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Abstract Background: The incidence of carbapenem-resistant Klebsiella pneumoniae (CRKP)
has rapidly increased. This study aimed to assess the effect of Coptis chinensis and its com-
pounds on the minimal inhibitory concentrations (MICs) of eight antibiotics against CRKP.
Methods: Cell cultures were used to investigate the effects of C. chinensis and its compounds
on the MICs of eight antibiotics against CRKP. The MICs for antibiotics alone and antibiotics
with C. chinensis or compounds were measured and compared. Furthermore, the effects of
C. chinensis on cell membrane injury and intracellular adenosine triphosphate (ATP) CRKP con-
centration were also measured. The ManneWhitney rank-sum test was used to analyze the dif-
ferences between means.
Results: C. chinensis exhibits a notable MIC bacteriostatic effect at 5 mg/mL on CRKP. A sig-
nificant MIC reduction against CRKP exists when C. chinensis was added to colistin and
colistin-containing two-antibiotic combinations. Moreover, C. chinensis could damage cell
membrane integrity and decrease intracellular ATP concentration in CRKP. Thus, C. chinensis
exhibits antimicrobial activity superiority with colistin against CRKP. Furthermore, the effects
of identified compounds in C. chinensis on the MICs of colistin, four-to eight-, two-to four-, and
22032295.
gmail.com (C.-Y. Tseng), maofeng@mail.cmuh.org.tw (M.-F. Sun), applekid.tw@gmail.com (T.-C.

, gingting@mail.cmu.edu.tw (C.-T. Lin).

7.003
ociety of Microbiology. Published by Elsevier Taiwan LLC. This is an open access article under the CC
mons.org/licenses/by-nc-nd/4.0/).

mailto:chengyin.tseng@gmail.com
mailto:maofeng@mail.cmuh.org.tw
mailto:applekid.tw@gmail.com
mailto:tcli@mail.cmu.edu.tw
mailto:gingting@mail.cmu.edu.tw
http://crossmark.crossref.org/dialog/?doi=10.1016/j.jmii.2021.07.003&domain=pdf
https://doi.org/10.1016/j.jmii.2021.07.003
http://creativecommons.org/licenses/by-nc-nd/4.0/
www.sciencedirect.com/science/journal/16841182
http://www.e-jmii.com
https://doi.org/10.1016/j.jmii.2021.07.003
https://doi.org/10.1016/j.jmii.2021.07.003


Journal of Microbiology, Immunology and Infection 55 (2022) 946e955
one-to two-fold reductions were found in ferulic acid, magnoflorine, and jatrorrhizine hydro-
chloride, respectively. Among these compounds, ferulic acid destroys membrane integrity and
decreases intracellular ATP concentration.
Conclusion: C. chinensis and ferulic acid can potentiate the antimicrobial activity of colistin
and may represent a promising component of combination therapy against CRKP infections
in a clinical setting.
Copyright ª 2021, Taiwan Society of Microbiology. Published by Elsevier Taiwan LLC. This is an
open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-
nc-nd/4.0/).
Introduction

Klebsiella pneumoniae is a gram-negative facultative
anaerobe that causes diseases, such as pneumonia, bacter-
emia, and urinary tract infections. Hypervirulent K. pneu-
moniae could cause severe diseases in healthy people.1

Moreover, carbapenem antibiotics resistance emerged and
disseminated in K. pneumoniae and currently represents a
serious threat to public health; carbapenem-resistant K.
pneumoniae (CRKP) was first reported in 1997, with high
mortality rates attributed to CRKP infections.2 Furthermore,
hypervirulent K. pneumoniae strains with carbapenem
resistance were recently found in China, with increased
prevalence worldwide. These organisms can cause compli-
cated infections that are difficult to treat and present a
serious global public health threat.3,4 Carbapenems, tigecy-
cline, colistin, and aminoglycosides are used against some
CRKPs. Moreover, colistin combined with an aminoglycoside,
tigecycline, or carbapenem is a promising treatment option.5

Furthermore, a combination therapy with two active drugs,
one of which was carbapenem, can lower the mortality
rate.2 Currently, options for antimicrobial combination
therapies are limited, and an ever-increasing threat of
antibiotic resistance exists against these last-resort antibi-
otics. Consequently, deeper solving of antibiotic resistances
in CRKP is a promising future development of therapeutic
targets.6,7

Traditional Chinese medicine (TCM) has been used for
the treatment of infectious diseases since ancient times.
Many treatments and their underlying mechanisms of ac-
tion have been proposed, and many reports have been
published on TCM antimicrobial therapy in the scientific
literature, such as the classic Chinese medical monograph
“Treatise on Febrile Diseases (sh�ang hán lùn).” Liu et al.
reported that 44.8 % of Chinese herbal medicines used in
Taiwan exhibit antibacterial activity against antibiotic-
resistant Pseudomonas aeruginosa, and one of the herbal
medicines, Ramulus Cinnamomi, demonstrates a synergis-
tic effect with antibiotics.8 Furthermore, heat-clearing
Chinese herbs (HCCHs) may exhibit anti-inflammatory and
antimicrobial effects.9e11 HCCHs and TCM formulations are
frequently used as components of combined therapy or as
monotherapy to treat common infectious diseases (e.g.,
pulmonary tuberculosis, methicillin-resistant Staphylo-
coccus aureus, and sepsis).12e14 TCM formulations may be
useful for treating CRKP infections because they reduce
fever, detoxify, disperse wind (anti-inflammation), and
reduce swelling.
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Coptis chinensis could demonstrate significant antimi-
crobial activity against many microorganisms including S.
aureus, P. aeruginosa, Escherichia coli, Streptococcus
pneumoniae, and Vibrio cholerae.9,15,16 Over 120 chemical
components have been identified from C. chinensis,
including alkaloids, organic acids, coumarins, phenyl-
propanoids, and quinones.17 Berberine, ferulic acid (FA),
magnoflorine, and jatrorrhizine hydrochloride (JH) are
commonly identified compounds in C. chinensis and reported
to kill bacteria and fungi.18e21 However, the antibacterial
role of C. chinensis for CRKP remains unknown. Therefore,
this paper first reported the effects of C. chinensis on the
minimal inhibitory concentrations (MICs) of different anti-
biotics against CRKP. C. chinensis was found to decrease the
MIC of colistin against CRKP. Moreover, the effects of C.
chinensis on cell membrane injury and intracellular adeno-
sine triphosphate (ATP) concentration were also measured.

Methods

Strains and culture media

CRKP-P13 was recovered from the isolates, which were
remnants from patients, at China Medical University Hos-
pital. In addition to strain confirmation according to the MIC
criteria of the Clinical and Laboratory Standards Institute
(CLSI), CRKP-P13 was further identified as a K. pneumoniae
carbapenemase (KPC)-producing strain using polymerase
chain reaction (PCR) with the primer set KPC-Fm/KPC-
Rm.22 In addition, the mobilized colistin resistance (mcr-1)
gene in this study was not detected in CRKP-P13 using PCR
with the two primer sets,23 CLR5-F/CLR5-R and MCR-LF/
MCR-LR. Regarding the validity of this study, E. coli ATCC
25922 was used as a quality control strain following the CLSI
guideline. The LuriaeBertani (LB) broth was used as culture
media in this study. Bacteria were routinely cultured at
37 �C in LB broth or agar plate.

Preparation of C. chinensis and compounds

The concentrated C. chinensis paste (product: 8010) was
obtained from Kaiser Pharmaceutical Co., Ltd (Tainan,
Taiwan), which was manufactured under the good
manufacturing practice and supervised by the Ministry of
Health and Welfare of Taiwan. The pure compounds of C.
chinensis were purchased from ChemFaces (Hubei, China),
which has an ISO9001:2015 certification. All the indicated
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concentrations of C. chinensis paste and experimental
compounds were prepared in LB broth and filtered using a
0.45-mm filter, respectively.

C. chinensis antibacterial activity for CRKP-P13

Serial concentrations with equal differences between 10
and 100 mg/mL of C. chinensis were sequentially added to
CRKP-P13 suspension using the broth microdilution method,
followed by incubation to determine the inhibitory con-
centration of C. chinensis. CRKP-P13 growth was stopped at
a C. chinensis concentration of 20 mg/mL. Then, the C.
chinensis paste was serially diluted two-fold from 10 mg/
mL for testing concentration (0.156, 0.313, 0.625, 1.25,
2.5, 5, and 10 mg/mL). Moreover, a concentration with 80 %
bactericidal activity was defined as MIC of C. chinensis for
CRKP-P13.

Determination of MICs of antibiotics and mixtures
of antibiotics with TCM

CRKP-P13 was treated with different antibiotics, without or
with C. chinensis, and then cultured in the LB culture media
at 37 �C for 16e18 h. Consequently, the average MICs of
antibiotics alone and antibiotics with C. chinensis were
measured and compared. The results listed are represen-
tative of three independent experiments.

MICs of antibiotics alone and antibiotic combinations for
CRKP-P13
This study selected eight clinically applicable antibiotics
for the treatment of Enterobacteriaceae infections,
including ertapenem, imipenem, ceftriaxone, cefepime,
amikacin, colistin, tigecycline, and cefoperazone/sulbac-
tam. According to the drug instructions, two-fold serial
dilutions of antibiotics were used to determine the MIC
values for each test drug. Serial concentrations of each of
the eight antibiotics were added to the preset media of
CRKP-P13 suspension to test its susceptibility. The detected
MICs of each antibiotic were recorded. The MICs of various
combinations of two antibiotics, which were prepared with
a 1:1 mixture of 2 � detected-MIC of each two selected
antibiotics, were also determined. Six regimens of a two-
antibiotic combination (various combinations of colistin,
tigecycline, imipenem, and amikacin) were used to mea-
sure any changes in the MICs. Moreover, >3 independent
experiments were conducted for each antibiotic. The
average MICs of each antibiotic alone and the two-
antibiotic combination were then calculated.

MICs of mixtures of antibiotics and TCM for CRKP-P13
Three fixed concentrations of C. chinensis (MIC, 1/2 � MIC,
and 1/4 � MIC) were separately added to the media of each
of the eight antibiotics alone and to the six regimens of
two-antibiotic combinations to evaluate the potential
enhancing activity of C. chinensis on the inhibition of CRKP-
P13 growth by antibiotics. The average MICs of the antibi-
otics alone and the antibiotic C. chinensis combinations
were measured and compared.
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Assessing CRKP-P13 cell membrane integrity

Cell membrane integrity was determined according to a
previously modified method.41 Fluorescence was
measured using SpectraMax GEMINI XPS microplate reader
(Molecular Devices, San Jose, CA, USA). The excitation/
emission maxima for the dyes are 485/542 nm for SYTO 9
(bacteria) and 485/610 nm for propidium iodide (disrupted
cell membrane). To determine the effect of C. chinensis
and experimental compounds (FA, magnoflorine, and JH)
on cell membrane integrity, bacterial suspensions were
treated with the indicated concentrations of C. chinensis
paste and experimental compounds at 37 �C for 15 min.
The results were expressed as a relative percentage of
viable CRKP-P13 present after treatment with the indi-
cated concentrations of C. chinensis or experimental
compounds. The percentage of untreated viable CRKP-P13
was set as 100.

Time-kill kinetics of the indicated concentration of C.
chinensis and FA on the CRKP-P13 cell membrane integrity
were further conducted, respectively. The results of viable
CRKP-P13 were presented at 0 (control), 5, 10, 15, 30, 60,
and 120 min after treatments with the indicated concen-
trations of C. chinensis and FA. The procedures were per-
formed as described above.

Measurement of intracellular ATP concentrations of
CRKP-P13

The cell suspension of CRKP-P13 (OD600 Z 0.6) was used
and treated with C. chinensis in a 2.0-mL eppendorf tube.
C. chinensis was added to each tube resulting in final con-
centrations of 0 (control), 0.313, 0.625, 1.25, 2.5, 5, and
10 mg/mL, respectively. Likewise, the final concentrations
of tested compounds were 0 (control), 0.063, 0.125, 0.25,
0.5, and 1 mg/mL. All the samples were maintained at 37 �C
for 30 min. For intracellular ATP determination, 400 mL of
cell culture were quickly transferred into boiling water and
incubated for 10 min at 100 �C with constant shaking at
600 rpm. Next, cell debris was removed by centrifugation
for 10 min at 13,000 rpm. The ATP concentration in the
supernatant was analyzed using the CellTiter-Glo 2.0 Assay
(Promega, Madison, WI, USA), according to the manufac-
turer’s instruction.

Statistical analysis

The mean colony-forming units (CFU) of CRKP-P13 were
compared between the control and the various concentra-
tions of C. chinensis. The relative percentage of live CRKP-
P13 cells and fluorescence units were also calculated
similarly: untreated cells compared with indicated con-
centrations of C. chinensis and three identified compounds.
The results were expressed as mean percentage �standard
deviation. The ManneWhitney rank-sum test was used to
analyze the differences between means. All reported p
values were two-tailed, and statistical significance was set
to *p < 0.05 and ))p < 0.001.



Table 1 The minimal inhibitory concentration of antibi-
otics alone and combination of antibiotics plus C. chinensis
for CRKP-P13.

Antibiotic Minimal inhibitory concentration (MIC, mg/mL)

Antibiotic
alone

Antibiotic plus C. chinensis (mg/mL)

5 (MIC) 2.5 (1/2 � MIC) 1.25 (1/
4 � MIC)

ETP 128 64e128a ND ND
IPM 32 32 ND ND
CRO 8192 8192 ND ND
FEP 4096 2048 1024e4096 1024e4096
AMI 32 16e32 ND ND
CL 4 0.5e1 2 4
TGC 2e4 4e8 ND ND
CPZ/Sulb 1024 512 1024 ND

a Range of MIC measurements. Bold font denotes the main
MIC for each measurement.
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Results

MIC determination of C. chinensis for CRKP-P13

The inhibitory effect of C. chinensis against CRKP was not
investigated. To understand the role of C. chinensis against
CRKP-P13, the CFU of CRKP-P13 formed in the LB medium
incubated with different concentrations of C. chinensis were
calculated and compared with CRKP-P13 formed in the LB
medium alone (the control group). The MIC value of C. chi-
nensis was determined at 5 mg/mL for CRKP-P13. The rela-
tive survival percentages of CRKP-P13 were 95.18 %� 2.77 %,
93.46 % � 32.81 %, 95.04 % � 37.03 %, 52.99 % � 13.25 %,
28.81 % � 10.57 %, 17.71 % � 6.77 %, and 1.04 % � 0.37 % at
the concentrations of 0.156 mg/mL (1/32 � MIC), 0.313 mg/
mL (1/16 � MIC), 0.625 mg/mL (1/8 � MIC), 1.25 mg/mL (1/
4 � MIC), 2.5 mg/mL (1/2 � MIC), 5 mg/mL (MIC), and
10 mg/mL (2 � MIC), respectively (Fig. 1). Thus, C. chinensis
exhibited a significant inhibitory effect on the growth.
ETP ertapenem, IPM imipenem, CRO ceftriaxone, FEP cefepime,
AMI amikacin, CL colistin, TGC tigecycline, CPZ/Sulb cefoper-
azone/sulbactam, ND no detection.
Effect of C. chinensis on the MICs of antibiotics
against CRKP-P13

MIC of single antibiotic plus C. chinensis against CRKP-P13
The MICs of different antibiotics against CRKP-P13 cotrea-
ted with MIC, 1/2 � MIC, and 1/4 � MIC C. chinensis were
conducted to determine whether C. chinensis would affect
the antibacterial activity of the indicated antibiotics
against CRKP-P13. Table 1 shows that CRKP-P13 cotreated
Figure 1. CRKP-P13 susceptibility to Coptis chinensis. The
CFU formed from CRKP-P13 in the LB medium alone (the con-
trol group) and after treatment with the indicated concen-
trations of C. chinensis were counted by plating. Survival CFU
and the relative percentage were expressed. The
ManneWhitney rank-sum test determined the statistically sig-
nificant reductions (asterisk) in relative percentage of CRKP-
P13 survival CFU observed for 1/32 � MIC, 1/4 � MIC, 1/
2 � MIC, MIC, and 2 � MIC following the addition of C. chi-
nensis. CFU colony-forming unit, CTL control, MIC minimal
inhibitory concentration. Error bars indicate standard de-
viations. *p < 0.05 and **p < 0.001.
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with MIC and 1/2 � MIC of C. chinensis could decrease the
MIC of colistin by two-to four-fold, with dose-dependent
effects. The addition of C. chinensis also provided re-
ductions in the MICs of cefepime and cefoperazone/sul-
bactam. Therefore, C. chinensis may have a strengthening
effect on colistin against CRKP infection.

MIC of antibiotic combination plus C. chinensis against
CRKP-P13
The combination of colistin with a carbapenem or amino-
glycoside (e.g., meropenem or amikacin) was suggested for
CRKP infections.24,25 The MICs of two-antibiotic combina-
tions against CRKP-P13 are listed in Table 2. All combination
groups, except for tigecycline and amikacin, led to re-
ductions in the MICs of each two antibiotics against CRKP-
P13. The combinations of colistineimipenem, coli-
stineamikacin, tigecyclineecolistin, imipenemetigecy-
cline, and imipenemeamikacin reduced the MICs of each
antibiotic two-to four-fold compared with the use of single
antibiotics. The fractional inhibitory concentration (FIC)
indexes of individual combinations were colistineimipenem
(0.5), colistineamikacin (0.5e1), tigecyclineecolistin (1),
tigecyclineeamikacin (2), imipenemetigecycline (0.5e1),
and imipenemeamikacin (0.5). This indicated that all six
combinations resulted in additive or indifference effect
(FIC Z 0.5e2) against CRKP-P13. The indicated concen-
trations of C. chinensis (MIC, 1/2 � MIC, and 1/4 � MIC)
were applied to further evaluate the synergistic effect on
MIC reductions of two-antibiotic combinations. Table 2
shows that the addition of MIC C. chinensis to the three
colistin-containing groups, which were colistineimipenem,
colistineamikacin, and tigecyclineecolistin provided re-
ductions in their MICs. Only the combination of
colistineamikacin showed a similar enhancing effect after
the additions of 1/2 � MIC and 1/4 � MIC C. chinensis.



Table 2 Minimal inhibitory concentration for two-antibiotic combinations and additions of C. chinensis for CRKP-P13.

Antibiotic regimena Minimal inhibitory concentration (MIC, mg/mL)

Before mixing of two antibiotics Mixing of two antibioticsb Addition of C. chinensis (mg/mL)

5 (MIC) 2.5 (1/2 � MIC) 1.25 (1/4 � MIC)

CL/IPM 4/64 1/16 0.5/8 1/16 1/16
CL/AMI 4/16 1/4e2/8 0.5/2e1/4 0.5/2e1/4 1/4
TGC/CL 2/4 1/2 0.5/1 2/4 ND
TGC/AMI 2/16 2/16 4/32 ND ND
IPM/TGC 64/2 16/0.5e32/1c 32/1 ND ND
IPM/AMI 64/16 16/4 16/4 ND ND

a Clinically selected combination of antibiotics for the treatment of K. pneumoniae infections.
b Measured MIC for every two antibiotics after 16e18 h.
c Range of MIC measurements. Bold font denotes the main measurement for experiments.

CL colistin, IPM imipenem, TGC tigecycline, and AMI amikacin, ND no detection.
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Effects of different identified compounds on the
MIC of colistin against CRKP-P13

Synergistic treatment effects were found in FA, magno-
florine, and JH when comparing the MICs of colistin-alone
treatment (Table 3). The reductions on the MIC of colistin
against CRKP-P13 were four-to eight-, two-to four-, and
one-to two-fold for FA, magnoflorine, and JH, respectively.
The FA provided a more significant synergistic effect on
colistin antibacterial activity. Thus, the possible evidence
of the amplifying activity of C. chinensis on colistin for
CRKP-P13 was shown.

Effect of C. chinensis on cell membrane injury

The cell membrane was the primary colistin target. Mem-
brane depolarization was induced, and cell wall synthesis
was inhibited by inserting itself into the cell membrane of
gram-negative bacteria such as K. pneumoniae.26 The cur-
rent experiment showed that the additions of MIC and 1/
Table 3 Effect on the minimal inhibitory concentration of colist

No. Identified compound Concentration (mg/m

1 Palmatine hydrochloride 0.625
2 Coptisine chloride 0.83
3 Coptisine sulfate 0.83
4 Ferulic acid 0.5
5 Magnoflorine 0.5
6 Jatrorrhizine hydrochloride 0.5
7 (R)-(þ)-Corypalmine 0.83
8 Demethyleneberberine 0.83
9 Columbamine 0.83
10 Worenine 0.83
11 Berberine hydrogen sulfate 0.83
12 Berberrubine 0.83
13 Oxyepiberberine 0.5
14 Berberine 0.625

a The working concentration was determined according to the solu
b Range of MIC measurements. Bold font denotes the main experim
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2 � MIC C. chinensis could lower four- and two-fold the MIC
of colistin, respectively. Therefore, the C. chinensis activity
in destroying the cell membrane integrity of CRKP-P13 was
determined. The results showed that C. chinensis provided
reductions in the relative percentage of viable CRKP-P13 of
94.734 � 3.321, 79.343 � 2.114, 49.458 � 1.848, and
39.387 � 1.363 at C. chinensis concentrations of 1/4 � MIC,
1/2 � MIC, MIC, and 2 � MIC, respectively (Fig. 2). C. chi-
nensis showed significant effects on cell membrane injury at
1/2 � MIC, MIC, and 2 � MIC. Thus, 1/2 � MIC, MIC and
2 � MIC C. chinensis could damage the CRKP-P13 cell
membrane integrity.

Effect of the compounds on cell membrane injury

To further observe whether FA, magnoflorine, and JH could
destroy the cell membrane integrity, the fluorescence units
of viable CRKP-P13 cells in the treatment were evaluated.
Fig. 3a showed that FA caused significant cell membrane
injury in CRKP-P13. The results were 70.502 � 1.635,
in against CRKP-P13 for identified compounds of C. chinensis.

L)a Minimal inhibitory concentration (MIC, mg/mL)

Colistin Colistin plus compound

4 4
4 4
4 4
4 0.5e1b

4 1e2
4 2e4
4 4
4 8
4 4
4 4
4 4
4 4
4 4
4 4

bility of each C. chinensis-identified compound.
ent measurements.



Figure 3. Percentage of viable CRKP-P13 cells after treatment w
identified compounds for destroying CRKP-P13 cell membrane int
reduction levels of CRKP-P13 fluorescence with ferulic acid (a), mag
0.5, and 1 mg/mL were measured. The results were expressed as
ManneWhitney rank-sum test. *p < 0.05 and **p < 0.001.

Figure 2. Percentage of viable CRKP-P13 cells after treat-
ment with various concentrations of Coptis chinensis. The ac-
tivity of C. chinensis on the injury of CRKP-P13 cell membrane
integrity was determined by fluorescence units of viable cells.
The fluorescence units of each bacterial suspension in LB broth
alone (the control group) and after treatment with the indi-
cated concentrations of C. chinensis were determined. CTL
control, MIC minimal inhibitory concentration. **p < 0.001.
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24.131 � 2.993, 17.040 � 1.559, and 6.691 � 0.370 at FA
concentrations of 0.125, 0.25, 0.5, and 1 mg/mL, respec-
tively. However, cell membrane injury was not measured
for magnoflorine and JH (Fig. 3b and c). This finding might
indicate the role of FA in C. chinensis-mediated antibac-
terial activity of colistin against CRKP-P13.

Time-kill kinetics of C. chinensis and ferulic acid on
cell membrane integrity

The time-kill kinetics of C. chinensis and FA in destroying the
CRKP-P13 membrane integrity were further studied. Fig. 4a
shows that C. chinensis showed rapid killing during the first
5 min of the assay for concentrations above the MIC. Slow
declines were observed after 5 min of exposure. In contrast,
during exposures of 1/4�MICand1/2�MICC. chinensis, slow
reductions in the percentage of live CRKP-P13 were observed
during 2 h of incubation. Regarding the time-kill curves of
ferulic acid for CRKP-P13 (Fig. 4b), a rapid decline in the live
CRKP-P13 percentage during the first 5 min for exposures of
1.0 and0.5mg/mLFAwasdisclosed. The lowest percentageof
live CRKP-P13within 1 and 2 hwas revealed aswell. However,
a slow decline of the percentage of live CRKP-P13 was
observed during exposures of&0.25 mg/mL FA.
ith indicated compound concentrations. The activities of three
egrity were determined by viable cell fluorescence units. The
noflorine (b), and jatrorrhizine hydrochloride (c) at 0.125, 0.25,
mean percentages � standard deviation and analyzed by the



Figure 4. Time-kill curves for CRKP-P13 using four different concentrations of C. chinensis and ferulic acid. Concentrations of 1/
4 � MIC, 1/2 � MIC, MIC, and 2 � MIC for C. chinensis (a) and 0.125, 0.25, 0.5, and 1.0 mg/mL for ferulic acid (b) were added to LB
suspensions, respectively. The percentage of viable CRKP-P13 for all groups was determined at 0, 5, 10, 15, 30, 60, and 120 min.
The percentage of untreated viable CRKP-P13 at per timepoint was set as 100.
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Effects of C. chinensis on intracellular ATP
concentration

The injury of the cell membrane integrity may lead to the
decrease of intracellular ATP concentration in bacteria.27

The effect of C. chinensis on intracellular ATP concentra-
tion in CRKP-P13 was further observed. Fig. 5 shows re-
ductions in intracellular ATP concentrations of CRKP-P13
after treatment with indicated concentrations of C. chi-
nensis in a dose-dependent manner. Furthermore, the
intracellular ATP concentration trend in response to C.
chinensis was consistent with that of cell membrane injury.
Thus, C. chinensis could reduce the CRKP-P13 intracellular
ATP concentration via cell membrane injury.
Figure 5. Effects of C. chinensis on intracellular ATP CRKP-
P13 concentration. Intracellular ATP was measured by the
CellTiter-Glo 2.0 Assay (Promega). Statistically significant re-
ductions of intracellular ATP production by CRKP-P13 were
noted when comparing control cells with cells treated with C.
chinensis at all indicated concentrations. CTL control, MIC
minimal inhibitory concentration. Error bars indicate standard
deviations. *p < 0.05 and **p < 0.001.
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Effect on the intracellular ATP concentrations for
compounds

Intracellular ATP concentrations were measured to further
validate the antibacterial activity against CRKP-P13 after
the treatment of FA, magnoflorine, and JH. Significant
reductions of intracellular ATP productions of CRKP-P13
were revealed for all three identified compounds after
treatment (Fig. 6).

Discussion

Limited therapeutic options for CRKP infections are a global
consensus. The combination of last-resort antibiotics, such
as colistin and carbapenem, is recommended in the liter-
ature. Combination therapy does not necessarily provide a
successful outcome for all CRKP infections currently,
especially for CRKP bacteremia, which is associated with a
mortality rate of 12.5%e68 %.28,29 Next, the combination of
Western and Chinese medicines may provide promising re-
sults for the overwhelming threat of resistance against
these last-resort antibiotics. Previous studies indicate that
C. chinensis can inhibit gram-negative bacteria.16,30 In this
study, C. chinensis showed an antimicrobial effect on the
CRKP-P13 strain.

Synergistic antibacterial activity was measured following
the addition of 5 mg/mL C. chinensis with colistin, ertape-
nem, cefepime, and cefoperazone/sulbactam. Moreover,
the MIC reduction for colistin was the most prominent.
Furthermore, three colistin-containing antibiotic combina-
tions demonstrated an improved synergistic effect following
the addition of C. chinensis. The antibacterial mechanisms
for these four antibiotics are diversely distributed. Ertape-
nem, cefepime, and cefoperazone/sulbactam interfere with
cell wall synthesis in bacteria, whereas colistin is catego-
rized as a cell membrane disruptor. Colistin is a cyclic
polypeptide antibiotic used for the treatment of gram-
negative infections since the early 1970s. It can bind to
lipopolysaccharide (LPS) and disrupt the bacterial cell



Figure 6. Effects of ferulic acid, magnoflorine, and jatrorrhizine hydrochloride on CRKP-P13 intracellular ATP concentration.
Intracellular ATP was measured by CellTiter-Glo 2.0 Assay (Promega). The reductions of intracellular ATP productions by CRKP-P13
with ferulic acid (a), magnoflorine (b), and jatrorrhizine hydrochloride (c) at 0 (control) and indicated concentrations were
measured. Statistically significant reductions of intracellular ATP concentrations for all three identified compounds were found
with the analysis of the ManneWhitney rank-sum test. Moreover, the ferulic acid would be more potent on it. CTL control. Error
bars indicate standard deviations. *p < 0.05 and **p < 0.001.
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membranes through competitive replacement of divalent
cations in the membrane lipids, leading to bacterial death.31

Recently, colistin was also reported to bind to LPS within the
cytoplasmic membrane. Mobilized colistin resistance-1
genes may help the bacteria to modify LPS in the cyto-
plasmic membrane of the bacteria, leading to colistin
resistance.32 Novel antibiotic research and development are
relatively slow, and it may take many years before new an-
tibiotics are ready for clinical use. One earlier study reported
that C. chinensis can decrease LPS-stimulated cytokine
secretion and change cell permeabilities.33 This study also
demonstrated that C. chinensis could destroy membrane
integrity and decrease intercellular ATP concentration.
Therefore, this ability of C. chinensis to disrupt bacterial cell
membranes does not only inhibit CRKP growth but also
improve the MIC of colistin against CRKP (Table 1). Thus, C.
chinensis could be a potential novel drug for the treatment
of colistin-resistant CRKP infections.

C. chinensis contains several alkaloids with antibacterial
activity.30 The alkaloids including berberine, the most
representative component with 5%e7% of the ingredients,34

exhibit stronger antibacterial activity against gram-positive
bacteria than against gram-negative bacteria. Further-
more, berberine can effectively kill bacteria at higher
953
concentrations.18 Moreover, magnoflorine and JH are also
classified as alkaloids; magnoflorine exhibited inhibitory
activity against Candida strains and reduced the biofilm
formation of Candida albicans.20 Likewise, antimicrobial
activities of JH were reported against coagulase-negative
staphylococci and C. albicans.21 The identified compounds,
magnoflorine and JH, in this study provided mild-to-
moderate synergistic effects on colistin against CRKP-P13
(Table 3). Next, magnoflorine and JH provided significant
decreases in intracellular ATP concentration although the
effects on the injury of cell membrane integrity were
negligible. Studies demonstrate that cytoplasmic ATP can be
affected by the cell wall structure,27,35 cell membrane hy-
perpolarization, and cytoplasmic pH reduction.19,36 Thus, we
assumed that magnoflorine and JH reduce intracellular ATP
in CRKP-P13 by similar mechanisms and lead to cell death.

FA is the most common phenylpropanoids in herbal
medicine including C. chinensis.17 The intracellular ATP of
bacteria leaks through defective cell membranes under
irreversible impairment in membrane permeability. The
ATP concentration can be used to determine and quantify
the amount of viable microbial cells. FA shows antibacterial
activity against a foodborne opportunistic pathogen, Cro-
nobacter sakazakii, and can lower the intracellular ATP of
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C. sakazakii by destroying the cell membrane integrity.19

Cell membrane dysfunction was further confirmed as the
bactericidal mechanism.37 This study showed that the
antimicrobial effect of FA against CRKP-P13 was consistent
with similar reports in the literature. In addition, FA pro-
vided significantly linear correlations between tested con-
centrations and both viable cells and decreases in CRKP-P13
intracellular ATP concentration. Thus, based on our finding,
FA could play a role in the C. chinensis activity by increasing
the antibacterial activity of colistin for CRKP. Presumably
attributable to FA, C. chinensis could amplify the effect of
colistin in destroying the integrity of the CRKP cell mem-
brane. Clinically, the combination of FA with antibiotics,
especially colistin, may provide potential in treating
multidrug-resistant bacterial infections.

Toxicity studies have shown that the extract of C. chi-
nensis has cytotoxic effects on several cell lines.17,38 In
contrast, no observed treatment-related toxicity exists to
extract C. chinensis in the in vivo experiment for 90 days.
Furthermore, Yi et al. demonstrated no abnormalities in
the highest dose of C. chinensis alkaloids in the subchronic
toxicity assay.38 Several in vivo studies recently exist to
provide evidence that the use of C. chinensis is relatively
safe.39,40 However, the clinical efficacy, safety, and meta-
bolism of C. chinensis in the treatment of infectious dis-
eases remain largely unknown. Therefore, more clinical
experiments are warranted to verify the adjuvant role of C.
chinensis in antibacterial therapy against CRKP infections.
In the current era of multidrug resistance against majority
of antibiotics, it is worth investigating the in vivo validity of
C. chinensis and its compounds. Developing new antimi-
crobial agents that can treat these strains is crucial, and
investigating traditional ethnobotanical remedies may
provide a possible solution. Thus, C. chinensis and FA may
be promising components as a combination therapy with
colistin against CRKP infections in a clinical setting.
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