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Abstract

The aim of this in vitro study was to evaluate the interaction between cipro-
floxacin and amoxicillin against beta-lactamase-producing Staphylococcus
aureus. Concentration-dependent curves for each individual drug were car-
ried out to obtain the mean inhibitory concentration in the agar well diffusion
assay. Then, different ratios of the ciprofloxacin—amoxicillin combination
(0.5:0.5, 0.8:0.2, 0.2:0.8, 0.9:0.1, 0.1:0.9, 0.95:0.05, and 0.05:0.95) were
assessed. Data were analyzed using the isobolographic analysis and inter-
action index. The isobolographic evaluation shows that the 0.9:0.1 and
0.95:0.05 ratios of the ciprofloxacin—amoxicillin combination produced a
synergistic antimicrobial interaction, the 0.8:0.2, 0.2:0.8, 0.1:0.9, and
0.05:0.95 proportions showed an additive antibacterial effect, and the
0.5:0.5 proportion induced antagonistic antimicrobial effects. The interaction
index showed similar outcomes to the isobolographic analysis. In conclu-
sion, the data of this study mainly show antimicrobial additive results of the
ciprofloxacin—amoxicillin combination against beta-lactamase-producing S.
aureus.
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1 | INTRODUCTION

Staphylococcus aureus produces several types of
infections of different severity. Annually, approximately
20 000 patients die from S. aureus bacteremia in the
United States [1]. Other S. aureus infections are not life
threatening; however, they represent a considerable
expense for health services such as skin infections,
wounds [2], and bone and joint infections [3]. According
to David et al, S. aureus is the most frequent antimicro-
bial drug-resistant human pathogen [4].

The World Health Organization (WHO) has urged
research for the generation of new antimicrobials due
to the large and growing number of antibiotic-resistant
microorganisms [5]. Within this list of microorganisms,
S. aureus—resistant to methicillin [6] and vancomycin
[7]—appear as a high-priority microorganism (Level 2)
[5]. S. aureus has a high antimicrobial drug resistance
and a high presence in hospital infections [8].

In its statement, the WHO recommended increasing
research for the development of new drugs that can be
used effectively to treat infections by multi-resistant
microorganisms [5]. Antibiotic combinations to treat
clinical infections in humans are “common” [4]. How-
ever, there is no scientific evidence that supports the
clinical efficacy use of antimicrobial drug combinations
[4]. For this reason, the aim of this in vitro study was to
evaluate the interaction between ciprofloxacin, a fluoro-
quinolone with a mechanism of action that inhibits the
enzyme bacterial DNA topoisomerases type 2, DNA
gyrase, and topoisomerase IV [8], and amoxicillin, a
synthetic penicillin-binding to penicillin-binding protein
1A [9], against S. aureus using isobolographic analysis
and interaction index.

2 | MATERIALS AND METHODS

21 | Type of study

This was an in vitro study performed in the Instituto de
Investigacion en Ciencias Médicas of the Departa-
mento de Clinicas of the Division de Ciencias Biomédi-
cas of the Centro Universitario de los Altos of the
Universidad de Guadalajara. The protocol was submit-
ted and approved by the Colegio Departamental de
Clinicas (Acta junio 21, 2021-2022). The experiments
were carried out according to the Handbook of Microbi-
ology Laboratory Practices [10, 11].

2.2 | Drugs and bacteriological strain

Ciprofloxacin (Cat. 17850) and amoxicillin (Cat. A8523)
were obtained from Sigma-Aldrich (St. Louis, MO).
Nutrient agar (Bioxon) was purchased from Becton
Dickinson Meéxico (BD). S. aureus subsp. aureus

derived from ATCC 11632—a
producing bacteria—was
Microbiologics, Inc.

beta-lactamase-
acquired from

2.3 | Agar well diffusion test

The samples containing the bacteria were thawed, cul-
tured in nutrient agar, and incubated for 24 h at 37°C.
The next day, the experiments were carried out. Bio-
mass was taken with a microbiological loop from the
Petri dish cultured and placed in 10 ml of saline to
obtain turbidity of 0.5 on the McFarland scale.

S. aureus cultures were made on a table with a
stainless steel surface, which was disinfected before
starting the experiments with 70° ethyl alcohol, and
subsequently, three burners were placed to obtain an
aseptic area.

The agar well diffusion assays were performed on
nutrient agar. Briefly, a standard sterile cotton swab
was massively cultured on the entire surface of the
nutrient agar in each Petri box. Subsequently, with a
5-mm punch, which was sterilized directly over a
burner flame, five wells were made. A central well in
which the saline solution was placed and in the
peripheral wells ciprofloxacin, amoxicillin, or the drug
combination was placed. The concentrations were
placed in the wells following the hands of the
clock. The highest concentration of each individual
drug, or the combination, was placed at 12 h, and then
subsequent concentrations were placed at 3, 6, and 9 h
[12, 13].

24 | Experimental design

Ciprofloxacin 0.05, 0.1, 0.3, and 0.5 mg/ml and amoxi-
cillin 1, 3, 5, and 10 mg/ml were used to obtain a
concentration-dependent curve for each individual
drug. The saline solution was used as a vehicle. Anti-
biograms were performed by placing 20 pl of the vehi-
cle in the central well with a micropipette, and similarly,
the four concentrations of the individual drugs were
placed in the wells as explained above. The inhibition
halos were measured with a Vernier digital caliper at
24 h. Using these concentration-dependent curves, the
mean inhibitory concentration (MIC) of each antimicro-
bial was determined. Then, different ratios of the
ciprofloxacin—amoxicillin combination—0.5:0.5, 0.8:0.2,
0.2:0.8, 0.9:0.1, 0.1:0.9, 0.95:0.05, and 0.05:0.95—
were calculated as explained previously [14], and each
of these proportions was tested by evaluating four sub-
sequent concentrations (Table 1).

The inactivation of the liquid samples was done
by sterilization, and that of the bacterial cultures
in Petri dishes was done by exposure to ultraviolet
light.
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TABLE 1 Concentrations (mg/ml) of each proportion of the
ciprofloxacin—amoxicillin combination

Proportion Ciprofloxacin Amoxicillin
0.5:0.5 (1:1)
MiC/1 0.03 0.2
MIC/2 0.015 0.1
MIC/4 0.008 0.05
MIC/8 0.004 0.025
0.8:0.2 (5:1)
MiC/1 0.046 0.07
MIC/2 0.023 0.035
MIC/4 0.011 0.018
MIC/8 0.006 0.009
0.2:0.8 (1:5)
MIC/1 0.012 0.3
MIC/2 0.006 0.15
MIC/4 0.003 0.075
MIC/8 0.001 0.0375
0.9:0.1 (10:1)
MIC/1 0.052 0.032
MIC/2 0.026 0.016
MIC/4 0.013 0.008
MIC/8 0.006 0.004
0.1:0.9 (1:10)
MiC/1 0.006 0.31
MIC/2 0.003 0.16
MIC/4 0.001 0.08
MIC/8 0.0007 0.04
0.95:0.05 (20:1)
MIC/1 0.06 0.020
MIC/2 0.03 0.010
MIC/4 0.015 0.005
MIC/8 0.007 0.002
0.05:0.95 (1:20)
MiC/1 0.003 0.33
MIC/2 0.0015 0.17
MIC/4 0.001 0.08
MIC/8 0.0005 0.04
2.5 | Dataanalysis

The % antibacterial activity was calculated in compari-
son with ciprofloxacin 10 mg/ml—concentration tested
with the highest antimicrobial effect. The interaction
between ciprofloxacin and amoxicillin was determined
using isobolographic analysis [15-17] and the interac-
tion index [18] according to the Tallarida statistical
method. Isobolographic analysis takes on that the drug
mixture is done with equipotent doses of each individ-
ual drug [14—17]. Therefore, using the dose-response
curves of each individual agent, the dose producing

50% of the effect (MIC value) can be obtained [15-17].
Theoretical and experimental MIC were compared with
Student’s t-test. A value of P < 0.05 was considered a
statistical difference.

3 | RESULTS

3.1 | Antibacterial effect

Ciprofloxacin and amoxicillin induced a concentration-
dependent antibacterial activity against S. aureus. The
antibacterial effects of ciprofloxacin were between 54%
and 82%, while amoxicillin ranged from 61% to 76%.
Moreover, the ciprofloxacin—amoxicillin mixture pro-
duced a concentration-dependent antimicrobial effect
versus S. aureus. The maximum antimicrobial effects
of the ciprofloxacin—amoxicillin combination in ratios
0.5:0.5, 0.8:0.2, 0.2:0.8, 0.9:0.1, 0.1:0.9, 0.95:0.05, and
0.05:0.95 were 54%, 65%, 56%, 77%, 71%, 87%, and
59%, respectively (Figure 1).

3.2 | Isobolographic analysis and
interaction index

The isobolographic assessment of the ratios of
the ciprofloxacin—amoxicillin combination against S.
aureus showed antagonistic (Figure 2a), additive
(Figure 2b,c,e,g), and synergistic (Figure 2d,f) antibac-
terial interactions. The interaction index (Table 2)
showed similar outcomes to the isobolograms. More-
over, the MIC of the 0.9:0.1 and 0.95:0.05 ratios of the
combination showed a statistical difference between the
theoretical value and the experimental value (Table 2).

4 | DISCUSSION

This in vitro study evaluated the antibacterial interaction
of the ciprofloxacin—amoxicillin combination versus S.
aureus using the agar well diffusion technique, isobolo-
graphic statistical method, and the interaction index.
The agar well diffusion method is widely used and
accepted to determine the antimicrobial effect of drugs
and natural extracts [12, 13, 19-22]. S. aureus showed
high susceptibility to ciprofloxacin. Tested small con-
centrations of this fluoroquinolone induced high anti-
bacterial activity. However, high concentrations (5 and
10 mg/ml) of amoxicillin showed limited antibacterial
action against this same bacterium when compared to
ciprofloxacin. The limited antibacterial activity of amoxi-
cillin could be explained by the production of beta-
lactamase by S. aureus.

This basic study shows the importance of evaluat-
ing different proportions of a drug—drug combination.
The proportions of the ciprofloxacin—amoxicillin

850807 SUOWIWOD 8AIID) 3|qedldde ayy Aq peusenoh ae Ssoie VO ‘8sn Jo sa|n. 10} ArIqiT8uljuO A8]IM UO (SUORIPUOD-PUB-SWLBI IO A8 | 1M AeIq 1 Ul UO//:SANY) SUOIIPUOD pue swiia | 8u1 88S *[£202/20/80] Lo AriqiTaulluO o] R feepens 8@ pepsieAln Aq Ze8ZT doyTTTT'0T/I0p/L00 A8 | ARelq1jeuljuo//Sdny Wwouy pepeojumod ‘T ‘€202 ‘90282, T



CIPROFLOXACIN-AMOXICILLIN COMBINATION AGAINST STAPHYLOCOCCUS AUREUS -~ 177
S EEEe Wi LEY-—”

FIGURE 1 Concentration-dependent (a) 100
curves of the antibacterial activity of the - y=70,168x + 100,09
ciprofloxacin-amoxicillin combination é R2=0,9347 80
against Staphylococcus aureus. % 60
Antibacterial effect of the ratios 0.5:0.5 (a), 5
0.8:0.2 (b), 0.2:0.8 (c), 0.9:0.1 (d), 0.1:0.9 S 40
(e), 0.95:0.05 (f), and 0.05:0.95 (g) was %
determined. Data are means + SEM. < 20
=
-2,00 -1,50 -1,00 -0,50 0,])0
-20
(b) y=61,787x + 123,26 100 () 100
5 R#=0,993 80 5 y = 28,414x + 69,926
2 £ R2 = 0,9796 80
© 60 k3
g T 60
S 40 S
8 3
E 20 £ 40
g . 2
F 5 2 -1 = 20
-20
1,5 -1 -0,5 0
(d) y = 43,895x + 123,82 100 (e) 100
R2=0,9953
“ k3]
8 80 R y = 38,205 + 86,323 80
© 2 R2 =0,9254
] 60 S 60
: :
2 40 b=
E £ <
g 20 z
) L 20
-3 2 =1 0 15 K 05 0
)] 100 (9) 100 =
" - y = 66,393x + 97,582
8 o] ¢ R?=0,9439 80 1
o [T
.'g 60 o g 60 o
o [}
S 8
- y=51,285x + 144,58 40 E L) 40 1
= ol 0=
g Rz =0,9863 o g 20 4
x X
- v S ~$ T 7 &
=3 =2 =1 0 -1,5 -1,0 0,5 0,0
LOG DOSIS

combination to determine the antimicrobial effect
against S. aureus showed different types of interaction
as described in Section 3 [23]. It is important to note
that the drug ratios with the high amoxicillin content had
the poorest antimicrobial effects. In this sense, it is pos-
sible to explain these findings by the use of a beta-lac-
tamase-producing S. aureus in the experiments of this
study.

The synergistic antimicrobial effect observed with
the 0.9:0.1 and 0.95:0.05 ratios could be due to the dif-
ferent mechanisms of action of amoxicillin and cipro-
floxacin. Amoxicillin, by lethally affecting the bacterial
cell wall (inhibition of the structural organization of

LOG DOsIsS

peptidoglycans by inhibition of the penicillin-binding
enzyme) [9, 24], could have facilitated the entry of cip-
rofloxacin into the bacteria so that it exerts its antimicro-
bial effect (inhibition of both Type Il topoisomerase
[DNA gyrase] and Type IV topoisomerase) [25], thus
enhancing the antimicrobial effect [26].

Vancomycin is the standard antimicrobial treatment
for methicillin-resistant S. aureus infections. However,
this antimicrobial monotherapy has many drawbacks,
which have been described in detail in previous scien-
tific reports. Therefore, the combination of antimicro-
bials against S. aureus is an interesting alternative [27].
Numerous in vitro studies have been carried out to
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TABLE 2 Theoretical and experimental MIC values and interaction index

Ciprofloxacin—amoxicillin combination
Cipro0.5:0.5Amoxi

Cipro0.8:0.2Amoxi

Cipro0.2:0.8Amoxi

Cipro0.9:0.1Amoxi

Cipro0.1:0.9Amoxi

Cipro0.95:0.05Amoxi
Cipro0.05:0.95Amoxi

GOMEZ-SANCHEZ ET AL.

0 0,01

0,03 0,04

0 0,01

0,03 0,04

0 0,01

0,03 0,04

Ciprofloxacin MIC (mg/ml)

Theoretical MIC values (mg/ml)

0.10 £ 0.05
0.06 + 0.02
0.15+0.08
0.04 + 0.01
0.16 = 0.09
0.04 +0.01
0.17 £ 0.09

Experimental MIC values (mg/ml)

0.19+0.10
0.07 + 0.03
0.20 +0.04
0.02 + 0.02*
0.11 £0.07
0.01 £ 0.03*
0.19 +0.07

FIGURE 2 Isobolograms showing the
type of antibacterial interaction of the
proportions 0.5:0.5 (a), 0.8:0.2 (b), 0.2:0.8
(c), 0.9:0.1 (d), 0.1:0.9 (e), 0.95:0.05 (f),
and 0.05:0.95 (g) of the ciprofloxacin—
amoxicillin combination versus
Staphylococcus aureus. T = Theoretical
value. E = Experimental value. Data are
means + SEM.

Interaction index
1.88
1.12
1.357
0.479
0.694
0.397
1.138

Note: Data are means + SEM.
*Statistical difference according to Student’s t-test (P < 0.05).
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evaluate combinations of antibiotics against S. aureus,
with a special interest in combinations of vancomycin
and beta-lactam antimicrobials [28—44] or daptomycin
[45-52], finding results with a trend towards antimicro-
bial synergy. Our results show that only the 0.9:0.1 and
0.95:0.05 ratios of the ciprofloxacin-amoxicillin combi-
nation show an antimicrobial potentiation against S.
aureus. However, most of the evaluated proportions of
the ciprofloxacin—amoxicillin combination presented an
additive antibacterial effect against beta-lactamase-
producing S. aureus.

It is possible that the production of beta-lactamases
by S. aureus explains the antagonistic antimicrobial
activity of this drug combination. However, other bacte-
rial resistance mechanisms known cannot be ruled out.
Multidrug-resistant bacterial infections are a global pub-
lic health problem with high morbidity and mortality [53].
Bacteria are resistant or acquire resistance by prevent-
ing drug access to targets, changes in the structure
and protection of antimicrobial drug targets, and direct
modification or inactivation of these antimicrobial
agents [54]. Therefore, there is a need to find new mol-
ecules with an antimicrobial effect, evaluate combina-
tions of currently available antibiotics to detect possible
synergistic effects, and use nanotechnology to improve
the two previous options [55].

In conclusion, the data of this study mainly show
antimicrobial additive results of the ciprofloxacin—
amoxicillin  combination against beta-lactamase-
producing S. aureus. Moreover, the 0.9:0.1 and
0.95:0.05 ratios of the combination produced a syner-
gistic antimicrobial effect according to the isobolo-
graphic analysis and interaction index versus beta-
lactamase-producing S. aureus. It would be interesting
to evaluate the antimicrobial activity of this combination
of antimicrobials in other experimental conditions,
in vitro and in vivo.
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