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Background/aim: We investigated the synergistic effect between vancomycin and B-lactams against vancomycin-susceptible (VSSA)
and nonsusceptible MRSA isolates [heterogeneous vancomycin-intermediate S. aureus (hVISA) and VISA].

Materials and methods: A total of 29 MRSA, including 6 VISA, 14 hVISA, and 9 VSSA isolates, were subjected to a microbroth dilu-
tion-minimum inhibitory concentration (MIC) checkerboard using vancomycin combined with cefotaxime, imipenem, or meropenem.
To confirm synergistic activity, the representative strains of VISA, hVISA, and VSSA were then selected for the time-kill curve method.
Results: The combination of vancomycin with imipenem, meropenem, or cefotaxime exhibited synergistic effects against 17 (2 VISA,
9 hVISA, and 6 VSSA), 14 (3 VISA, 9 hVISA and 2 VSSA), and 5 (3 VISA and 2 hVISA) isolates, respectively. Additive and indifferent
effects were found in the remaining isolates, but no antagonistic effect was observed. Using time-kill assay, the vancomycin combined
with either imipenem or cefotaxime demonstrated synergism against both VISA and hVISA isolates, while the synergistic effect with
meropenem was obtained only in the VISA isolates.

Conclusion: This study demonstrated in vitro enhanced antibacterial activity of vancomycin plus p-lactams against clinical hVISA or

VISA isolates. These combinations may be an alternative treatment for MRSA infections in clinical practice.
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1. Introduction

Staphylococcus aureus is an important pathogenic bacte-
rium that plays a significant role in human diseases, espe-
cially the strain that resists methicillin, called methicillin-
resistant S. aureus (MRSA). Vancomycin, a glycopeptide
antibiotic discovered in 1952, has activity against a wide
range of gram-positive bacteria [1].It is often a drug of
choice for the treatment of serious infections caused by
MRSA. However, clinical MRSA isolates with reduced
susceptibility to vancomycin, heterogeneous vancomycin-
intermediate S. aureus (hVISA), and vancomycin-inter-
mediate S. aureus (VISA) have emerged, resulting in poor
clinical outcomes [2,3]. Vancomycin monotherapy is asso-
ciated with treatment failure and higher rates of hospital-
ization and mortality [4]. A combination of antimicrobial
agents has therapeutic benefits and leads to rapid recovery
of patients [5].
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The concept of combination of vancomycin with -lactams
was mentioned a decade ago [6]. Vancomycin combined
with B-lactams showed an additive or synergistic effect
against MRSA isolates. The B-lactam drugs enhanced van-
comycin surface binding, reduced cell wall thickening,
and acted as an inhibitor at different stages of cell wall syn-
thesis [3,7,8]. In addition, the synergistic effect helped to
reduce the vancomycin dosage, resulting in lowering the
risk of nephrotoxicity [9]. Therefore, clinical use of vanco-
mycin and p-lactam combination as an alternative therapy
for MRSA with reduced vancomycin susceptibility may be
superior to vancomycin monotherapy. However, reports
of this combination against MRSA isolates with reduced
susceptibility to vancomycin are limited, and the results
remain inconsistent. We, thus, evaluated the combination
of three p-lactams, including cefotaxime, meropenem, and
imipenem with vancomycin against VISA, hVISA, and
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vancomycin-susceptible S. aureus (VSSA) isolates by us-
ing a broth microdilution checkerboard and time-kill as-
says. The combination therapy may provide an option for
combating the critical infection caused by hVISA or VISA.

2. Materials and methods

2.1. Bacterial strains

A total of 29 clinical S. aureus (6 VISA, 14 hVISA, and 9
VSSA) isolates collected from individual patients attend-
ing the Srinagarind Hospital, Khon Kaen University, Thai-
land between 2010 and 2016 were included. All isolates
were identified using conventional biochemical tests such
as tube coagulase, phenol red mannitol, and DNase tests,
and mecA gene was detected using a PCR method [10].
The hVISA phenotype was determined via a population
analysis profile with area under the curve (PAP-AUC) [2].

2.2. Antimicrobial agents

All antimicrobials used in this study were purchased from
commercial sources: cefotaxime (CTX) and vancomycin
(VAN) from Sigma-Aldrich (St Louis, USA), imipenem
(IPM) from MSD (Whitehouse Station, NJ, USA), and
meropenem (MEM) from Siam Bheasach (Bangkok, Thai-
land).

2.3. Population analysis profile with an area under the
curve ratio (PAP-AUC ratio)

PAP of hVISA phenotype confirmation used in this study
was described in a previous study [11]. Briefly, an over-
night bacterial broth culture with turbidity of McFarland
standard no. 0.5 was serially 10-fold diluted from 10°-10%.
An aliquot of 100 uL of each dilution was spread on brain
heart infusion agar (BHIA) (Oxoid, Basingstoke, UK) con-
taining various vancomycin concentrations of 0, 0.5, 1, 2,
3,4,5,6,7,and 8 pg/mL. After incubation at 37 °C for 48
h, bacterial colonies were counted and further converted
to a colony-forming unit (CFU). The logl0 numbers of
CFU/mL were plotted against the vancomycin concen-
trations using Graph Pad Prism software version 5.0.1
(GraphPad Software Inc., San Diego, USA). The area un-
der the curve (AUC) of each isolate was calculated accord-
ing to the ratio of the AUC of the test strain and that of the
reference hVISA strain (Mu3). PAP-AUC ratio criteria for
the determination of VSSA, hVISA, and VISA strains are
as described previously [11]: <0.90 = VSSA, 0.90-1.30 =
hVISA, and >1.30 = VISA. S. aureus ATCC700699 (Mu50,
VISA), ATCC700698 (Mu3, hVISA), and ATCC29213
(VSSA) were used as positive control strains of homoge-
neous, heterogeneous vancomycin resistance and negative
control strains, respectively.

2.4. Susceptibility testing

The minimum inhibitory concentrations (MICs) and syn-
ergistic effect of vancomycin and p-lactam antimicrobials
were tested in duplicate by using a microdilution check-

erboard technique, which was performed in a 96-well
microtiter plates with Mueller-Hinton broth (Oxoid). The
susceptibility testing using a broth microdilution method
was performed and interpreted according to the CLSI
guidelines (MIC breakpoint: susceptible, <2 ug/mL; inter-
mediate, 4-8 pg/mL; and resistant, 216 pug/mL) [12,13].
The test concentrations of each P-lactam ranged from
0.125 to 64 pg/mL, and those of vancomycin were 0.125,
0.25,0.5, 1, 2, 3, and 4 ug/mL. The final bacterial inoculum
was approximately 10° CFU/mL. The 96-well plates were
incubated at 37 °C for 24 h [14-16], and the first clear well
in each row and column containing both antimicrobials
was read and calculated as the fractional inhibitory con-
centration (FIC) index. The FIC index is the FIC of drug
A (the MIC of the antimicrobial A in the combination di-
vided by the MIC of the antimicrobial A alone) plus FIC
of drug B (the MIC of the antimicrobial B in the combina-
tion divided by the MIC of the antimicrobial B alone). The
FIC index values of <0.5, 0.5-1.0, >1-4.0, and >4.0 were
defined as synergy, additive, indifference, and antagonism,
respectively [17]. Growth and sterility controls were test-
ed in each test panel. In addition, S. aureus ATCC29213
strain was used as a control strain.

2.5. Time-kill assay

The synergy of VAN plus IPM, CTX, or MEM was per-
formed by using an inoculum of ~10° CFU/mL in MHB at
sub-MICs (one-half of MIC) of the antimicrobials. Tubes
without antimicrobial were used for growth control. Bac-
terial counts were taken at 0, 2, 4, 8, and 24 h. Synergy
between VAN and each p-lactam was defined as a >2 log10
CFU/mL decrease of the combination over the most active
single agent after 24 h and >1 logl0 CFU/mL reduction
from baseline [7].

3. Results

The ranges of VAN MIC against 6 VISA, 14 hVISA, and
9 VSSA isolates were 3— > 4, 1-2, and 1-2 pug/mlL, respec-
tively. The MIC ranges for CTX, IPM, and MEM were 16-
> 64, 4- > 64, and 4- > 64 pg/mL; 0.125-2, 0.125-64, and
0.125-64 pg/mL; and 0.25-16, 2— > 64, and 0.25-64 ug/
mL, respectively. The MICs of VAN in combination with
CTX, MEM, or IPM showed 1-4, 2-5, and 2-6 dilutions
less than those of the VAN alone. Likewise, when CTX,
MEM, or IPM was combined with VAN, the MICs of each
agent also reduced 2-9, 2-8, and 1-9 dilutions to those of
each agent alone, respectively (Tables 1 and 2). The mean
MICs of VAN when combined with IPM for the VISA,
hVISA, and VSSA isolates showed 91.8%, 82%, and 76.2%
reduction from those of the VAN alone, respectively. The
VAN plus either CTX or MEM also had similar activities
to decrease the MICs of VAN from those using the VAN
alone for VSSA group (36.1% and 63.9% decreased, re-
spectively) (Figure 1).
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The VAN plus IPM showed the highest synergistic ef-
fect against 17 of the 29 isolates (58.6%; 2 VISA, 9 hVISA,
and 6 VSSA isolates). Similarly, the VAN plus MEM had
synergistic effects against 14 isolates (48.3%; 3 VISA, 9
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found in most isolates (Table 1). However, a synergistic ef-
fect of VAN plus either CTX or MEM was found against
a VISA isolate with high level of VAN MIC (>4 pg/mL)
(Table 2). In addition, no antagonistic result was observed
in any isolates.

Among the 3 couples of antimicrobials, the VAN plus
IPM had higher inhibitory effectiveness than the other
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two pairs (mean FIC indexes was 0.23 in the synergistic
activity group). The synergistic effect (FIC indexes of <0.5)
was found in most isolates with high MICs (216 pg/mL) of
CTX (100%), MEM (93%), and IPM (53%) (Table 2).
Notably, the combination of VAN with 0.125 pg/mL
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of IPM showed indifference and synergistic effects against
most of the isolates (8 and 11 isolates respectively), the
cumulative percentage of synergistic effect between VAN
and IPM rising to 82.4% when 0.5 mg/L of IPM was used,
whereas those of the VAN plus MEM and VAN plus CTX
were 42.9% and 20% when 1 pg/mL of MEM or CTX were
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used respectively (Figure 2).

To confirm the synergistic effects determined using the
checkerboard method, the representative strains of VISA,
hVISA, and VSSA (isolate no. VI 152, hVI 300, and VS
71, respectively) were selected for the time-kill assay. The
mean 24-h reductions of bacterial counts for VAN plus
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MEM | VAN
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IPM, VAN plus MEM, and VAN plus CTX were 4, 3.67,
and 3 logl0 CFU/mL, respectively. The VAN plus IPM or
CTX showed synergy against VISA (Figure 3a) and hVISA
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strains (Figure 3b) within 24 h of incubation, whereas syn-
ergism by the VAN plus MEM was observed in the VISA
strain only. The time-kill assay of VAN plus pB-lactams
showed no synergistic effect for the VSSA strain (Figure
3¢).
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4. Discussion

Carbapenems and the 3™ generation cephalosporins have
an extremely broad spectrum of antimicrobial activity
against both gram-positive and gram-negative bacteria.

4->64
4->64

Therefore, we tested the activity of IPM, MEM, and CTX
combined with VAN against MRSA isolates.

The increasing use of VAN has caused a selective pres-
sure, leading to the occurrence of vancomycin-resistant
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VAN |CTX
3->4 |16->64

1-2
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strains. This resulted in the therapeutic failure, morbidity,
and even death [2]. Due to limited options of therapeutic

Strains
VISA
(6)
hVISA
(14)
VSSA
Total

9)

Table 1. Fractional inhibitory concentration indexes of vancomycin plus cefotaxime, meropenem, or imipenem combination against 29 Staphylococcus aureus using a checkerboard

technique.

drugs, several studies have focused on the combination of
antimicrobials as an alternative treatment. The appropri-
ate antimicrobial treatments provided effective therapy,

(29)

VISA, vancomycin-intermediate S. aureus; hVISA, heterogeneous vancomycin-intermediate S. aureus; VSSA, vancomycin-susceptible S. aureus; FIC, fractional inhibitory

concentration; VAN, vancomycin; CTX, cefotaxime; MEM, meropenem; IPM, imipenem.
* FIC index: <0.5: synergy (Sy); 0.5-1.0: additive (Ad); > 1-4.0: indifference (In); >4.0: antagonism (An) [17].
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Table 2. Fractional inhibitory concentration indexes of vancomycin plus cefotaxime, meropenem, or imipenem combinations against
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each Staphylococcus aureus isolates using a checkerboard technique.

Strains MIC (pg/mL) FIC MIC (pg/mL) FIC MIC (pg/mL) FIC
VAN |CTX |VAN+CTX |index MEM |VAN +MEM |index IPM VAN +IPM |index

VI3 |3 16 |025+4 0.33(Sy) | 025 [0.5+0.125 0.67 (Ad) [0.125  |0.125+0.125 |1.04 (In)
V1127 |4 >64  |0.5+64 0.63 (Ad) |0.5 0.25 +0.25 0.56 (Ad) |0.125  [0.125+0.125 |1.03 (In)
VI152 |3 >64 [2+05 0.67 (Ad) |16 1+1 0.39 (Sy) |2 0.5+0.125  [0.23 (Sy)
VIi2l4 |3 >64  [0.5+32 0.42 (Sy) |1 14025 0.58 (Ad) |0.125  [0.125+0.125 |1.04 (In)
V17 3 64 1+4 0.39 (Sy) |4 14025 0.39 (Sy) [0.125  |0.125+0.125 |1.04 (In)
VI17 >4 32 [2+8 0.50 (Ad) |16 2+2 0.38(Sy) |1 1+0.125 0.25 (Sy)
hvI134 |1 >64  [025+0.5 0.25 (Sy) |64 0.25+8 038 (Sy) |16 0.5+0.125  [0.51 (Ad)
hVI250 |1 >64 0.5+ 32 0.75 (Ad) |64 0.25 + 4 0.31(Sy) |64 0.25+2 0.28 (Sy)
hvI2e6l |2 >64 [1+4 0.53 (Ad) |32 0.5+1 0.28 (Sy) |32 0.5+0.125  [0.25 (Sy)
hv1276 |2 >64 |1+4 0.53 (Ad) |32 0.5+1 0.28 (Sy) |32 0.125 +0.125 [0.06 (Sy)
hVI280 |2 64 |025+4 0.19 (Sy) |2 0.25 + 1 0.63 (Ad) [0.125  |0.125+0.125 |1.06 (In)
hvI297 |1 4 0.25+2 0.75 (Ad) |16 0.25 + 1 0.31(Sy) [0.125  |0.125+0.125 |1.13 (In)
hVI300 |2 >64 [1+0.25 0.50 (Ad) [>64 |0.25+8 0.19 (Sy) |1 0.25+0.125 | 0.25 (Sy)
hVvI302 |1 64 |025+16 0.50 (Ad) |2 0.25 + 1 0.75 (Ad) [0.125  |0.125+0.125 |1.13 (In)
hvi17 |2 >64 |1+2 0.52 (Ad) |64 14025 0.50 (Ad) |1 0.5+0.25 0.50 (Ad)
hvil |1 >64 |0.5+64 1.00 (Ad) |8 0.25+2 0.50 (Ad) |64 0.25+2 0.28 (Sy)
hvi7 |1 >64 [05+8 0.56 (Ad) |4 0.25 + 1 0.50 (Ad) |16 0.25+ 1 0.31 (Sy)
hvig |1 >64 [05+8 0.56 (Ad) |16 0.25+2 0.38 (Sy) |4 0.25+0.5 0.38 (Sy)
hvi9o |2 >64 [1+4 0.53 (Ad) |32 0.25 + 4 0.25(Sy) |16 0.25+0.125 [0.13 (Sy)
hvI13 |2 >64 [1+2 0.52 (Ad) |16 0.50 + 1 0.31(Sy) |8 0.25+0.125 [0.14 (Sy)
VS66 |1 >64  [0.5+32 0.75 (Ad) |32 0.5+4 0.63 (Ad) |32 0.5+0.5 0.52 (Ad)
VS67 |1 >64 [1+1 1.01 (Ad) |8 0.5+1 0.63 (Ad) |32 0.5+0.125  [0.50 (Ad)
VS68 |1 >64 [1+0.25 1.00 (Ad) |16 0.25+8 0.75 (Ad) 0.25+0.5 0.31 (Sy)
VS70 |1 >64 [0.5+16 0.63 (Ad) |16 0.25+2 0.38 (Sy) 0.25+0.125 [0.28 (Sy)
VS71 |2 >64 [1+05 0.50 (Ad) |16 0.25 + 4 0.38 (Sy) 0.125 +0.125 [0.13 (Sy)
VS72 |1 >64 |1+0.25 1.00 (Ad) |64 0.25 + 32 0.75 (Ad) |64 0.125 +0.125 [0.13 (Sy)
VS8 1 4 0.5+0.5 0.63 (Ad) [0.25 |0.5+0.125 1.00 (Ad) [0.125  |0.125+0.125 |1.13 (In)
VS12 |2 >64 |1+8 0.56 (Ad) |64 1+0.5 0.51 (Ad) |64 0.5+0.125  |0.25 (Sy)
VS3l |1 >64  [0.5+32 0.75 (Ad) |16 0.5+2 0.63 (Ad) |16 0.25+0.25 [0.27 (Sy)

VI, vancomycin-intermediate S. aureus; hVI, heterogeneous vancomycin-intermediate S. aureus; VS, vancomycin-susceptible S. aureus;
FIC, Fractional inhibitory concentration; VAN, vancomycin; CTX, cefotaxime; MEM, meropenem; IPM, imipenem.
* FIC index: <0.5: synergy (Sy); 0.5-1.0: additive (Ad); > 1-4.0: indifference (In); >4.0: antagonism (An) [17].

reducing antimicrobial doses and adverse effects and de-
creased both cost and length of hospitalization.

In this study, synergy effect of the combined drugs was
found in varying numbers of the vancomycin-susceptible
and nonsusceptible MRSA isolates. Although the combi-
nations of these p-lactams and VAN were not synergistic
against all isolates, no antagonistic effect was found. These
results suggested that the additive and indifferent effects

may have been the consequences of the method’s limita-
tion since the antimicrobials were applied in various con-
centrations. Therefore, the real effect may be synergistic
rather than additive effects [18]. However, the checker-
board technique was mostly used as a reference method
for determining synergy of drugs [16]. Our results sup-
ported that the FIC indexes of the B-lactam-VAN combi-
nation inversely correlated with the MICs of the B-lactam
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Figure 1. Comparison of the mean MIC values of vancomycin (VAN) alone and in
combination with cefotaxime, CTX; meropenem, MEM; imipenem, IPM against 6
vancomycin-intermediate S. aureus (VISA), 14 heterogeneous VISA (hVISA) and 9
vancomycin-susceptible S. aureus (VSSA) isolates.
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Figure 2. Cumulative percentages (%) of synergistic activities of the vancomycin (VAN) and B-lactam (imipenem,
IPM; meropenem, MEM; cefotaxime, CTX) combinations affected by various concentrations of -lactams (solid
lines) and vancomycin (dashed lines) against 29 test isolates.
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Figure 3. Time-kill curves of each antimicrobial (solid lines) and their combinations (dashed
lines) against VISA (a), hVISA (b), and VSSA (c) strains.

Growth controls (black lines), vancomycin (blue diamonds), imipenem (red circles), cefotaxime
(green triangles), and meropenem (yellow squares).
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alone [6]. Most cases of synergistic effects (FIC indexes of
<0.5) occurred in the strains that had high MIC for CTX,
MEM, and IPM. Among the three pf-lactams tested, IPM
was considered to be the best agent to combine with VAN,
frequently showing a synergistic effect, particularly against
hVISA strains. In addition, the synergistic effect of VAN
plus IPM can be enhanced at a lower IPM concentration
(0.125 pg/mL), compared with MEM (1 pg/mL) and CTX
(0.5 ug/mL). The concentrations found to have a synergis-
tic effect are clinically accessible and revealed within the
range of MIC breakpoint of CLSI [13]. The vancomycin
plus B-lactams demonstrated an enhanced antibacte-
rial effect at susceptible breakpoint concentrations. Both
B-lactams and VAN have activity against bacteria by pre-
venting the biosynthesis of the bacterial cell wall. The ac-
tivity of B-lactam targets at the transpeptidase enzymes,
which manage the crosslink of peptidoglycan in the bacte-
rial cell wall. In addition, the B-lactam also alters the bac-
terial cell surface, which helps to access the specific target
for the binding of VAN [19]. On the other hand, the target
site of VAN is pentapeptide side chain, leading to inhibi-
tion of transglycosylation and transpeptidation. Moreover,
VAN also alters the permeability of the cell membrane and
selectively inhibits ribonucleic acid synthesis [20]. These
activities promote the synergistic effect of their combina-
tions.

In this study, the synergistic activity of antimicrobial
combinations was confirmed by the time-kill assay. Our
data supported the results of the checkerboard method
that VAN combined with B-lactams demonstrates syner-
gistic activity against staphylococcal isolates with reduced
susceptibility to VAN. Interestingly, the mean 24-h of bac-
terial reduction for VAN plus IPM was the highest com-
pared with the other combinations.

IPM is a potent B-lactam antimicrobial that has a
postantibiotic effect (PAE) against gram-positive bacteria
and resists the hydrolysis by most p-lactamases [21,22].
Although the MRSA strains are not susceptible to this
agent, several studies have reported the efficacy of IPM
when used in combination with other antimicrobials, in-
cluding cephalosporins and vancomycin [14,15,18,23,24],
thus corresponding with this study. Therefore, the use of

References

1.  Chua K, Howden BP. Treating Gram-positive infections:
vancomycin update and the whys, wherefores and evidence
base for continuous infusion of anti-Gram-positive antibiotics.
Current Opinion in Infectious Diseases 2009; 22 (6): 525-534.
doi: 10.1097/QCO.0b013e328331fbcd

2156

unconventional combinations of drugs may be an alterna-
tive for the management of MRSA isolates with reduced
susceptibility to VAN.

In the present study, some limitations should be noted;
a few strains of VISA have been observed due to the prev-
alence of clinical VISA in our area; thus, larger samples
should be evaluated in further studies. In addition, these
combinations should be investigated in clinical or in vivo
conditions to support the recommendation of B-lactam
combination therapy in routine clinical use. However, few
studies have investigated animal models for the combi-
nations of VAN with B-lactams, including nafcillin, imi-
penem, or ceftobiprole, and they have found evidence of
synergy [6,25,26]. In addition, clinical studies revealed an
increasing rate of microbiological eradication when using
the combination of VAN with piperacillin-tazobactam or
B-lactams in therapeutic groups [27-29].
In conclusion, this is an in vitro study that used check-
erboard and time-kill assays to determine the activity of
VAN and B-lactam combinations, which demonstrated the
enhanced antibacterial activity against clinical hVISA or
VISA isolates, suggesting that it may be an alternative for
use in clinical therapy.
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