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Based on the theory to characterize the bacteriostatic and bactericidal actions of drugs

proposed by Takahashi.!” further theoretical considerations were attempted on the bactericidality

of a drug and its concentration dependence. An index term to show the bactericidality as a

function of drug concentration was defined and the concentration dependence was graphically

drawn on the basis of inhibitory parameters determined calorimetrically. The result was obtained

that if the parameters characterizing the apparent cooperativity in drug actions obtained from

the growth rate is different from those obtained from the growth retardation, the bactericidality

changes largely depending on the drug concentration. The result was also found to be consistent

with the observation for some drugs where the SC/ plot defined previously! does not show a

straight line, but exhibits an upward curvature.

1. Introduction

In one of the preceding reports from the present
authors group it was shown that bacteriostatic and
bactericidal actions of antimicrobial drugs can be
qualitatively characterized by a calorimetric method.?
It was found that these two actions are given as a change
in pattern of growth thermograms that are observed
with growing cultures of microbes in growth media
containing various amounts of drugs.> Moreover. based
on that finding, Takahashi made a proposal to introduce
the "bacteriostatic/bactericidal index, SCI”, an index term
to show how a drug action is characterized in terms of
a proportion of bacteriostatic action over the entire actions

for a given drug and showed that it can be easily given

by the slope of a plot when the specific growth activity
H/um is plotted against the specific growth retardation
1a{0)/1a(i). both being obtained from the growth
thermograms.'’ According to this proposal, a drug having
purely bacteriostatic effect has a value of SCI=1.0,
whereas the one having purely bactericidal effect has a
value of SCI=0. It was also shown that many existing
drugs have SCI values between O and 1.0, depending
on the kind of their characteristic features related to
the action mode on bacterial cells. Thus the method
proposed enabled to characterize the nature of
antimicrobial drugs in terms of the bacteriostatic and
bactericidal actions and the values of SCI were actually
determined and shown for various drugs.!

However, in the above method, only the apparent

Abbreviations used: SCI, bacteriostatic-bactericidal index / MIC, minimum inhibition concentration / butylparaben,

p-hydroxybenzoic acid propyl ester / QI15, cis-isomer of [-(-3-chloroallyl)-3,5.7-triaza- 1-azoniaadamantane-chloride,

N-(3-chloroallyl)-hexammonium chloride. Quarternium 15 or Dowicil 200 as a commercial name / [DU, imidazolidinyl
urea, Germal 115 as a commercial name / Triclosan. 2.4.4"-Trichloro-2'-hydroxydiphenylether / DMH, 1.3-dimethylol-
5,5-dimethylhydantoin. 1,3-bis-(hydroxymethy)-5.5"-dimethyl-2.4-imidazolidinedione, Dimethyloldimethylhydantoin or

DMDM hydantoin.
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Table 1 Antimicrobial drugs and their inhibitory parameters used for the calculation.

drug microbe N K niy k> > MIC, ref.
butylparaben S. cerevisiae 1.02 2005.33 1.629 752.90 1.442 0.0101 % 7.9
sodium bennzoate Asp. oryzdae 0.74 0.0227 0.0587 0.0377 0.634 176 mM 8
Qs K. pneumoniae 0.17 121.64 1.370 591.2 1.363 0.00926 % 2
DU K. pneumoniae 0.06 0.321 0.624 547.6 1.978 0.0413 % 2
Triclosan K. pneumoniae 0.34 1.0610e7 3.64 1715.09 1.617 0.0100 % 9
DMH K. pneumoniae 0.17 1410.95 2.281 29.52 0.953 0.0287 % 9

All of the parameters were determined from the growth thermograms observed for the growing culture of the each strain in medium

containing the drugs. The parameters are defined in equations (2) and (3) and were determined by regression analysis either on the

specific growth activity i/fm or the specific growth retardation 1.{0)/r4(i). MICs is the minimum inhibition concentration as

determined from the specific growth retardation on the basis of the equation (5).

proportion of bacteriostatic action involved in the entire
actions of an antimicrobial drug is given and it provides
no information about its dependence on drug
concentrations. In another word, SC/ itself is the value
derived with the assumption that the antimicrobial action
of drugs is not a function of drug concentration.

For this reason, in order to characterize the
antimicrobial action of drugs more quantitatively. the
theory presented by Takahashi’ has been developed
further and a new additional parameter, bactericidality
o, was defined to show the concentration dependence
in the property of drug actions. The bactericidality o
actually obtained for various antimicrobial drugs will

be shown as a function of the concentration.
2. Materials and Methods

Antimicrobial actions of drugs were calorimetrically
studied using a multiplex batch calorimeter and the inhibitory
parameters were determined on the basis of the method described
in the previous works.*® The antimicrobial drugs dealt with
in the present paper for model calculation were: butylparaben,
sodium benzoate, imidazolidinyl urea (IDU). Quarternium
15 (Q15), Triclosan and DM hydantoin (DMH). Ali of the
calorimetric data for these drugs were taken from the works
done by the present authors group.2”*” The inhibitory parameters
used for the calculation are summarized in Table 1 together

with their literature sources.
3. Results and Discussion

In Fig.1 the SCT plot obtained for 6 different drugs.
butylparaben, sodium benzoate, QI5. IDU. Triclosan and

DMH, are shown. All of the data sets used in the plot
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Fig.1 SCI plots made for the drugs: butylparaben.

sodium benzoate, Q15, IDU, Triclosan. and DMH.

are reproduced from the calorimetric studies previousiy
reported (see references given in Table 1). As can be
seen in the plots, butylparaben have a slope of almost
1.0 with the indication that it has a strong bacteriostatic
action. The SCI value of butylparaben actually obtained
as the slope of the plot by regression analysis was 1.02.7
Similarly sodium benzoate is found to have a SCI value
of 0.74,b thus being also of bacteriostatic nature. but
not as much as that of butylparaben. In contrast to the
above two cases, the plots for Q15, IDU, Triclosan and
DMH obviously have less steep stope. Although the data
points are rather scattered, it is possible to determine
the SCI value by regression analysis and they were
obtained to be 0.17, 0.06. 0.34 and 0.17 for Q15, IDU,
Triclosan and DMH, respectively.” This fact obviously
indicates that the four drugs act bactericidally rahter than
bacteriostatically and among them [DU exhibits almost

100 % bactericidality as evaluated from the SC/ value.
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From these results it may be concluded that the
antimicrobial actions of Q15, IDU, Triclosan and DMH
seem to be characterized by a strong bactericidal nature.
However, there is also a distinct difference in the plots
for Q15, IDU and those for Triclosan and DMH. While
the data points of QI5 and IDU seem to fall fairly
well on straight lines, the plots for Triclosan and DMH
do not seem to show a straight line, but obviously have
an upward curvature as shown by the solid lines. [t seems
probable to think that this feature with the upward
curvature suggests the involvment of more than two
antimicrobial actions having different potencies on
microbial cells and that the two drugs, Triclosan and
DMH,

concentration range, while the bacteriostatic nature also

act rather bactericidally at a lower drug
gradually appears with increasing the drug concentrations.
In another word the action pattern of Triclosan and DMH
is assumed to change with their concentrations.

In order to understand the above situation more
quantitatively further theoretical consideration was made
as follows. From comparison of the two parameters.
the specific growth activity and the specific growth
retardation. we define here the bactericidal contribution
relative to the bacteriostatic contribution (bactericidality)

of a drug by the following equation;

O = {Hillm 1OVl D)} {1 - 1l O 1eli)) (H

* In the preceding paper.” the potency curves were drawn

on the basis of equations

il i = L/ {14 K"} (4)

1Oty = 1/ {1+ / Ka)"®) (5)

where K, and K¢ are the 50 % inhibitory drug
concentrations dtermined from the growth rate constant
and the growth retardation, respectively. and m, and my
are the parameters related to the cooperativity in the
drug action evaluated from the growth rate constant
and the growth retardation. respectively.*® However,
with these equations the knowledge about the so-called
minimum inhibition concentration (MIC) can not be
mathematically given. For this reason and since we are
dealing with the MIC in the present paper. egs. (2) and
(3) which were defined to obtain the MIC value and to

draw the MIC curve?610-12 were employed.
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Fig.2  Graphic illustration of the bactericidality parameter.
The raito of {ui/ltn - te0V1a()} t0 {1 — 10V tali)}
is defined as the bactericidality o.

where the symbol o denotes the bactericidality and
M/ and to(0)/1o(i) denote the specific growth activity
and the specific growth retardation, respectively and

are defined by the following equations™®;

ﬂ|/ym =1 klim‘ (2)

tdOV1odi) =1 k™ (3)

The meaning of o given in equation (1) is that it is
geometrically defined as the ratio of a segment fi/tim —
10} 1541} to a segment | — 1(0)14i) which are represented
in model potency curves given in Fig.2.*

Using egs. (2) and (3), it is possible to draw the
potency curves for given sets of the parameters, k. m,
k> and m>. Examples are shown in Figs.3(a) and 3(b),
where the parameters used for the calculations are
summarized in Table 2. For convenience, the parameter
set, ky and m, were kept constant and only the set of
ki and m; were varied. In the calculation shown in
Fig.3(a), the parameter k; was taken as a variable and
iy was set to be constant, while the curves shown in
Fig.3(b) were drawn by taking m; as a variable and &
as the constant. Although the parameter values used
for the calculation have no specific biochemical
significance related to the action mechanism and they
are the ones empirically determined on the basis of
eqs. (2) and (3), one will sec from Fig.3 that the
parameters, k; and k» ., are related to the concentration
range of drug action and that the parameter, m; and
ny, are related to the cooperativity in the drug action.

If we employ a definition of the minimum inhibition
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Fig.3 Model calculations showing the concentration
dependence of either ui/tn {curves; a -f in (a)
and a, f, g —jin (b)} and 1(0)/1i) (dotted lines).
The t£0)1a(i) curves were drawn on the basis
of eq. (2), while the curves a —j were drawn
on the basis of eq. (3). All the curves correspond
to those calculated for parameters sets given
by notations a to j in Table 2.

concentration MIC to be the drug concentration at which
the microbial activity becomes zero, it will be obvious
from Fig.3 that the intercept of the plots on the x-axes
corresponds to the value of MIC. Consequently the
MIC values are mathematically determined by the

following equations*6.10-1%

MlCu _ (l /kl)(l/m,) (6)

MICo = (1 / k'™ (7

where MIC, and MICy are the minimum inhibition
concentration as evaluated from the specific growth
activity and the specific growth retardation, respectively.
Since the value of MICy is usually smaller than that of

MIC,, we will consider hereafter the drug action only
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Table 2 Parameters sets used for the theoretical
calculation of bactericidality.

case ky ny k> n
a i 1 1 I
b 0.8 ! | 1
c 0.6 1 1 1
d 0.4 1 1 1
€ 0.2 1 1 1
f 0.0 1 1 I
P I 15 o i
h 1 3.0 I i
i 1 6.5 i 1
i 1 12.0 i |

at a concentration range 0 <{<MICy.

For practical comparison of the above defined
bactericidality parameters ¢ among various drugs, it will
be convenient to use a reduced drug concentration ir.q rather
than the actual concentration /, where the reduced drug

concentration irq is defined by the following equation:

i/ MICq 8)

req =
Using egs. (2) to (8), eq. (1) is rewritten as follows:

O':] "(k|/k2)(M|C5)("" nl:)([/Mlca)tml Mo}
=1 "'(/\']/k})(l/kg)‘ml/,”: ])imd(m,

Hat

9

Eq. (9) indicates that using 4 experimentally
determined parameters, k. n1, k2 and m, it is possible
to predict the variation of o as a function of drug
concentration. Calculations were made for 10 given
sets of parameters corresponding to the cases shown in
Table 2 (the case a to h) and Fig.3 and the results
obtained are shown in Fig.4(a) and Fig.4(b). As can be
understood from eq. (9). only when m, =-m;, the value
of o is independent on drug concentration frs having a
value of | ~(ki/k>) as shown in Fig.4(a) and the larger
the k> value compared to the k; value, the more is the
bactericidality in the drug action. However, it should
be noted that the above assumption that m is equal to
m> does not seem to be appropriate in actual case. In
another word it is likely that in most cases the values
of m; and m> are not identical, but they generally differ
with each other. Model calculations made for the case
iy # nn are shown in Fig.4(b) (case g to j). In contrast
to the results shown in Fig.4(a). the values of o vary
over a wide range depending on the reduced drug

concentration frq, when my # mo.
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Fig.4 Bactericidality o as a function of reduced drug

concentration iqg. The lines, a -], were calculated
on the basis of eq. (9) by using the parameter sets
with the notations a —j listed in Table 2, respectively.
The each line corresponds to the potency curve of
model calculations (a -j) shown in Fig.3.

Thus it is reasonably assumed that the actual
situation is more complicated with most drugs than
what we are considering here and that the plot of ¢
against ir.¢ does not give a straight line with a definite
slope, but has a curvature, depending on the values of
ki, mi, k2 and m,. The result shown in Fig.4(b) also
indicates that the difference in the apparent cooperativity
in drug action evaluated from the u/pw and 1o£0)/14(1)
values plays an important role in characterizing the nature
in antimicrobial actions.

Furthermore, the present consideration provides
some more theoretical basis in the SCI plot proposed
in the preceding paper'’. Based on egs. (2) and (3). we

have the relation

Hiltim = 1=~k [ k) {110 O) ro{i) } ]2 (10)

Eq. (10) is a general equation to show the relationship
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Fig.5 SCI plot of the model calculations made for the
parameter sets with the notations a -j listed in
Table 2. The each plot corresponds to the potency

curve of model calculations a —j shown in Fig.3.

between i/t and 12(0)/1.(i) and indicates that the SCI
plot can be made by using the parameters k;, m;, k2
and m that are determined by regression analysis on
egs. (2) and (3).

In the case of a condition where nt; =m», eq. (10)

is rewritten as

Ml = Ckitk2) {1l 0) i)} + (L~ kilk2) an

Thus the plot of u/um versus 1(0)1a(i) gives a
straight line with a slope of (ki/k2). The results of
model calculation are shown in Fig.5(a) where the
calcuation is made by using the parameter sets (a - f)
given in Table 2. This fact indicates that, strictly speaking,
the SCI value obtained as the slope of SCI plot is valid
only when mi=m: and is equal to (ki/ky).

On the other hand, in the case of m;+m,, the
situation is quite different. Model calculations were made

for the parameter sets (g —j) given in Table 2 and the



10 b \
":;“h““‘--\\_\\\\‘\‘ DU
08
(IIS DMH
08} <
Triclosan

Na-benzoate

bactericidality, o

0.0 L 5 L L

9.2 04 0.6

fred

Fig.6 Bactericidality o as a function of reduced drug

concentration i obtained for the six drugs on
the basis of eq. (9) by using the parameter sets
listed in Table 1. The drugs are; butylparaben,
sodium benzoate, Q15, IDU, Triclosan, and DMH.

results are shown in Fig.5(b) where the parameter k| was
set to be equal to the parameter k; just for convenience.
As can be known from Fig.5(b), all of the plots do not
show a straight line but are characterized by an upward
curvature.

It would be clear from eq. (10) that the characteristic
feature with upward curvature does not come from the
condition kj =k, but stems from the condition m + ru.
In fact, the SCI plot for Triclosan and DMH shown in
Fig.1 are the reflection of this matter and the solid
lines are those actually drawn on the basis of eq. (10)
by using the parameter sets given in Table 1.

Based on the consideration described above. the
experimental results on actual drugs shown in Fig.1 can
be discussed more in detail in terms of the characteristic
features of their bactericidality as a function of
concentration. The variation of ¢ was calculated on the
basis of eq. (9) and is presented in Fig.6. The calculation
of o was made by taking i..¢= 0.1 as the lowest
concentration, since no drug action is present at i =0.

It can be secen that butylparaben has a lower
value over a whole range of its concentration, indicating
that its action is less bactericidal. Also it should be noted
that at a concentration range is< 0.5, a slightly
bactericidal contribution, though minor. is involved to
a maximum extent of about 30 %. In total it may be
concluded that butylparaben is of a strong bacteriostatic
nature, being qualitatively consistent with the SC/ vaijue
of 1.02 (Table 1) known from the SC/ plot reported in
the preceding paper.”
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On the other hand, the values of o for QI5, IDU,
Triclosan and DMH are higher, indicating that all of
them are of a strongly bactericidal nature. This result
again coincides with the SC/ values reported before
(Table 1). In contrast to the above two cases, the value
of o for sodium benzoate is near around 0.2 and 0.3,
being bacteriostatic but not as much as that of
butyiparaben. This result again agrees with the value
of SCI=0.74 (Table 1). Thus all the values of o
calculated for the 6 drugs on the basis of eq. (9)
qualitatively agree with the SC/ values obtained simply
by comparing the specific growth activity with the specific
growth retardation in the form of "SCI plot".?

However, the present finding shown in Fig.6
provides more important aspect about the drug action.
While with the 4 drugs, butylparaben, sodium benzoate,
Q15 and IDU, the values of o do not vary extensively
over the concentration range, those for Triclosan and
DMH decrease from | to 0.45 (Triclosan) and to 0.63
(DMH) with increasing their concentraticn. Thus both
Triclosan and DMH acts rather bactericidally at low
concentration range, but the bacteriostatic nature also
gruadually comes out at higher concentration range.
amounting to about 50 % at the concentration range
near at their MICa.

The action mechanisms of these two drugs are
not known in detail and consequently it is not possible
to explain this change in bactericidality in molecular
terms. However, as discussed earlier, it is reasonable
to consider that most antimicrobial drugs bind to more
than one binding sites in microbial cells and that this
would be especially the case with Triclosan and DMH.
In that case, the present result is reasonably explained
by the following manner: the drug binds to at least two
binding sites and its binding to one of the binding sites
having a higher affinity towards the drug causes the
lethal effect, while the binding to the other site having
less affinity affects to repress the metabolic activity
and as a result the presence of the two binding modes
with the different affinity leads to the variation of
the

the bactericidal

bactericidality with concentration which is

characterized by nature at lower
concentration and the increasing bacteriostatic contribution
at higher concentration.

From the above consideration we believe that the

theory developed here can be employed to characterize
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the inhibitory action of various antimicrobial drugs.
Furthermore it should be noted that the discussion made
above is applicable not only to the antimicrobial actions
of chemicals, but also to various culture conditions which
affect on the growth behavior of various microbes.
Such the conditions are, for example, UV and gamma-
ray irradiations, electric pulse. electronic beam and so
on. Much information will be obtained when the theory
shown here is applied to such the systems including
the industrial application for the practical control of

the microbes.
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