRNA Gene Sequencing on the Illumina MiSeq Platform. Microbiome 2014, 2, 6. [CrossRef]

19. Graspeuntner, S.; Bohlmann, M.K.; Gillmann, K.; Speer, R.; Kuenzel, S.; Mark, H.; Hoellen, F.; Lettau, R.; Griesinger, G.; König, I.R.;
et al. Microbiota-Based Analysis Reveals Specific Bacterial Traits and a Novel Strategy for the Diagnosis of Infectious Infertility.
PLoS ONE 2018, 13, e0191047. [CrossRef]

20. Schloss, P.D.; Westcott, S.L.; Ryabin, T.; Hall, J.R.; Hartmann, M.; Hollister, E.B.; Lesniewski, R.A.; Oakley, B.B.; Parks, D.H.;
Robinson, C.J.; et al. Introducing Mothur: Open-Source, Platform-Independent, Community-Supported Software for Describing
and Comparing Microbial Communities. Appl. Environ. Microbiol. 2009, 75, 7537–7541. [CrossRef]

21. Parks, D.H.; Chuvochina, M.; Waite, D.W.; Rinke, C.; Skarshewski, A.; Chaumeil, P.-A.; Hugenholtz, P. A Standardized Bacterial
Taxonomy Based on Genome Phylogeny Substantially Revises the Tree of Life. Nat. Biotechnol. 2018, 36, 996–1004. [CrossRef]
[PubMed]

22. Rognes, T.; Flouri, T.; Nichols, B.; Quince, C.; Mahé, F. VSEARCH: A Versatile Open Source Tool for Metagenomics. PeerJ 2016,
4, e2584. [CrossRef] [PubMed]

https://doi.org/10.2471/BLT.18.228486
https://www.ncbi.nlm.nih.gov/pubmed/31384073
https://doi.org/10.1016/j.tim.2018.05.006
https://doi.org/10.1056/NEJMoa041681
https://www.ncbi.nlm.nih.gov/pubmed/15716561
https://doi.org/10.18502/ijrm.v17i9.5093
https://doi.org/10.1128/mBio.01548-19
https://doi.org/10.2165/00003495-200161060-00004
https://www.ncbi.nlm.nih.gov/pubmed/11398907
https://doi.org/10.1007/s00105-005-0935-4
https://www.ncbi.nlm.nih.gov/pubmed/15765214
https://doi.org/10.1016/j.ijantimicag.2018.07.025
https://doi.org/10.3389/fmicb.2019.00943
https://doi.org/10.1039/c001260m
https://doi.org/10.7164/antibiotics.40.7
https://doi.org/10.1016/j.bioorg.2021.105481
https://doi.org/10.1073/pnas.2013706117
https://www.ncbi.nlm.nih.gov/pubmed/33199626
https://doi.org/10.1128/AAC.01655-10
https://www.ncbi.nlm.nih.gov/pubmed/21321137
https://doi.org/10.3390/ijms221910815
https://doi.org/10.3791/4036
https://doi.org/10.1186/2049-2618-2-6
https://doi.org/10.1371/journal.pone.0191047
https://doi.org/10.1128/AEM.01541-09
https://doi.org/10.1038/nbt.4229
https://www.ncbi.nlm.nih.gov/pubmed/30148503
https://doi.org/10.7717/peerj.2584
https://www.ncbi.nlm.nih.gov/pubmed/27781170


Antibiotics 2023, 12, 795 13 of 14

23. Wang, Q.; Garrity, G.M.; Tiedje, J.M.; Cole, J.R. Naïve Bayesian Classifier for Rapid Assignment of RRNA Sequences into the New
Bacterial Taxonomy. Appl. Environ. Microbiol. 2007, 73, 5261–5267. [CrossRef] [PubMed]

24. Yoon, S.-H.; Ha, S.-M.; Kwon, S.; Lim, J.; Kim, Y.; Seo, H.; Chun, J. Introducing EzBioCloud: A Taxonomically United Database of
16S RRNA Gene Sequences and Whole-Genome Assemblies. Int. J. Syst. Evol. Microbiol. 2017, 67, 1613–1617. [CrossRef]

25. Vegan: Community Ecology Package, R Package Version 2.5-7. 2020. Available online: https://CRAN.R-project.org/package=
vegan (accessed on 1 February 2023).

26. Srivastava, A.; Talaue, M.; Liu, S.; Degen, D.; Ebright, R.Y.; Sineva, E.; Chakraborty, A.; Druzhinin, S.Y.; Chatterjee, S.; Mukhopad-
hyay, J.; et al. New Target for Inhibition of Bacterial RNA Polymerase: ‘Switch Region’. Curr. Opin. Microbiol. 2011, 14, 532–543.
[CrossRef]

27. Juul, N.; Jensen, H.; Hvid, M.; Christiansen, G.; Birkelund, S. Characterization of In Vitro Chlamydial Cultures in Low-Oxygen
Atmospheres. J. Bacteriol. 2007, 189, 6723–6726. [CrossRef]

28. Dietz, I.; Jerchel, S.; Szaszák, M.; Shima, K.; Rupp, J. When Oxygen Runs Short: The Microenvironment Drives Host–Pathogen
Interactions. Microbes Infect. 2012, 14, 311–316. [CrossRef]

29. Schaffer, K.; Taylor, C.T. The Impact of Hypoxia on Bacterial Infection. FEBS J. 2015, 282, 2260–2266. [CrossRef]
30. Christensen, J.J.; Holten-Andersen, W.; Nielsen, P.B. Chlamydia Trachomatis: In Vitro Susceptibility to Antibiotics Singly and in

Combination. Acta Pathol. Microbiol. Immunol. Scand. 1986, 94, 329–332. [CrossRef]
31. Notomi, T.; Ikeda, Y.; Nagayama, A. Minimum Inhibitory and Minimal Lethal Concentration against Chlamydia Trachomatis

Dependent on the Time of Addition and the Duration of the Presence of Antibiotics. Chemotherapy 1999, 45, 242–248. [CrossRef]
32. Shima, K.; Klinger, M.; Solbach, W.; Rupp, J. Activities of First-Choice Antimicrobials against Gamma Interferon-Treated

Chlamydia Trachomatis Differ in Hypoxia. Antimicrob. Agents Chemother. 2013, 57, 2828–2830. [CrossRef]
33. Molina-Quiroz, R.C.; Silva, C.A.; Molina, C.F.; Leiva, L.E.; Reyes-Cerpa, S.; Contreras, I.; Santiviago, C.A. Exposure to Sub-

Inhibitory Concentrations of Cefotaxime Enhances the Systemic Colonization of Salmonella Typhimurium in BALB/c Mice. Open
Biol. 2015, 5, 150070. [CrossRef]

34. Roth, A.; König, P.; van Zandbergen, G.; Klinger, M.; Hellwig-Bürgel, T.; Däubener, W.; Bohlmann, M.K.; Rupp, J. Hypoxia
Abrogates Antichlamydial Properties of IFN-γ in Human Fallopian Tube Cells in Vitro and Ex Vivo. Proc. Natl. Acad. Sci. USA
2010, 107, 19502–19507. [CrossRef]

35. Kessler, M.; Zielecki, J.; Thieck, O.; Mollenkopf, H.-J.; Fotopoulou, C.; Meyer, T.F. Chlamydia Trachomatis Disturbs Epithelial
Tissue Homeostasis in Fallopian Tubes via Paracrine Wnt Signaling. Am. J. Pathol. 2012, 180, 186–198. [CrossRef]

36. Käding, N.; Schmidt, N.; Scholz, C.; Graspeuntner, S.; Rupp, J.; Shima, K. Impact of First-Line Antimicrobials on Chlamydia
Trachomatis-Induced Changes in Host Metabolism and Cytokine Production. Front. Microbiol. 2021, 12, 676747. [CrossRef]

37. Barron, A.L.; White, H.J.; Rank, R.G.; Soloff, B.L.; Moses, E.B. A New Animal Model for the Study of Chlamydia Trachomatis
Genital Infections: Infection of Mice with the Agent of Mouse Pneumonitis. J. Infect. Dis. 1981, 143, 63–66. [CrossRef]

38. Miyairi, I.; Ramsey, K.H.; Patton, D.L. Duration of Untreated Chlamydial Genital Infection and Factors Associated with Clearance:
Review of Animal Studies. J. Infect. Dis. 2010, 201, S96–S103. [CrossRef]

39. O’Meara, C.P.; Andrew, D.W.; Beagley, K.W. The Mouse Model of Chlamydia Genital Tract Infection: A Review of Infection,
Disease, Immunity and Vaccine Development. Curr. Mol. Med. 2014, 14, 396–421. [CrossRef]

40. Connolly, K.L.; Eakin, A.E.; Gomez, C.; Osborn, B.L.; Unemo, M.; Jerse, A.E. Pharmacokinetic Data Are Predictive of In Vivo
Efficacy for Cefixime and Ceftriaxone against Susceptible and Resistant Neisseria Gonorrhoeae Strains in the Gonorrhea Mouse
Model. Antimicrob. Agents Chemother. 2019, 63, e01644-18. [CrossRef]

41. Cester, C.C.; Laurentie, M.P.; García-Villar, R.; Toutain, P.L. Spiramycin Concentrations in Plasma and Genital-Tract Secretions
after Intravenous Administration in the Ewe. J. Vet. Pharmacol. Ther. 1990, 13, 7–14. [CrossRef]

42. Maier, L.; Goemans, C.V.; Wirbel, J.; Kuhn, M.; Eberl, C.; Pruteanu, M.; Müller, P.; Garcia-Santamarina, S.; Cacace, E.; Zhang, B.;
et al. Unravelling the Collateral Damage of Antibiotics on Gut Bacteria. Nature 2021, 599, 120–124. [CrossRef]

43. Menard, J.-P. Antibacterial Treatment of Bacterial Vaginosis: Current and Emerging Therapies. Int. J. Womens Health 2011, 3,
295–305. [CrossRef] [PubMed]

44. Ferrer, M.; Méndez-García, C.; Rojo, D.; Barbas, C.; Moya, A. Antibiotic Use and Microbiome Function. Biochem. Pharmacol. 2017,
134, 114–126. [CrossRef]

45. Han, Y.; Zhang, M.; Lai, R.; Zhang, Z. Chemical Modifications to Increase the Therapeutic Potential of Antimicrobial Peptides.
Peptides 2021, 146, 170666. [CrossRef] [PubMed]

46. Tram, N.; Ee, P. Macromolecular Conjugate and Biological Carrier Approaches for the Targeted Delivery of Antibiotics. Antibiotics
2017, 6, 14. [CrossRef]

https://doi.org/10.1128/AEM.00062-07
https://www.ncbi.nlm.nih.gov/pubmed/17586664
https://doi.org/10.1099/ijsem.0.001755
https://CRAN.R-project.org/package=vegan
https://CRAN.R-project.org/package=vegan
https://doi.org/10.1016/j.mib.2011.07.030
https://doi.org/10.1128/JB.00279-07
https://doi.org/10.1016/j.micinf.2011.11.003
https://doi.org/10.1111/febs.13270
https://doi.org/10.1111/j.1699-0463.1986.tb03061.x
https://doi.org/10.1159/000007192
https://doi.org/10.1128/AAC.02211-12
https://doi.org/10.1098/rsob.150070
https://doi.org/10.1073/pnas.1008178107
https://doi.org/10.1016/j.ajpath.2011.09.015
https://doi.org/10.3389/fmicb.2021.676747
https://doi.org/10.1093/infdis/143.1.63
https://doi.org/10.1086/652393
https://doi.org/10.2174/15665240113136660078
https://doi.org/10.1128/AAC.01644-18
https://doi.org/10.1111/j.1365-2885.1990.tb00741.x
https://doi.org/10.1038/s41586-021-03986-2
https://doi.org/10.2147/IJWH.S23814
https://www.ncbi.nlm.nih.gov/pubmed/21976983
https://doi.org/10.1016/j.bcp.2016.09.007
https://doi.org/10.1016/j.peptides.2021.170666
https://www.ncbi.nlm.nih.gov/pubmed/34600037
https://doi.org/10.3390/antibiotics6030014


Antibiotics 2023, 12, 795 14 of 14

47. Jammal, J.; Zaknoon, F.; Mor, A. Eliciting Improved Antibacterial Efficacy of Host Proteins in the Presence of Antibiotics. FASEB J.
2018, 32, 369–376. [CrossRef] [PubMed]

48. Ohmer, M.; Tzivelekidis, T.; Niedenführ, N.; Volceanov-Hahn, L.; Barth, S.; Vier, J.; Börries, M.; Busch, H.; Kook, L.; Biniossek,
M.L.; et al. Infection of HeLa Cells with CHLAMYDIA TRACHOMATIS nhibits Protein Synthesis and Causes Multiple Changes
to Host Cell Pathways. Cell. Microbiol. 2019, 21, e12993. [CrossRef] [PubMed]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

https://doi.org/10.1096/fj.201700652r
https://www.ncbi.nlm.nih.gov/pubmed/28904017
https://doi.org/10.1111/cmi.12993
https://www.ncbi.nlm.nih.gov/pubmed/30551267

	Introduction 
	Materials and Methods 
	Bacterial Strains and Human Cells 
	Chemicals 
	Determination of the Minimal Inhibitory Concentration (MIC) for Chlamydiae 
	Testing Recoverable Chlamydiae 
	Assessing Growth Pattern Changes of Species from the Genus Lactobacillus under Sorangicin A Application 
	Efficacy of Sorangicin A against C. trachomatis Serovar D in the Human Fallopian Tube Ex Vivo Model 
	Application of Sorangicin A in an In Vivo Mouse Model of Chlamydia Muridarum Infection 
	Microbiome Analysis 
	Measurements of SorA Levels 
	Statistics 

	Results 
	Sorangicin A Is Active against C. trachomatis in Cell Culture and the Fallopian Tube Model 
	Efficacy of Topical and Systemic Sorangicin A Application on Chlamydial Shedding Differs in a Mouse Infection Model 
	Accumulation of Sorangicin A Is Detected at the Site of Topical Treatment Only 
	Impact of Sorangicin A on the Gut and Vaginal Microbiota 

	Discussion 
	Conclusions 
	References

