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Post-antibiotic effects and post-antibiotic sub-minimal inhibitory
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Post-antibiotic effect (PAE) is defined as the suppression of bacterial growth for a particular duration after brief exposure to an
antimicrobial agent. Chlorhexidine is a widely used biocide found in antiseptic products; however, its PAE remains unclear. In
this study, PAE, post-antibiotic sub-minimum inhibitory concentration (MIC) effects (PA-SME), and sub-MIC effects (SME) of
chlorhexidine on oral bacteria were investigated. For PAE measurement, bacteria were exposed to 10× MIC chlorhexidine for 1 min,
which was then eliminated by washing. For determining PA-SME, bacteria were exposed to 0.1, 0.2, and 0.3× MIC chlorhexidine
during the post-antibiotic phase and to sub-MIC chlorhexidine for the measurement of SME. PAE, PA-SME, and SME of chlorhexidine
were observed. The PAE lasted for 0.9 hr for Streptococcus mutans , 0.1 hr for Streptococcus gordonii , and 0.35 hr for Lactobacillus
acidophilus . The PA-SME against oral bacteria lasted for a longer duration with increasing chlorhexidine concentrations. The PA-SME
against oral bacteria lasted for a substantially longer period than SME did. The present study illustrates the existence of chlorhexidineinduced PAE, PA-SME, and SME against oral bacteria, thereby extending the pharmacodynamic advantages of chlorhexidine.
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INTRODUCTION

cess of intermittent dosing regimens [3,4]. When intermittent dosing is applied in clinical practice, there is a gradual

Post-antibiotic effect (PAE) refers to the suppression of

decrease in the antibiotic concentration, wherein an initial

bacterial growth following limited periods of exposure to

supra-inhibitory concentration will be followed by a period

an antibiotic and removal of the antimicrobial agent [1,2].

using doses that are below the minimum inhibitory con-

The PAE may last for several hr, depending on the con-

centration (MIC). It has been shown that there are post-

centration of antibiotic and the susceptibility of the target

antibiotic sub-MIC effects (PA-SME) in bacteria that were

organisms [1,2]. PAE has been well documented for many

previously exposed to supra-inhibitory antibiotic concen-

microorganisms, and cited as an explanation for the suc-

trations. Furthermore, these effects are unique from the
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sub-MIC effects (SME) observed in bacteria that were not

Chemical Co., St. Louis, MO, USA) was prepared in BHI

exposed to supra-inhibitory antibiotics [5,6]. Importantly,

broth or MRS broth (2.12 mg/mL). MIC was determined

the PAE and PA-SME are inherent properties of most anti-

by two-fold serial macro-dilution of chlorhexidine diglu-

microbial agents, and are associated with the duration of

conate in BHI or MRS, with an inoculum of approximately

the effect.

105 cells/mL. A range of concentrations were tested (0.003

products, including hand and oral products, and as a dis-

µg/mL to 2.12 mg/mL). The MIC was defined as the lowest
concentration of chlorhexidine digluconate that inhibited

infectant and preservative [7]. Chlorhexidine is a cationic

the growth of bacteria.

Chlorhexidine is a widely used biocide in antiseptic

biguanide microbicide with a broad spectrum of activity
against bacteria and fungi. It is used widely in both clinical and domestic situations [8]. Early work showed that

Post-antibiotic incubation and post-antibiotic effect
determination

chlorhexidine induces a rapid and irreversible loss of bacterial cytoplasmic components, including pentoses, even

The PAE was measured using a previously described

at low concentrations [9]. However, there was no obvious

method [5,6]. Bacteria in the exponential growth phase

relationship between leakage and the number of organ-

were obtained by culturing for 18 hr, and were diluted

isms killed. Furthermore, despite its microbicidal effect,

with BHI broth to obtain a starting inoculum of 109 CFU/

chlorhexidine has several adverse effects, including poor

mL. The strains were exposed to 10× MIC of chlorhexidine

taste, tooth discoloration, and desquamation and soreness

for 1 min at 37°C. The unexposed control strains were in-

of the oral mucosa [10].

cubated in BHI broth without chlorhexidine. The bacteria

The present study sought to evaluate the PAE, PA-SME,

were washed three times with phosphate-buffered saline

and SME of chlorhexidine against oral bacteria, which

(pH 7.2) to eliminate chlorhexidine, and were diluted into

would help extending the pharmacodynamic advantages of

fresh BHI broth by centrifugation. The residual chlorhexi-

chlorhexidine.

dine concentration after the three washes was assumed
to be lower than 10–5× MIC by calculation, and therefore

MATERIALS AND METHODS

likely insignificant. The unexposed control strains also un-

Microorganisms and growth conditions

bacteria in the post-antibiotic phase and the unexposed

derwent three washes. To determine the PAE, cultures with
controls were incubated at 37°C for an additional 11 hr. The

Streptococcus gordonii DL1 which is initial colonizer and

bacterial growth was determined by measuring the optical

bacterial species related to the dental caries such as Strep-

density of the bacterial culture at 660 nm every hr over the

tococcus mutans ATCC 25175 and Lactobacillus acidophilus

11 hr time course.

ATCC 4355 were used in this experiment. Oral Streptococci

The PAE was defined according to the following formula:

were grown in brain heart infusion broth (BHI; Becton; Dic

PAE=T–C, where T is the time required for the chlorhexi-

kinson and Company, Sparks, MD, USA) for 18 hr at 37°C

dine-treated cultures to reach 50% of the maximum absor-

in aerobic conditions supplemented with 5% CO2. Lactobacillus

bance and C is the corresponding time for the unexposed

were grown in Lactobacillus MRS medium (Becton) for 18

control.

hr at 37°C in aerobic conditions supplemented with 5%
CO2.

Chemicals and determination of the minimum
inhibitory concentration

Determination of PA-SME and SME
To determine PA-SME, 0.1, 0.2 or 0.3× MIC of chlorhexidine was added to cultures in the post-antibiotic phase,
which were prepared as described above. The tubes were

A stock solution of chlorhexidine digluconate (Sigma

incubated at 37°C for 1 min. The bacterial growth was de-
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termined by measuring the optical density of the bacterial

lasted. Fig. 1 shows the average PAE, PA-SME, and SME of

culture at 660 nm, as described above. PA-SME was also

two experiments using oral bacteria.

measured in control cultures that were not exposed to 10×
MIC of chlorhexidine or the sub-MIC chlorhexidine dose.
The PA-SME was defined according to the following for-

DISCUSSION

mula: PA-SME=TPA–C, where TPA is the time required for the

Pharmacodynamic parameters, such as PAE and PA-SME,

cultures previously exposed to the 10× MIC of chlorhexi-

have become increasingly important to understand antimi-

dine followed by sub-MIC chlorhexidine to reach 50% of

crobial activity and determine the optimal dosing schedule

the maximum absorbance, and C is the corresponding time

for antibiotics [1,3,11,12]. Even though it is known that

for the control.

several antibiotics can induce PAE, PA-SME, and SME in

The SME was measured using control cultures that were

diverse bacteria [1,2], studies using oral Streptococci re-

not exposed to 10× MIC chlorhexidine, but were exposed

main limited. Furthermore, the PAE, PA-SME, and SME of

to 0.1, 0.2 or 0.3× MIC. The SME was defined as: SME=TS–

chlorhexidine in oral bacteria remain unclear.

C, where TS is the time required for the cultures exposed

Lee [13] reported that amoxicillin induced PAE, PA-SME,

only to the sub-MICs to reach 50% of the maximum absor-

and SME in both Streptococcus sanguinis and S . gordonii ,

bance, and C is as defined above.

although the effect duration was shorter in S . sanguinis . In
the present study, the PAE, PA-SME, and SME of chlorhexi-

RESULTS

dine were evaluated using three oral bacterial strains. Lee

The MIC of chlorhexidine was 4.1 µg/mL in S . mutans ,
16.6 µg/mL in S . gordonii , and 33.1 µg/mL in L . acidophilus

for a mean duration of 2.0 hr. In the present study, PAE of

(Table 1). The average PAE, PA-SME, and SME values from

of 0.1 hr. Thus, PAE of chlorhexidine was shorter than that

two experiments are shown in Table 2. The PAE against

of amoxicillin against S . gordonii . We propose that PAE,

S . mutans lasted for a mean duration of 0.90 hr, whereas

PA-SME, and SME of chlorhexidine against oral bacteria

the mean duration was 1.90 hr (0.1× MIC), 2.70 hr (0.2×

may differ from those of amoxicillin, and that there may

MIC), and 3.45 hr (0.3× MIC) for PA-SME. Furthermore,

be variations in the durations of these effects for differ-

SME lasted for a mean duration of 0.75 hr (0.1× MIC), 1.50

ent antimicrobial agents. Many studies have reported that

[13] reported that, for S . gordonii , PAE of amoxicillin lasted
chlorhexidine against S . gordonii lasted for a mean duration

hr (0.2× MIC), and 1.85 hr (0.3× MIC). Additionally, PAE
lasted for a mean duration of 0.10 hr in S . gordonii and 0.35

Table 2. PAE, PA-SME, and SME of chlorhexidine with oral bacteria

hr in L . acidophilus . Interestingly, the PAE against S . gordo-

nii and L . acidophilus lasted for shorter durations than PAE

Treatment

against S . mutans .
The time for which PA-SME lasted for oral bacteria increased as the concentration of chlorhexidine increased.
Furthermore, the time for which PA-SME lasted for oral
bacteria was substantially longer than that for which SME
Table 1. Minimal inhibitory concentration determined by macro dilution method
Bacteria

Chlorhexidine (µg/mL)

Streptococcus mutans ATCC 25175
Streptococcus gordonii DL1
Lactobacillus acidophilus ATCC 4355

4.1
16.6
33.1
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PAE
PA-SME
0.1× MIC
0.2× MIC
0.3× MIC
SME
0.1× MIC
0.2× MIC
0.3× MIC

Streptococcus
mutans
ATCC 25175

Streptococcus
gordonii
DL1

Lactobacillus
acidophilus
ATCC 4355

0.90±0.50a

0.10±0

0.35±0.05

1.90±0.50
2.70±0.80
3.45±1.45

0.25±0.05
0.45±0.15
0.75±0.05

0.85±0.05
2.15±0.45
3.70±1.00

0.75±0.25
1.50±0.10
1.85±0.35

0.08±0.08
0.40±0.10
0.70±0.10

0.40±0.40
0.90±0.20
2.25±1.25

Values are presented as mean±standard deviation. Values are averages
from two experiments.
PAE, post-antibiotic effect; PA-SME, post-antibiotic sub-minimum
inhibitory concentration (MIC) effects.
a
Duration (hr) of the effect.
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Fig. 1. Post-antibiotic effect (PAE) and post-antibiotic sub-minimum inhibitory concentration (MIC) effects (PA-SMEs) (A), and SMEs (B) of
chlorhexidine in oral bacteria. The PAE was induced by 10× MIC chlorhexidine for 1 min, and chlorhexidine was eliminated by washing. The
PA-SMEs were studied by the addition of 0.1, 0.2 and 0.3× MIC during the post-antibiotic phase, and the SMEs were studied by exposure of the
bacteria to chlorhexidine at the sub-MICs only. Values indicate means of two experiments and the error bars indicate standard deviations of the
mean. OD660, optical density at 660 nm.
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different combinations of bacteria and antibiotics show

reducing the side effects of this antimicrobial agent.

different PAEs [1]. It is also possible that the drug concen-

In conclusion, the present study revealed the PAE, PA-

tration, the growth phase of the bacteria, the duration of

SME, and SME of chlorhexidine against S. mutans , S. gordo-

antibiotic exposure, and the method of drug removal could

nii , and L. acidophillus . Chlorhexidine induces a significant

be responsible for these differences. Li et al. [14] suggested

PAE and PA-SME in vitro, which may imply a longer ef-

that the major determinants of PAE were cellular recovery

fective period during treatment of the oral cavity. Further

from nonlethal damage following antibiotic exposure, the

studies are needed to clarify the in vivo and clinical sig-

times required for the dissociation of the antibiotics from

nificance of the PAE and PA-SME of chlorhexidine for oral

the receptors, production of growth inhibitory substances

bacteria prophylaxis.

in bacteria, and the effect on the DNA synthesis. The present study illustrates the existence of chlorhexidine-induced
PAE, PA-SME, and SME against S . mutans , S . gordonii , and

L . acidophillus , thereby reinforcing the pharmacodynamic
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advantages of chlorhexidine when targeting these bacteria.
In most antibiotic-bacterium combinations, the drug
concentration will fall below the MIC during the dosing
interval. Additionally, a supra-inhibitory concentration of a
drug will always be followed by sub-MICs in vivo. Growth
suppression periods during the post-antibiotic-phase may
occur because it is impossible to eliminate all of the drug at
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once in vivo. Although the PAE and PA-SME of chlorhexidine were observed in this study, the in vivo effects remain
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