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Purpose: The study aimed to evaluate meropenem, fosfomycin, berberine hydrochloride,
and doxycycline minimum inhibitory concentrations (MICs) of Neisseria gonorrhoeae
collected from eight provinces in China in 2018.

Methods: The MICs of 540 Neisseria gonorrhoeae isolates (451 isolates selected randomly
and 89 isolates selected with preference) were determined to meropenem, fosfomycin,
berberine hydrochloride, and doxycycline using the agar dilution method, and the MICs of
ceftriaxone and azithromycin were detected for comparison.

Results: Among 451 randomly selected isolates, the MICy, was 0.06 mg/L for meropenem,
64 mg/L for fosfomycin, 64 mg/L for berberine hydrochloride, and 16 mg/L for doxycycline.
All isolates showed the MIC < 0.125 mg/L to meropenem, 13 isolates (2.9%) showed MIC >
64 mg/L to fosfomycin, 8 isolates (1.8%) demonstrated MIC > 64 mg/L to berberine hydro-
chloride, and 271 isolates (60.1%) demonstrated MIC > 1 mg/L to doxycycline. Comparing all
540 tested isolates, a correlation of » = 0.50 (P < 0.001) between meropenem and ceftriaxone
MIC was observed. In 24 ceftriaxone-decreased susceptibility isolates, all isolates showed an
MIC < 0.125 mg/L for meropenem, 1 isolate (4.2%) showed an MIC > 64 mg/L for
fosfomycin, 1 isolate (4.2%) showed an MIC > 64 mg/L for berberine hydrochloride, and 13
isolates (54.2%) showed an MIC > 1 mg/L for doxycycline. In 87 azithromycin resistant
isolates, all isolates showed an MIC < 0.125 mg/L for meropenem, 2 isolates (2.3%) showed
an MIC > 64 mg/L for fosfomycin, 4 isolates (4.6%) showed an MIC > 64 mg/L for berberine
hydrochloride, and 64 isolates (73.6%) showed an MIC > 1 mg/L for doxycycline.
Conclusion: The in vitro results suggest that meropenem might be a promising treatment
option for resistant gonococcal infections, while the effects of fosfomycin and berberine
hydrochloride should be further evaluated as potential therapeutic agents. The effectiveness
of these drugs in animal experiments and clinical use may need further study.

Keywords: Neisseria gonorrhoeae, treatment, antimicrobial resistance, meropenem,
fosfomycin

Introduction

Neisseria gonorrhoeae (N. gonorrhoeae), a commonly reported sexually trans-
mitted pathogen, presents a global public health threat with total incident cases
approximating 86.9 million." In 2019 alone, 117,938 new gonorrhea cases were
reported in China.? Currently, ceftriaxone is the recommended gonorrhea treatment
in China, ® while ceftriaxone and azithromycin are recommended as the first-line
therapeutic treatment in America, * Australia, ° Canada, ° Europe, " New Zealand, ®
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and by the World Health Organization(WHO).” However,
N. gonorrhoeae has developed resistance to all previously
used antimicrobial therapies including azithromycin and
furthermore, it shows decreased susceptibility to ceftriax-
one(DSC, defined as isolates with ceftriaxone
MIC>0.25mg/L in China currently)'®'* which poses a
significant global healthcare burden.

The WHO carried out a global action plan to control
the spread of antimicrobial-resistant N. gonorrhoeae and
minimize its impact on the population.'® In response to
rising gonococcal antimicrobial resistance, the National
Health Commission’s Committee of Experts on Rational
Drug Use classified gonococcal antimicrobial resistance as
part of the highest priority category for drug resistance
surveillance in China, and the China National Action Plan
to Contain Antimicrobial Resistance was jointly issued by
14 government sectors in 2016.'* In light of dwindling
treatment options and increasing antibiotic resistance of
N. gonorrhoeae, the ROADMAP plan was carried out to
address research needs for N. gonorrhoeae antimicrobial
resistance in China.'”> Treatment of gonorrhea is a global
health concern that requires immediate attention. Given
the limited antibiotic arsenal, finding putative alternative
therapeutic drugs has become an urgent priority in global
public health.

There are constant efforts to develop new antimicrobial
drugs, such as zoliflodacin and solithromycin, but such novel
antimicrobial development is often cumbersome. A common
alternative to this is to simply repurpose available drugs for
the treatment of specific infections. With broad-spectrum
antimicrobial activities, an in vitro study found meropenem
to be a promising alternative therapeutic agent for cephalos-
porin-resistant N. gonorrhoeae with a mosaic pend allele,
whereas other carbapenems and faropenem had a lower
potential for effective treatment.'® Fosfomycin also has
been suggested as a possible alternative antibiotic against
N. gonorrhoeae both in vitro and in vivo.'”'® Previously,
in vitro studies have demonstrated that fosfomycin can retain
activity against ceftriaxone-resistant N. gonorrhoeae.'’
Moreover, a recent randomized controlled clinical trial of
the use of fosfomycin trometamol to treat uncomplicated
gonococcal urethritis in men exhibited excellent efficacy in
China.'® Additionally, berberine, a plant alkaloid with a long
history of medicinal use in both Ayurvedic and Chinese
medicine has been reported to be active against gram-
positive and gram-negative bacteria with an unclear antibac-
terial mechanism.'® Berberine is a multi-target compound
which inhibits arylamine N-acetyltransferase activity in

Salmonella typhi,”° targets assembly of Escherichia coli
cell division protein FtsZ*'** blocks adhesion of
Escherichia coli, and suppresses the synthesis and assembly
of fimbriae.”* A clinical study investigating treatment options
for Chlamydia trachomatis infection treated one group with
aqueous berberine chloride eye drops. An examination of the
patients’ conjunctival scrapings showed no lingering
Chlamydia trachomatis infection after the treatment, and no
relapses occurred within 1 year of follow-up

the Chinese

Guidelines for diagnosis and treatment of syphilis, gonor-

examinations.”**> As for doxycycline,
rhea, and genital Chlamydia trachomatis infection (2020)
recommend doxycycline to treat gonorrhea that does not
exclude chlamydia infection or gonococcal pelvic inflamma-
tory disease. The 2015 USA Sexually Transmitted Diseases
Treatment Guidelines proposed that doxycycline could
replace azithromycin as a second antimicrobial to be used
in combination with ceftriaxone or cefixime in the case of
azithromycin allergy.” While the wide variety of uses of these
drugs has been investigated at length, there are very limited
data on the use of such drugs at mitigating N. gonorrhoeae
susceptibility in China. In this study, we evaluated the MICs
of the putative anti-N. gonorrhoeae drugs, ceftriaxone, and
azithromycin with N. gonorrhoeae isolates newly collected
from eight provinces of China in 2018 and we described the
MIC distributions in different provinces. We then performed
a correlation analysis between these drugs and ceftriaxone or
azithromycin to evaluate the cross-resistance. Furthermore,
we evaluated the performance of evaluated drugs in DSC or

azithromycin resistant isolates.

Materials and Methods

Ethical Approval

The ethics (2014-LS-026) of this research were approved
by the Medical Ethics Committee at the Institute of
Dermatology and Hospital for Skin Diseases, the Chinese
Academy of Medical Sciences & Peking Union Medical
College, and the National Center for Sexually Transmitted
Disease Control.

Drugs

Meropenem, fosfomycin, doxycycline, ceftriaxone and
obtained from United States
Pharmacopeia (USP) and berberine hydrochloride was
obtained from Chengdu Must Biotechnology Co., Ltd
(Chengdu, China).

azithromycin  were

submit your manuscript

4476

Dove

Infection and Drug Resistance 2020:13


http://www.dovepress.com
http://www.dovepress.com

Dove

Zheng et al

Gonococcal Isolates

Clinical isolates were collected in outpatient departments
from eight provinces (Beijing, Guangdong, Guangxi,
Liaoning, Sichuan, Shaanxi, Tianjin, and Yunnan) which
China
Surveillance Programme (China-GRSP) from January 1 to

were included in Gonococcal  Resistance
December 31, 2018. Samples were inoculated in selective
Thayer-Martin (TM) medium and cultured at 36-36.5°C
supplemented with 5% CO, humidified atmosphere for 24
to 48 hrs. Then, the

N. gonorrhoeae isolates were identified, preserved, and

culture-positive  presumptive

transferred as previously described.'® In total, 540 isolates
from Beijing, Guangdong, Guangxi, Liaoning, Sichuan,
Shaanxi, Tianjin and Yunnan were selected for the determi-
nation of antimicrobial susceptibility. In this study, 451 iso-
lates were selected without preference to evaluate the
sensitivity of these drugs in different provinces, and 89 iso-
lates were selected with preference (isolates with relatively
high MICs of ceftriaxone or azithromycin) to further increase
the number of resistant isolates for cross-resistance analysis.

Antimicrobial Susceptibility Test

Antimicrobial susceptibility tests to meropenem, fosfomycin,
berberine hydrochloride, doxycycline, ceftriaxone, and azithro-
mycin were determined for all isolates using the agar dilution
method.'® Firstly, isolates were inoculated from frozen stocks
onto selective TM medium, and sub-cultured on GC agar base
medium (Oxide, Hampshire, England) with 10% defibrinated
sheep blood (Bianzhen Biotechnology, Nanjing, China) at 36°C
5% CO,-enriched and humidified atmosphere for 18 to 20 hrs.
With these culture positive isolates, morphology identification
and oxidase tests were repetitively finished before antimicrobial
susceptibility tests were performed. Then, suspensions of 107
bacteria per milliliter were prepared by adding scraped colonies

into sterile saline solution (Pengyao Pharmacy, Wuxi, China),
and suspensions (10* per inoculation) were added to the culture
medium (GC agar base medium supplemented with 10% defi-
brinated sheep blood) containing antibiotics on a 10 cm square
plate using a multipoint inoculator. Next, the plates were incu-
bated at 36°C humidified 5% CO,-enriched atmosphere for 18 to
24 hrs, and the N. gonorrhoeae growth in plates containing
various antibiotic concentrations was observed and recorded.
The concentrations were 0.004, 0.008, 0.015, 0.03, 0.06, 0.125,
0.25, 0.5, and 1 mg/L for meropenem, 1,2, 4, 8, 16, 32, 64, and
128 mg/L for fosfomycin, 1, 2,4, 8, 16, 32, 64, and 128 mg/L for
berberine hydrochloride, 0.125, 0.25, 0.5, 1, 2, 4, 8, 16, 32, and
64 mg/L for doxycycline, 0.008, 0.015, 0.03, 0.06, 0.125, 0.25,
0.5, and 1 mg/L for ceftriaxone, and 0.03, 0.06, 0.125, 0.25, 0.5,
1, 2, and 4mg/L for azithromycin. For the fosfomycin suscept-
ibility test, culture medium was additionally supplemented with
25 mg/L glucose-6-phosphate (Sigma, Saint Louis, USA). Here,
the lowest concentration of the antibiotic that inhibited isolates
growth was defined as MIC. Interpretive criteria were in accor-
dance with Clinical and Laboratory Standards Institute (CLSI)
M100-S30 to categorize profiles of susceptibility and resistance.
There are no standardized criteria in meropenem, fosfomycin,
berberine hydrochloride, and doxycycline for N. gonorrhoeae
treatment through EUCAST and CLSI methodologies so far.
According to CLSI interpretive criteria, MIC interpretation is
shown in Table 1. For experimental quality assurance, five WHO
N. gonorrhoeae reference isolates (G, J, K, L, and P) and
ATCC49226 were used as controls.*®

Data Analysis

If the MIC of reference isolates in every batch of tests was
same as standard or fluctuated within 1 MIC dilution, this
batch of test was included in the data analysis. Four hundred
and fifty-one isolates selected without preference from eight

Table | Antimicrobial Susceptibility Testing Results for 451 Clinical N. Gonorrhoeae Isolates and Breakpoints Used in This Study

Antimicrobial MIC (mg/L) MIC Interpretation Used for Analysis in this | Percentage of
Agent Study (mg/L) Resistant Isolates
Range Mode | MIC;5o | MICy | Susceptible | Intermediately Resistant
Susceptible
Meropenem*® <0.004-0.125 | 0.03 0.03 0.06 < 2 =4 0
Fosfomycin® 4-2256 32 32 64 < 64 128 2 256 0.2
Berberine 2-2256 16 16 64 NA NA NA
hydrochloride®
Doxycycline® <0.125-64 2 2 16 <025 0.5-1 22 60.1

Notes: *415 isolates had efficient MIC results for meropenem. *The MIC interpretation of meropenem according to CLSI breakpoint in testing and reporting for Escherichia
coli; ®The MIC interpretation of fosfomycin according to CLSI breakpoint in testing and reporting for Escherichia coli and Enterococcus faecalis urinary isolates; “The MIC
interpretation of Berberine hydrochloride is not available; “The MIC interpretation of doxycycline according to CLSI breakpoint in tetracycline for N. gonorrhoeae.

Abbreviation: NA, not available.
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provinces were used to evaluate the MIC level in China. All
other analyses were carried out among all 540 isolates. Here,
we describe the distribution of collected N. gonorrhoeae iso-
lates MICs to meropenem, fosfomycin, berberine hydrochlor-
ide and doxycycline, and calculated antimicrobial resistance
percentages referring to CLSI breakpoint in other bacteria or
breakpoint of similar drugs in N. gonorrhoeae. Comparison of
individual provinces and nationwide susceptibility profiles
were performed by Chi-square statistics or Fisher exact test
when appropriate. A P-value < 0.05 was considered statisti-
cally significant. Correlation between MICs of evaluated
drugs and ceftriaxone or azithromycin was determined by
linear regression of log,-transformed MIC data among 540
isolates. Through the correlation coefficient 7, possible cross-
resistance between evaluated drugs and ceftriaxone or azithro-
mycin was determined. For MICs determined as < or >
a specific value, this specific value was used for calculating
linear regression of log,-transformed MIC data. Moreover, the
MICs distribution in DSC or azithromycin resistant isolates
was analysed. Statistical analyses were carried out using Excel
(Microsoft, Washington, USA), SPSS software (IBM,
New York, USA), and GraphPad Prism software (GraphPad

Software, San Diego, CA, USA). Figures were made using
R software (GNU System), PowerPoint (Microsoft,
Washington, USA), and Adobe Photoshop CS5 software
(Adobe Systems Incorporated, CA, USA).

Results
Distribution and Anatomical Sites of

N. gonorrhoeae Isolates

Geographically, the 451 isolates were collected from 8 pro-
vinces (Beijing, Guangdong, Guangxi, Liaoning, Sichuan,
Shaanxi, Tianjin and Yunnan) and the number of isolates in
each province is shown in Figure 1, which showed the geo-
graphical diversity of the sample. The specific numbers of
isolates for each province were 53, 59, 76, 38, 67, 52, 48 and
58, respectively. The anatomical sites of the 451 isolates were
from genitourinary tract.

Antimicrobial Susceptibility of 451

Isolates
The range, mode, MICso, MICyg, MIC interpretation, and
percentage of isolates resistant to meropenem, fosfomycin,

Heilongjiang

faoning

Figure | Geographic locations of the provinces where 451 N. gonorrhoeae isolates for antimicrobial susceptibility tests were collected and the number of isolates collected

from each province.
Abbreviation: n, number.
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Figure 2 The percentage of N. gonorrhoeae isolates with different MICs (mg/L) for four evaluated agents, by province. (A) meropenem; (B) fosfomycin; (C) berberine
hydrochloride; (D) doxycycline. The MICs, (yellow-dotted line), MICqq (red-dotted line) and number of isolates per province was shown in each Figure.
Abbreviations: BJ, Beijing; GD, Guangdong; GX, Guangxi; LN, Liaoning; SC, Sichuan; SX, Shaanxi; TJ, Tianjin; YN, Yunnan; n, number.

berberine hydrochloride, and doxycycline are shown in Table
1. In this study, 415 of 451 isolates (92.0%) had MIC results
for meropenem, while all isolates have MICs for fosfomycin,
berberine hydrochloride, doxycycline, ceftriaxone and
azithromycin.

As shown in Table 1, the MIC range for meropenem
was <0.004-0.125 mg/L. The mode, MICs, and MICy,
were 0.03, 0.03, and 0.06 mg/L, respectively. Twenty of
415 isolates (4.8%) exhibited MIC of 0.125 mg/L. Of the
415 isolates, all isolates demonstrated MIC < 0.125 mg/L
to meropenem. The percentage of the isolates with dif-
ferent MICs of meropenem by provinces are shown in
Figure 2A. Both the mode and MICs, were the same
among tested provinces with an overall level of
0.03 mg/L, except for Yunnan with 0.015 mg/L (Figure
2A). Similarly, MICq, were alike with an overall level of

0.06 mg/L, except Shaanxi and Yunnan with 0.03 mg/L
(Figure 2A).

Fosfomycin MICs ranged from 4 to >256 mg/L, and
the mode, MICsg, and MICqy were 32 mg/L, 32 mg/L, and
64 mg/L (Table 1). The percentage of isolates MIC <
64 mg/L to fosfomycin were 97.1% (438/451), and 12
isolates (2.7%) showed MIC = 128 mg/L, meanwhile 1
isolate (0.2%) showed MIC > 256 mg/L. Isolates with
different MICs of fosfomycin are shown by provinces in
Figure 2B. Both the mode and MICs, in provinces were
32 mg/L (Figure 2B). The overall MICy, was 64 mg/L,
which was also found in all provinces, except Liaoning
with 32 mg/L (Figure 2B). The proportion of MIC >
128 mg/L varied from 0% to 5.8% in different provinces.

Berberine hydrochloride MICs ranged from 2 to
>256 mg/L, and the mode, MICsy, and MICy, were
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16 mg/L, 16 mg/L, and 64 mg/L, respectively (Table 1).
Eight of 451 isolates (1.8%) demonstrated MIC > 128 mg/
L. Isolates with different MICs of berberine hydrochloride
are shown by province in Figure 2C. Both the mode and
MICsq in the provinces were 16 mg/L, except mode in
Guangdong, Sichuan and Shaanxi was 32 mg/L, MICs, in
Guangdong and Sichuan was 32 mg/L (Figure 2C). The
MICy, in Guangxi, Liaoning, Sichuan, and Shaanxi was
64 mg/L, while that in Beijing, Guangdong, Tianjin, and
Yunnan was 32 mg/L (Figure 2C). The proportion of MIC
> 128 mg/L varied from 0% to 4.5% in different
provinces.

Doxycycline MICs ranged from <0.125 to 64 mg/L,
and the mode, MICso and MICy, were 2 mg/L, 2 mg/L and
16 mg/L (Table 1), respectively. Of 451 isolates, 180
isolates (39.9%) exhibited MIC < 1 mg/L to doxycycline,
and 271 isolates (60.1%) demonstrated MIC >2 mg/L. The
proportions of the isolates with different MICs of doxycy-
cline by province are shown in Figure 2D. The mode in
provinces was 2 mg/L, except Beijing, Guangxi and
Yunnan with 1 mg/L. The MICs in provinces was 2 mg/
L, except for Shaanxi (1 mg/L) (Figure 2D). The MICy, in
provinces was 16 mg/L, except in Guangxi (32 mg/L),
Liaoning (32 mg/L), Sichuan (32 mg/L) and Shaanxi
(2 mg/L) (Figure 2D). The percentage of MIC > 2 mg/L
is highest in Liaoning (27/38, 71.1%), and lowest in
Shaanxi (22/52, 42.3%) which different to the 8 provinces’
overall level (271/451, 60.1%) (Chi-square = 6.06, P <
0.05). The high-level resistant (MIC > 16 mg/L) percen-
tage varied from 3.8%-35.5%, with the highest in
Guangxi, and lowest in Shaanxi.

Correlation Between MICs of Different
Drugs

Out of all 540 isolates tested, 503 isolates had effective MICs
for meropenem, and 540 isolates had effective MICs for
other drugs. Analysis of the correlation between doxycycline
and ceftriaxone or azithromycin among those isolates with
doxycycline MIC < 16 mg/L. MICs distribution and correla-
tion analyses for meropenem, fosfomycin, berberine hydro-
chloride, doxycycline with ceftriaxone and azithromycin are
shown in Figure 3A-D and Figure 4A-D, respectively,
accompanied with its » value and P value. Notably,
a correlation of » = 0.50 (P < 0.001) was observed between
meropenem and ceftriaxone (Figure 3A). Furthermore,
a correlation of » = 0.34 (P < 0.001) was observed between
berberine hydrochloride and azithromycin (Figure 4C).

MIC Distribution of Meropenem,
Fosfomycin, Berberine hydrochloride, and
Doxycycline in DSC or Azithromycin

Resistant Isolates

Out of all 540 tested isolates, 24 isolates were DSC and 87
isolates were resistant to azithromycin. Three isolates were
resistant to both ceftriaxone and azithromycin. The MICs
distribution of the evaluated drugs for N. gonorrhoeae
isolates with DSC is demonstrated in Table 2. Among
the 24 DSC isolates (Table 2), only 9 isolates showed an
MIC of 0.125 mg/L in meropenem. Table 3 shows MICs’
distributions of evaluated drugs for N. gonorrhoeae iso-
lates resistant to azithromycin.

Discussion

The options for effective treatment of N. gonorrhoeae are
severely limited by both an increasing resistance of
N. gonorrhoeae and a limited number of novel antimicrobial
agents, and this deficiency poses a significant global health-
care burden. As a result, WHO placed N. gonorrhoeae on
a global priority list of antibiotic-resistant pathogens for
which to develop novel antimicrobial medicines,?’ suggest-
ing that finding alternative therapeutics for treating
N. gonorrhoeae infections is paramount.

Ceftriaxone and azithromycin dual therapy is recom-
mended for gonorrhea treatment in many countries. After
the first high ceftriaxone-resistant N. gonorrhoeae isolate
HO041 was reported in Japan,”® an increasing number of
ceftriaxone-resistant isolates were reported in other coun-
tries such as France,”’ Australia,’® Canada,’' and China.>?
In China, high levels of resistance to azithromycin (18.6%)
and decreased susceptibility to ceftriaxone (10.8%) were
reported from 2013 to 2016,'° which indicates the cruci-
ality of searching for alternative treatment drugs.

With broad-spectrum antimicrobial activities, merope-
nem has been suggested as an alternative therapeutic agent
for cephalosporin-resistant N. gonorrhoeae in vitro,'® and
ertapenem, another carbapenem antibiotic similar to mer-
openem but with a relatively narrow antimicrobial spec-
trum, cured patients who failed treatment with ceftriaxone
lg in the UK.”* In this study, meropenem showed low-
level MICso and MICy values. MICs of meropenem was
similar to that of ceftriaxone, while MICq, was 1/2-fold
lower (data not shown). Using the MIC interpretation of
meropenem according to CLSI breakpoint (CLSI M100-
S30) in testing and reporting for Escherichia coli to inter-
pret MIC data for meropenem (MIC < 1 mg/L), all isolates
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were susceptible to meropenem. In spite of a positive
correlation between meropenem MIC and ceftriaxone
MIC (Figure 3A), the MIC value of meropenem remained
lower than that of ceftriaxone among the DSC isolates
(Table 2). All 24 DSC isolates showed meropenem MIC
< 0.25 mg/L. Although clinicians are cautious about using
carbapenem antibiotics, the increasing number of patients
facing either ceftriaxone-resistant or simply persistent
gonorrthea may warrant meropenem’s clinical use. Our
in vitro data suggests that meropenem might offer poten-
tial over DSC gonococcal infections treatment.
Fosfomycin has great advantages in urethritis treatment
because of its high concentrations in urine. Peak fosfomycin
concentrations in urine reached 4415 mg/L within the first 4
hrs, while concentrations remained above the MIC for up to 3

days following 3g oral administration.>* Moreover, it is taken

orally and has a high oral bioavailability as well as excellent
safety.>> Fosfomycin exhibits bactericidal activity through
a unique mechanism of action to which a variety of organisms,
including N. gonorrhoeae, are susceptible. Here, the MICs,
and MICq, of fosfomycin were 32 mg/L and 64 mg/L, respec-
tively. The fosfomycin MIC of N. gonorrhoeae isolates from
the period 20112012 and 20152017 in China Zhejiang pro-
vince was evaluated, and the MICy, was 32 mg/L.3 ® The
MICy reported in this study may be higher than that (16 mg/
L) reported in a research study where 89 isolates were collected
from 1998 to 2014, and different antimicrobial susceptibility
methods were used.*® In the 1970s, it was found that patients
with gonococcal urethritis demonstrated a 90% clinical and
bacteriological success rate associated with a fosfomycin MIC
of < 64 mg/L.*” Since no susceptibility criteria of fosfomycin
for N. gonorrhoeae has been established, interpretation
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according to CLSI breakpoint only approved in testing and
reporting for Escherichia coli and Enterococcus faecalis urin-
ary isolates (MIC < 64 mg/L, susceptible; 128 mg/L, interme-
diately susceptible; MIC > 256 mg/L, resistant), it was found
that only 1 isolate (0.2%) showed resistance while 13 isolates
(2.9%) showed intermediate susceptibility in the 8 provinces.
No significant correlations between fosfomycin MICs and
ceftriaxone MICs or azithromycin MICs were found (Figure
4C), implying the limited overlap in resistant mechanisms
between fosfomycin and ceftriaxone or azithromycin and indi-
cating its potential as an alternative. Further, 23/24 DSC iso-
lates showed susceptible (MIC < 64 mg/L) to fosfomycin
suggesting it could be used as an alternative antimicrobial for
the treatment of DSC infections. In this study, we used CLSI
breakpoint (CLSI M100-S30, MIC < 64 mg/L, susceptible;
128 mg/L, intermediately susceptible; MIC > 256 mg/L,

resistant) instead of EUCAST breakpoint (MIC < 32 mg/L,
MIC > 32mg/L,

Enterobacteriaceae™ to interpret our susceptibility data.

susceptible; resistant) set for
However, the percentage of resistant isolates may be greater
if EUCAST breakpoint was referenced, demonstrating
a discrepancy due to the use of different criterion.
Establishing susceptibility breakpoints for N. gonorrhoeae is
important in advancing our understanding of appropriate doses
of fosfomycin to treat gonorrhea. Based on our data as well as
pharmacokinetics and pharmacodynamics (PK/PD) data
reported previously, fosfomycin may be a good candidate for
further study. However, further studies are needed to evaluate
its efficacy.

Berberine, an isoquinoline alkaloid extracted from Coptis
chinensis, has been reported to have antimicrobial activity
against bacteria, fungi, viruses, and Chlamydia.***° Anti
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N. gonorrhoeae activity of berberine has also been
reported.*>*" A previous study with a panel of 28
N. gonorrhoeae isolates showed that berberine inhibited the
growth of penicillinase-producing, spectinomycin-resistant
and susceptible N. gonorrhoeae isolates.* Berberine hydro-
chloride is a commonly used clinical drug which is mainly
administered orally and used externally. Berberine has poor
intestinal absorption which is related to P-glycoprotein.*?
The PK/PD of berberine in rat model shows the concentra-
tion in plasma is low, while the digestive tract and tissue
concentrations were higher than that in plasma.** In this
study, among 451 isolates, 8 isolates (1.8%) exhibited the
MIC > 64 mg/L. The MICy, in this study is lower than MIC
reported before in other bacteria such as Escherichia coli,
Staphylococcus aureus, Pseudomonas aeruginosa,** and so
on. In our study, berberine hydrochloride showed potential
anti-gonococcal activity and a correlation with azithromycin
(r=10.34, P <0.001) and ceftriaxone (» = 0.21, P < 0.001).
And in 24 DSC isolates and 87 azithromycin resistant iso-
lates, the percentage of isolates with berberine hydrochloride
MIC < 64 mg/L were 95.8% and 95.4%, respectively. Based
study,
gonococcal effects in vitro. However, its potential use as

on this berberine hydrochloride shows anti-
a potential therapeutic agent should be further studied.
Although tetracyclines were removed from monotherapy for
gonorrhea treatment due to the rapid spread of resistant strains,
doxycycline was recommended to treat gonorrhea that does not
exclude chlamydia infection or gonococcal pelvic inflammatory
disease in the Chinese Guidelines for diagnosis and treatment of
syphilis, gonorrhea, and genital Chlamydia trachomatis infection
(2020).* The USA Sexually Transmitted Discases Treatment
Guidelines, 2015, also proposed doxycycline as a replacement
for azithromycin in patients with an azithromycin allergy.*
A recent survey investigating clinicians’ drug choices when
treating gonorrhea in China showed that 148 of 1890 clinicians
(7.8%) used doxycycline in gonorrhea treatment (unpublished
data). However, in China, the data of doxycycline susceptibility
on N. gonorrhoeae is limited. A study on gonococcal isolates in
China Zhejiang province showed that the MICq of doxycycline
is 16 mg/L, and in our study, it was the same as the 8 provinces
overall level but different to Liaoning (32 mg/L), Guangxi
(32 mg/lL), Sichuan(32 mg/L) and Shaanxi (2 mg/L).
Moreover, our study showed 271 isolates (271/451, 60.1%)
with doxycycline MIC > 1mg/L (which is the breakpoint in
tetracycline for reference), and this varied from 42.3% to
71.1% in different provinces. Based on the high-level MIC of
doxycycline identified in this study, doxycycline is not a highly
recommended treatment for gonorrhea in China. Interestingly,

our study showed few high-level doxycycline resistant strains in
Shaanxi, which indicated the geographical variations on MIC
distributions. This emphasizes the importance of antimicrobial
susceptibility surveillance in different provinces in order to select
high sensitivity therapeutic drugs in clinical treatment according
to local antimicrobial susceptibility surveillance data. However,
previous studies show that among patients with gonococcal
infections, 46% were also infected with genital Chlamydia
trachomatis,” the primary treatment of which remains doxycy-
cline. Our in vitro data suggests that doxycycline may also be
effective against some sensitive N. gonorrhoeae infection in
patients co-infected with Chlamydia trachomatis when treating
Chlamydia trachomatis infection.

Due to China’s large population and territory, the living
geographical position of citizens in different areas may have
different medication and lifestyle characteristics. We ana-
lyzed the variation of antimicrobial susceptibility among
domestic provinces and confirmed distinguishing MIC dis-
tribution (Figure 2). This indicated the geographical varia-
tions and raised more concerns about potential resistance
differences in specific locations. Antimicrobial resistance
surveillance should be strengthened in various provinces to
provide a basis for the establishment of guidelines in gonor-
rhea treatment. At the same time, this research may provide
a basis for monitoring antimicrobial susceptibility in the The
Belt and Road Initiative countries such as Mongolia.

The current study is the first nationwide research evaluating
the N. gonorrhoeae susceptibility to meropenem, fosfomycin,
berberine hydrochloride and doxycycline in China. This study
was a national surveillance of meropenem, fosfomycin, berberine
hydrochloride and doxycycline susceptibility with isolates col-
lected from eight provinces in China, but the isolates are only part
of China-GRSP, and the isolates account for only 0.3% (451/
133,156) of reported cases of gonorrhea in 2018 suggesting
limitations to the scope of this study. Moreover, less than
a quarter of the 34 provinces and areas in the country participated
in the study, and the provinces distribution (Figure 1) in our study
may also lead to a potential bias. Also, all the isolates were from
the genitourinary tract, and the lack of rectal and pharyngeal
specimens may also lead to a bias on antimicrobial sensitivity.
Though breakpoints in other bacteria or similar drugs were
considered in the interpretation of these data, they may not
translate well for gonorrhea due to different pharmacokinetic
parameters involved in genital and extragenital infections. In
addition, this is only an in vitro experiment to explore the
effectiveness of these drugs, the specific efficacy may need
further investigation.

submit your manuscript

4484

Dove

Infection and Drug Resistance 2020:13


http://www.dovepress.com
http://www.dovepress.com

Dove

Zheng et al

Conclusion

The study evaluated meropenem, fosfomycin, berberine hydro-
chloride, and doxycycline MICs of N. gonorrhoeae isolates in
2018 from 8 provinces in China and analyzed the correlation
between drugs to predict the potential cross-resistance. The per-
formance of these drugs on DSC and azithromycin resistant iso-
lates was also evaluated. Our results suggest that meropenem
might be a promising treatment option for resistant gonococcal
infections, while the effect of fosfomycin and berberine hydro-
chloride needed further research. However, doxycycline is not
suitable for monotherapy in treating gonorrhea in China. Though
breakpoints in other bacteria or similar drugs were considered in
the interpretation of these data, they may not translate well for .
gonorrhoeae infections. Overall, this study provides the antimicro-
bial sensitivity of these drugs to N. gonorrhoeae isolates newly
collected in eight provinces from China, adding new information
on potential alternative medicines to treat gonorrhea. To continue
evaluating their effectiveness, future studies are needed.
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