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In this study, we propose a simple and reproducible host-cell-based assay for the screening of antimyco-
bacterial drugs that is suitable for drug discovery. The method evaluates both antimycobacterial activity of the
drugs and their cytotoxicity to host cells. The basis of this simple fibroblast-based assay (SFA) is that cells of
human lung fibroblast cell line MRC-5, which are highly sensitive to mycobacterial cytotoxicity, are killed by
virulent Mycobacterium tuberculosis strain H37Rv bacilli in response to the viability of bacilli. Clinically used
antimycobacterial drugs inhibited the mycobacterial cytotoxicity to MRC-5 cells in a dose-dependent manner.
MICs of isoniazid, streptomycin, rifampin, and ethambutol determined by this SFA (0.428, 1.816, 0.013, and
3.465 �g/ml, respectively) were within 1 log of MICs determined by the broth dilution test (BDT) using
Middlebrook 7H9 medium. The MIC of pyrazinamide, which exhibits bactericidal activity only at a high dose
by BDT (1,231 �g/ml at pH 6.6 and 492 �g/ml at pH 5.8), was 3.847 �g/ml in the modified method of SFA. On
the other hand, sodium azide, a toxic agent for both mammalian cells and bacteria, exhibited cytotoxicity to
fibroblasts at a dose lower than that required to inhibit mycobacterial growth. Thus, this fibroblast-based
method enabled us to evaluate both antibacterial activity of drugs and their cytotoxicity to human cells within
a short period of time.

Tuberculosis is among the most severe of infectious diseases
in the world. One-third of the world population is estimated to
be latently infected with this pathogen. By current estimates,
nearly 2 billion people in the world have been exposed to the
bacillus (17, 20). An increase in the number of people having
double infections with Mycobacterium tuberculosis and human
immunodeficiency virus warns us about the consequences of
such and therefore emphasizes the importance of controlling
tuberculosis infection (18). Furthermore, the emergence of
multidrug-resistant strains of M. tuberculosis has led to the
expansion of this disease. The World Health Organization has
declared as a priority the need to immediately control tuber-
culosis infection to prevent the spread of drug-resistant strains
(35). More than 14 antimycobacterial drugs are currently avail-
able for tuberculosis patients and are indispensable to prevent-
ing progression of the disease. Uncontrolled usage or abuses of
these strong medicines generates drug-resistant strains (35).
Therefore, the need to develop new antibiotics for tuberculosis
is inevitable.

As a first step towards the development of new antibiotics,
the bactericidal activities of a large number of candidates have
to be tested. Currently, candidates are tested by inhibition of
the growth of bacteria in a liquid or solid media. However,
there are difficulties in the assay because of the slow growth
rate of M. tuberculosis. To address the problem associated with
current methods of antimycobacterial drug screening, new

screening methods need to be developed. The radiometric
BACTEC 460 system contributed indeed to determine the
susceptibility of mycobacteria to tested drugs more rapidly for
the last few decades (3, 13, 16), but the requirement of a large
number of bacteria, lack of high-throughput format, and re-
quirement for radioisotope disposal all limit its usefulness for
mass screening. Recently, there have been reports of a number
of mycobacterial drug susceptibility assays using reporter
genes, such as luciferase, �-galactosidase, and green fluores-
cent protein, and an oxygen-quenched fluorescent indicator (1,
2, 5, 15, 19, 25, 29, 30, 31, 36). Microplate Alamar Blue Assay
and Mycobacterium Growth Indicator Tube, MB/BacT, and
EPS II are also sensitive and rapid methods for screening
antimycobacterial drugs against slow-growing mycobacteria (6,
24, 26, 34). However, antimycobacterial activity of prodrug,
which is activated within host cells, is not detectable in the
direct growth-inhibitory assay. Moreover, easily metabolized
compounds are not effective within host cells. Another prob-
lem that the drug implementers encounter is the issue of tox-
icity and efficacy of these candidates in an animal model, which
usually takes more than 6 weeks to determine. Here we pro-
pose a simple and rapid fibroblast-based method to evaluate
new drug candidates by taking into consideration both antimy-
cobacterial activity to M. tuberculosis and cytotoxicity to human
cells.

MATERIALS AND METHODS

Reagents. Fetal bovine serum (FBS) was purchased from JRH Biosciences
(Lenexa, Kans.). Isoniazid (INH), streptomycin (STR), rifampin (RIF), etham-
butol (EMB), and pyrazinamide (PZA) were purchased from Sigma (St. Louis,
Mo.). Unless specifically indicated, all other reagents were obtained from Sigma.
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Cell culture. Human embryonic lung fibroblast cell line MRC-5 (ATCC
CCL171) was maintained in RPMI 1640 medium containing 15 mM HEPES and
10% heat-inactivated FBS.

Organisms. M. tuberculosis strain H37Rv (ATCC 25618) was purchased from
American Type Culture Collection (ATCC; Manassas, Va.). Bacteria were
grown in Middlebrook 7H9 medium supplemented with 0.05% Tween 80 and
10% ADC (Difco, Detroit, Mich.) at 37°C under biosafety level 3 conditions.
Bacterial culture medium was prepared with endotoxin-free materials. The via-
bility of the bacilli was determined by colony assay on Middlebrook 7H11 agar
plates. Killed bacilli were prepared by treatment with INH (10 �g/ml) and STR
(100 �g/ml) for 24 h at 37°C.

Measurement of LDH release from MRC-5 cells. Briefly, MRC-5 cells were
cultured with live M. tuberculosis H37Rv bacilli for 3 days, and then the culture
supernatants were collected and filtered through a 0.22-�m-pore-size filter.
Then, lactate dehydrogenase (LDH) in the supernatant was measured by the
cytotoxicity detection kit (Roche, Mannheim, Germany). Percent cytotoxicity
was calculated by following the instructions for the kit.

Measurement of both bactericidal activity and cytotoxicity of drugs to MRC-5
cells. Cells were plated in 96-well flat-bottom microtiter wells, at 2 � 104 cells per
well in 100 �l of the culture medium, and then 50 �l of the culture medium
containing drugs was added. Four hours later, 50 �l of the RPMI medium
containing a suspension of M. tuberculosis H37Rv (0 to 100 organisms/cell) was
added. Three days after the addition of mycobacteria, the supernatant was
removed. The cells were fixed in methanol for 1 min, stained with 0.75% crystal

violet for 5 min, and rinsed with water. Then, 100 �l of 1% SDS was added to
each well to dissolve the dye, and the optical density (OD) at 595 nm was
determined using an enzyme-linked immunosorbent assay reader. Error bars
indicate standard deviation (SD).

Percent cytotoxicity was calculated as follows: percent cytotoxicity � [100 �
(OD of sample/OD of control)] � 100%. The wells without bacteria were used
as control. Relative percentage was calculated as follows: relative percentage �
(OD of sample/OD of control) � 100%.

The wells without both bacteria and antituberculosis drugs were used as
control. The crystal violet staining is conventionally used for measuring host cell
viability of adherent type tissue culture cells (11). All of the detached cells were
dead as determined by trypan blue dye exclusion, indicating that the crystal violet
staining method detected cytotoxicity.

In vitro broth dilution method to measure MICs of antimycobacterial drugs.
The broth dilution method for the measurement of MICs was carried out ac-
cording to the method described by Wallace et al. (33). Briefly, 100 �l of the drug
solution twofold serially diluted with Middlebrook 7H9 broth medium supple-
mented with 0.05% Tween 80 and 10% ADC were prepared in a 96-well plate,
and then 100 �l of the broth medium containing 1 � 104 to 2 � 104 organisms
was added. Then, the plate was incubated at 37°C for 2 weeks.

Definition of MIC in SFA and BDT. In the simple fibroblast-based assay
(SFA), MIC is defined as the minimal dose of drugs exhibiting s statistically
significant inhibitory effect on the bacterial cytotoxicity as examined by the
fibroblast cell viability. In the broth dilution test (BDT), MIC is defined as the

FIG. 1. Live virulent bacilli of M. tuberculosis strain H37Rv exhibit cytotoxicity to human lung fibroblast MRC-5 cells. MRC-5 cells were cultured
with live (closed column) or killed (open column) bacilli of M. tuberculosis strain H37Rv. (a) Crystal violet stain. The viability of MRC-5 cells was
measured by staining with crystal violet on day 3. (b) LDH release. Mycobacterial cytotoxicity was also determined by LDH release from MRC-5
cells on day 3. (c) Time course. MRC-5 cells were cultured with live M. tuberculosis H37Rv bacilli for up to 5 days. ● , MOI of 100:1; Œ, MOI of
10:1; �, MOI of 1:1; E, MOI of 1:10. The assay procedure and method of computing percent cytotoxicity are described in Materials and Methods.
The results are the means � SD of six wells. Experiments were carried out more than three times, and representative data are shown. Data were
analyzed by paired t test compared with control cells containing no bacilli. �, statistical significance (P � 0.01) versus the cells without bacteria.
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lowest concentration of agents that inhibit visible growth of the bacteria. The
partial reduction in turbidity was scored as negative.

Colony assay from tissue culture medium and MRC-5 cell lysate after infec-
tion with M. tuberculosis H37Rv. M. tuberculosis H37Rv (106 organisms/ml) bacilli
were cultured in 200 �l of tissue culture medium (RPMI 1640 containing 10%
FBS) in a 96-well plate for the indicated period (see Fig. 4a) in the presence or
absence of INH (10 �g/ml). The medium containing bacilli was collected at each
time point and inoculated on Middlebrook 7H11 agar plates.

In other experiments (see Fig. 4b and c), MRC-5 cells (4 � 104 cells/well in a
six-well plate) were cultured with H37Rv (multiplicity of infection [MOI], 50:1) in
the presence or absence of INH (10 �g/ml) for the indicated period. As shown
(see Fig. 5), MRC-5 cells were infected with the bacilli for 24 h, then the host
cells were washed three times with phosphate-buffered saline (PBS), and then
fresh tissue culture medium with or without antimycobacterial drugs (INH or
PZA) was added. After 3 days of culture, the cells were washed three times with
PBS and then lysed with lysis buffer (0.1% NP-40, 150 mM NaCl, 100 mM
HEPES [pH 7.5]). The lysates were inoculated on Middlebrook 7H11 agar plates
after dilution. The colonies on the plate were counted after 2 weeks of incubation
at 37°C.

RESULTS

Live virulent cells of M. tuberculosis strain H37Rv exhibit
cytotoxicity to human fibroblast cell line MRC-5. We have
previously reported that among human cell lines, including
U937 (monocyte), THP-1 (monocyte), HL-60 (myeloid), and
A549 (lung epithelium), human lung fibroblast cell line MRC-5
is most susceptible to the cytotoxicity of virulent M. tuberculosis
strain H37Rv, and this cytotoxicity is observed in live, but not
dead, bacilli (32). When MRC-5 cells were cultured with live
H37Rv bacilli, the cells were killed in a dose-dependent man-
ner (Fig. 1). In contrast, the bacilli that were treated with INH
and STR exhibited no cytotoxicity. Likewise, the live bacilli
induced the release of LDH from infected cells, whereas drug-
treated bacilli did not release any LDH (Fig. 1b), confirming
the cytotoxic effect of the live bacilli. This bacterial cytotoxicity
was observed according to the MOI (Fig. 1a). A time course
experiment showed that the mycobacterial cytotoxicity became
obvious on the second day after infection (Fig. 1c). During the
assay period, control MRC-5 cells did not proliferate because
the cell growth was inhibited by contact inhibition. The net
absorbances at 595 nm of control cells stained with crystal
violet at the time points from day 1 to 5 were 0.74 � 0.02, 0.77
� 0.04, 0.79 � 0.02, 0.76 � 0.09, and 0.79 � 0.09.

Antimycobacterial drugs inhibit mycobacterial cytotoxicity
to MRC-5 cells. As the bacterial cytotoxicity correlates with
bacterial viability, we next investigated whether clinically used
typical antimycobacterial drugs can inhibit the cytotoxicity. We
utilized MOI (50:1) because it yielded a reproducible semi-
maximal cytotoxic effect. When MRC-5 cells were cultured
with or without live M. tuberculosis H37Rv in the presence of
antimycobacterial drugs INH, STR, RIF, or EMB, the cyto-
toxicity was inhibited in a manner depending on the dose of
drugs (Fig. 2). MICs determined by SFA and BDT are shown
in Table 1. The MIC determined by SFA was defined as the
minimal dose of agents exhibiting an inhibitory effect on bac-
terial cytotoxicity as measured by the viability of fibroblasts,
while the MIC determined by BDT was defined as the lowest
concentration of agents that inhibited visible growth of the
bacteria. MICs of INH, STR, and EMB by SFA were 0.428,
1.816, and 3.465 �g/ml, respectively. The BDT/SFA MIC ratios
were within 1 log for INH, STR, RIF, and EMB. These results
indicate that this host cell-based assay can evaluate the anti-
mycobacterial activities of drugs within host cells. Next, we

investigated the effect of a typical toxic compound on the host
cells under this assay system. Sodium azide (SA), an energy
uncoupler, killed bacilli at a concentration of 40.63 �g/ml (Ta-
ble 1). SA not only inhibited bacterial growth but also exhib-
ited cytotoxicity to host cells at lower concentrations (Fig. 2e).
First-line antituberculosis drugs, such as INH, STR, RIF, and
EMB, did not exhibit any cytotoxicity to host cells at the indi-
cated concentrations. These results indicate that SFA can eval-
uate both bactericidal activity and cytotoxicity to host cells.

Evaluation of inhibitory effect of PZA on mycobacterial cy-
totoxicity to MRC-5 cells. We also investigated antimycobac-
terial effect of PZA by SFA. In a preliminary experiment,
MRC-5 cells were cocultured with the bacilli and PZA for 3

FIG. 2. Evaluation of both bactericidal activity and cytotoxicity to
MRC-5 cells of antimycobacterial drugs. MRC-5 cells were cultured
for 3 days without (E) or with (F) live M. tuberculosis H37Rv bacilli at
an MOI 50:1 in the presence of antimycobacterial drugs INH (a), STR
(b), RIF (c), EMB (d), and SA (e) at the indicated concentrations of
each. Relative percentage demonstrates the viability of MRC-5 cells.
The absorbance of control cells, which were cultured in the medium
containing no drugs and no bacilli, was set as 100%. The assay proce-
dure and method of computing relative percentage are described in
Materials and Methods. The results are the means � SD of six wells.
Experiments were carried out more than three times, and representa-
tive data are shown. Data were analyzed by t test compared with
control cells containing no bacteria and no drug. �, statistical signifi-
cance (P � 0.01) versus the cells without bacteria.
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days; however, inhibitory effect of PZA was not observed (Fig.
3a). Measuring the bactericidal activity of PZA in vitro is
difficult and controversial (9, 12). Acidic condition in phagoly-
sosome is required for PZA to exhibit its antibacterial activity
(27, 37). Indeed, PZA exhibited antibacterial effect at pH 5.8
but not at pH 6.6 in 7H9 broth medium (Table 1). Therefore,
it may not be surprising that PZA did not inhibit mycobacterial
cytotoxicity by this method (Fig. 3a) because the pH of the
tissue culture medium was 7.4. We therefore modified the
assay. When MRC-5 cells were exposed to M. tuberculosis
H37Rv for an initial 6, 12, 24, or 72 h during the entire 72-h
culture, the percent cytotoxicity was 26.20% � 5.7%, 60.40%
� 7.20%, 79.90% � 3.10%, and 87.10% � 0.80%, respectively.
Therefore, in the modified method, MRC-5 cells were exposed
to the live bacilli for 12 h, the extracellular bacilli were washed
out, and then the cells were cultured for 3 days in fresh me-
dium containing varyious concentrations of PZA (Fig. 3b). In
this culture condition, as expected, the bacterial cytotoxic level
was low compared to that depicted in Fig. 3a because MRC-5
cells were exposed to the bacilli for only 12 h. Under these
conditions, the inhibitory effect of PZA on mycobacterial cy-
totoxicity was observed even at low doses (Fig. 3b). The MIC
of PZA by this modified method was 3.847 �g/ml, which was
128-fold lower than that obtained by the BDT method at pH
5.8. These results indicate that the modified SFA can evaluate
antimycobacterial activity of PZA to M. tuberculosis within host
cells.

Inhibitory effect of antimycobacterial drugs on bacterial cy-
totoxicity is dependent on bacterial viability both inside and
outside MRC-5 cells. Next, we investigated whether the inhib-
itory effect of antimycobacterial drugs on the cytotoxicity to
MRC-5 cells is correlated to the viability of the bacilli inside

MRC-5 cells. M. tuberculosis H37Rv bacilli were cultured in
either the host-cell-free medium or medium containing MRC-5
cells with or without INH, and the number of viable bacilli in
the medium, in culture supernatants, or within the host cells
was determined. INH reduced bacterial number in both host-
cell-free medium and the culture supernatant in a time-depen-
dent manner (Fig. 4a and b). Antimycobacterial effect of INH
on internalized bacilli was also observed at 24 h after infection
(Fig. 4c). In drug-free conditions, the colony assay indicated
that the bacilli scarcely multiplied in the tissue culture medium
(Fig. 4a). In the presence of host cells, the bacterial number in
the culture supernatant at 48 and 72 h decreased (Fig. 4b).
Conversely, the bacterial number in the cell lysate increased at
48 and 72 h (Fig. 4c). These results showed that phagocytosis
occurred even at 48 h and there was almost no multiplication
of bacilli at the indicated time. Furthermore, we determined
whether INH or PZA can reduce the bacterial number inside
the infected cells. MRC-5 cells were exposed to the bacilli in
the absence of antimycobacterial drugs for 24 h so that the
bacilli are phagocytosed. After washing out the bacilli remain-
ing in the medium, the cells were cultured with various con-

FIG. 3. Measurement of inhibitory effect of PZA on mycobacterial
cytotoxicity by modified method of SFA. (a) Coculture with bacilli and
PZA. MRC-5 cells were cultured without (E) or with (F) M. tubercu-
losis H37Rv bacilli at an MOI of 50:1 in the presence of PZA at the
indicated concentrations for 3 days. (b) Culture with PZA after infec-
tion. MRC-5 cells were precultured without (E) or with (F) M. tuber-
culosis H37Rv bacilli at an MOI of 50:1 for 12 h, and then the cells were
washed to remove bacilli remaining in the culture medium. Then, the
cells were cultured for 3 days in the presence of PZA at the indicated
concentrations. The results are the means � SD of six wells. Experi-
ments were carried out more than three times, and representative data
are shown. Data were analyzed by t test compared with control cells
containing no bacteria and no PZA. �, statistical significance (P �
0.01) versus the cells without bacteria.

TABLE 1. Comparison of MIC of antimycobacterial agents as
determined by BDT and SFA

Reagents
MIC (�g/ml) MIC of SFA/

MIC of BDTBDTa SFAb

Antibiotics
INH 0.107 0.428 4
STR 0.227 1.816 8
RIF 0.026 0.013 1/2
EMB 1.733 3.465 2
PZA 1,231 (pH 6.6)c 	123.1

492 (pH 5.8)d 3.847 1/128

Other agent
SA 40.63 20.32 1/2

a MIC was obtained by the BDT by using Middlebrook 7H9 medium supple-
mented with 0.05% Tween 80 and 10% ADC. MIC determined by the BDT is
defined as the lowest concentration of agents that inhibited visible growth of the
bacteria. The partial reduction in turbidity was scored as negative.

b MIC was obtained by SFA. MIC determined by SFA is defined as the
minimal dose of drugs exhibiting a statistically significant inhibitory effect on the
bacterial cytotoxicity as examined by fibroblast viability. The values demonstrate
statistically significant inhibition (P � 0.01) of the mycobacterial cytotoxicity.
These assay procedures are described in Materials and Methods. The values are
means from six wells.

c M. tuberculosis H37Rv bacilli were cultured in 7H9 broth at pH 6.6.
d The bacilli were cultured in 7H9 broth at pH 5.8.
e MRC-5 cells were cultured with bacilli in the presence of PZA for 3 days.
f MRC-5 cells were infected with bacilli for 12 h at an MOI of 50:1. The culture

medium was replaced by fresh medium without bacilli, and then the cells were
cultured with PZA for 2 days.
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centrations of INH or PZA for 3 days, and then the bacterial
number in the cell lysate was determined by colony assay using
7H11 agar plate. Both drugs reduced the bacterial number in
a dose-dependent manner (Fig. 5a and b). The MICs of INH
or PZA obtained from the colony assay were not statistically
different from those obtained by SFA (Table 1). Taken to-
gether, the results suggest that the bacterial cytotoxicity is
correlated to the viability of bacilli inside MRC-5 cells but not
to bacterial growth.

DISCUSSION

There are several methods in use to evaluate the antimyco-
bacterial activity of drugs in vitro and in vivo. Currently used
methods for the evaluation of compounds for antimycobacte-
rial activity in vitro require CFU determinations. In vivo activ-
ities of these compounds can also be evaluated by CFU deter-

minations in organ homogenates from infected animals. Such
experiments generally require an incubation period of 3 to 4
weeks before colonies can be accurately counted. Because
these studies are extremely laborious, require multiple serial
dilutions, and use large numbers of agar plates or culture
tubes, it is difficult to test more than a few compounds in any
one experiment. Nowadays, radiometric methods based on the
measurement of 14CO2 release from a radiolabeled metabolic
substrate, such as 14C-palmitic acid (BACTEC TB 460 system),
or measurement of enzymatic activity of a reporter gene as a
measure of killing activity inside macrophage cell line (1, 3, 22,
29) contribute to evaluating drugs rapidly, but these are still of
limited use. One of the problems associated with these assays
is the unavailability of case facilities for isotopic measurement
or the high cost and inconsistencies in the ATP assays.

Methods based on reporter genes, such as �-galactosidase
(30, 31) and luciferase (1, 2, 5, 14, 25), are rapid and sensitive

FIG. 4. Time-dependent effect of INH on mycobacterial viability in MRC fibroblasts. (a) Colony assay of the bacilli in tissue culture medium
alone. M. tuberculosis H37Rv bacilli (106 organisms/ml) were cultured in 200 �l of tissue culture medium (RPMI 1640 containing 10% FBS) in a
96-well plate for the indicated period in the presence or absence of 10 �g of INH/ml for the indicated period. (b) Colony assay of bacilli in the
culture supernatant. (c) Cell lysate. MRC-5 cells (4 � 104 cells/well in a six-well plate) were cultured with H37Rv (MOI, 50:1) in the presence (F)
or absence (E) of 10 �g of INH/ml for the indicated period. Culture supernatant and cell lysate were obtained at each time point, and then the
number of viable bacilli was determined by the colony assay. The results are the means � SD of six wells (a) or three independent experiments
(b and c). Data were analyzed by t test compared with control cells cultured without INH at 3 h. �, statistical significance (P � 0.01) versus the
cells without bacteria.
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and the results correlate well with those of culture-based meth-
ods. However, these methods require recombinant bacilli, and
various factors affect the measurement of the enzymatic activ-
ity. To eliminate the procedure for measuring enzymatic activ-
ity, a method using green fluorescent protein gene was recently
reported (29, 36). However, measurement of both the antimy-
cobacterial effect on the bacilli within host cells and cytotoxic
effect of drugs on host cells cannot be performed.

To study the antimycobacterial activities of drugs, here we
propose a host-cell-based assay which evaluates both antimy-
cobacterial activity and cytotoxicity to host cells. We have pre-
viously shown that human-lung-derived fibroblast MRC-5 cells
are highly sensitive to mycobacterial cytotoxicity when com-
pared to other human cell lines (32). The other host-cell-based
methods using macrophages of either human or animal origin
are documented (4, 7, 23, 28), but the drawbacks of the use of
macrophages derived from experimental animals is the heter-

ogeneity of different batches of animal cells and consequent
problems of reproducibility (21). The comparative studies of
antimycobacterial activities of INH, STR, RIF, and EMB in a
macrophage model and BDT have also been reported (7, 8, 10,
21). A good correlation exists between the MICs obtained
using SFA and those obtained using the macrophage model.
Furthermore, the inhibitory effect of antimycobacterial drugs
on the bacterial cytotoxicity is based on the bacterial viability
(Fig. 4 and 5). Our study revealed that the degree of bacterial
cytotoxicity is correlated with the number of intracellular via-
ble bacilli. The experiment shown in Fig. 4b and c indicated
that most of bacilli remained in culture medium. However,
bacterial culture supernatant (unpublished data) and dead ba-
cilli did not exhibit cytotoxicity, and cytotoxicity depended on
the number of phagocytosed bacilli. Therefore, it is unlikely
that extracellular viable bacilli affect the viability of MRC-5
cells. It is important to know whether antimycobacterial agents
are bactericidal or bacteriostatic. However, a clear distinction
between the two activities cannot be made by SFA.

This cell-based method evaluates antimycobacterial activi-
ties of drugs against both extracellular and intracellular bacilli.
In order to evaluate antimycobacterial activities of drugs to
intracellular bacilli, we used PZA, which was reported to re-
quire a low pH condition to exert bactericidal activity (27, 37).
Thus, PZA is effective in only phagolysosome and cannot kill
the bacilli outside host cells. Indeed, PZA did not inhibit bac-
terial cytotoxicity in SFA and exhibited bactericidal activity at
high doses at acidic pH in BDT. Therefore, we modified SFA
by eliminating the bacilli which are not taken up by the cells.
One considerable reason why antimycobacterial effect of PZA
was not observed in cocultured condition (Fig. 3a) would be
that the time taken to phagocytose intact bacilli would be faster
than the appearance of antimycobacterial effect of PZA. When
PZA was added in culture medium containing no bacilli, the
bacilli would come in contact with the drug only in the acidic
environment, i.e., in the phagolysosome. This was confirmed by
determining the number of extracellular and intracellular via-
ble bacilli. INH exhibited bactericidal activity to the bacilli
both outside and inside host cells. In contrast, PZA only ex-
hibited bactericidal activity to the bacilli inside host cells.

The MIC of PZA was 1,231 �g/ml in BDT and 3.847 �g/ml
in SFA. These findings are compatible with the report that
PZA was effective in the macrophage model at a dose compa-
rable to a clinically effective dose (at 20 �g/ml or higher);
however, it was ineffective in BDT even at concentrations as
high as 2,560 �g/ml (9). It was also shown that SFA is more
sensitive to evaluating drug susceptibility to PZA, which is
useful for detecting drugs like PZA. Collectively, it was dem-
onstrated that this modified SFA enabled us to evaluate the
bactericidal activity of compounds to intracellular bacilli.

SA, a toxic agent for both mammalian cells and bacteria,
exhibited bactericidal activity; however, it also showed cytotox-
icity to host cells at lower concentrations. In this study, other
drugs exhibited cytotoxicity to host cells only at a high concen-
tration.

The advantages of this SFA system are that it is a high-
throughput system, results can be obtained within 3 to 4 days,
and expensive reagents and huge facility are not needed for
quantitative assessment of antimycobacterial activity. More-
over, SFA provides a simple screening method to evaluate

FIG. 5. Dose effect of INH or PZA on mycobacterial viability
within MRC-5 cells. MRC-5 cells were cultured with M. tuberculosis
H37Rv bacilli at an MOI of 50:1 for 24 h. After washing out the re-
maining bacilli in culture medium, the cells were incubated with var-
ious concentrations of INH (a) or PZA (b) for 3 days. The number of
bacilli within MRC-5 cells was determined by the colony assay. The re-
sults were the mean � SD of three independent experiments. Data were
analyzed by t test compared with control cells containing no drugs. �,
statistical significance (P � 0.01) versus the cells without bacteria.
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antimycobacterial drugs in terms of both antimycobacterial
activity and cytotoxicity to host cells, both of which being pa-
rameters that are important for developing new drug candi-
dates. SFA also could be useful to evaluate the drug suscepti-
bility of clinical isolates, including PZA, which is difficult to
measure with current methods using broth or solid agar.
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