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In the present work, we investigated whether resistance to isoniazid (INH) of organisms belonging to the
Mpycobacterium avium complex was caused by the bacterial cell envelope, with the cell wall and the outer layer
acting as an exclusion barrier. We observed that this exclusion barrier was most efficient in excluding the
hydrophilic drug INH, as this drug could not penetrate a wall matrix formed of various polymethylated lipidic
or amphipathic substances. Two main strategies were proposed for circumventing this drug resistance: (i)
synthesis of amphipathic derivatives of otherwise highly hydrophilic drugs and (ii) inhibition of synthesis of the
bacterial outer layer. The purpose of this work was to demonstrate that attaching a palmitic acid side chain to
INH rendered it growth inhibitory against M. avium complex bacteria and that the concomitant use of this
amphipathic INH derivative with m-fluorophenylalanine (an inhibitor of mycoside C biosynthesis which causes
the disruption of the bacterial outer layer) resulted in further enhancement of its activity, leading to a

bactericidal effect.

Treatment of human infections caused by organisms of the
Mycobacterium avium complex (MAC) still remains a chal-
lenge, as this opportunistic human pathogen is multiply drug
resistant (5). This problem is one of the main handicaps in
the successful chemotherapy of opportunistic infections in
immunosuppressed patients (18).

It has been proposed that the multiple drug resistance of
MAC organisms can not be caused by genetic factors or
membrane-associated permeability factors alone and that it
is rather caused by an exclusion barrier situated at the level
of the cell wall architecture (1, 4, 13, 17). This proposition
was recently supported by the work of Jarlier and Nikaido
(8) and by our own work (15), in which we demonstrated that
inhibition of the synthesis of the cell wall or the outer layer
(OL) in MAC bacteria by specific inhibitors resulted in
enhanced antibacterial activity of a variety of drugs. How-
ever, none of the cell wall inhibitors used could potentiate
the anti-MAC activity of isoniazid (INH), which remained
nil as usual (15). We attempted to circumvent this problem
by synthesizing an amphipathic derivative of INH (1-isoni-
cotinyl-2-palmitoyl hydrazine [INH-PALM]) and using it in
association with m-fluorophenylalanine (FL-PHE), an inhib-
itor of mycoside C biosynthesis which causes the disruption
of the bacterial OL (3).

MATERIALS AND METHODS

Bacteria and growth. The 17 MAC strains (14 laboratory-
maintained strains, including the type strain, ATCC 15769,
and 3 recent clinical isolates) used were from our own
culture collection. The bacteria were grown in complete 7H9
medium (Difco Laboratories, Detroit, Mich.) containing
0.05% (vol/vol) Tween 80 to an optical density of 0.15
(measured at 650 nm with a Coleman Junior II spectropho-
tometer), which corresponded to about 108 viable counts per
ml. Tween 80 was used to avoid clumping of the bacteria in
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the initial inoculum (preculture), 0.1 ml of which was then
injected into a BACTEC vial to prepare the final inoculum
(growth index [GI] [see below], 500); only the latter was used
in the radiometric studies reported here.

Drugs and inhibitors. INH-PALM was synthesized from
palmitic acid and commercially available INH (Aldrich-
Chemie, Strasbourg, France) and characterized as reported
earlier (16). Other amphipathic derivatives of INH synthe-
sized included 1-isonicotinyl-2-(12-hydroxydodecanoyl) hy-
drazine and 1l-isonicotinyl-2-[12(1aD-mannopyranosyl)dode-
canoyl] hydrazine (16). All the above-stated INH derivatives
were kindly provided by B. Moreau and M.-L. Capmau,
Cercoa, Centre National de la Recherche Scientifique, Thi-
ais, France.

MICs. MICs were determined by the 1% proportion
method on 7H11 agar plates as follows. Appropriate dilu-
tions of the various strains were plated on control 7H11 agar
as well as on drug-containing agar, and the CFU per milliliter
were counted after 21 days of incubation at 37°C. The MIC
was defined as the lowest concentration of a drug which
caused a 2-log reduction in the viable counts as compared
with the respective controls.

Radiometric drug susceptibility testing. Radiometric drug
susceptibility testing with the BACTEC 460-TB apparatus
(Becton Dickinson, Towson, Md.) was performed as re-
ported recently (14, 15). Bacterial growth in a confined
atmosphere was measured as a function of the release of
14C-labeled CO, and expressed as the GI, which ranged from
1 to 999. The primary bacterial culture was stopped at a GI
of 500 (see above), and 0.1 ml of this suspension diluted
10-fold was used for inoculating control and drug (or inhib-
itor-)-containing vials, which were incubated at 37°C. The GI
readings were recorded daily and compared with parallel
control readings.

The GI values for vials containing INH alone were also
compared with that for second control vial (1:1,000 final
dilution) to inferpret any resultant growth inhibition by the
1% proportion method criterion (14). However, as all the
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FIG. 1. Chemical structures of various synthetic amphipathic derivatives of INH.

MAC organisms tested were 100% resistant to INH in the
standard BACTEC protocol, this comparison was omitted in
later drug enhancement protocols, in which we used the
method of X/Y quotient calculation by using only the vials
inoculated with the 10-fold-diluted inoculum and viable
count determinations (15).

Combined action. The action of the combination of drug
plus inhibitor against MAC strains was evaluated as reported
recently (6, 7, 15). In brief, the combined action was equal to
X/Y, where X was the BACTEC GI obtained with a combi-
nation of cell wall inhibitor plus drug and Y was the lowest
GI obtained at the same time for the drug or the inhibitor
used alone. An X/Y of 1 indicated that there was no interac-
tion between the two, an X/Y of <0.5 indicated enhanced
drug action, and an X/Y of >2.0 indicated the presence of
antagonism between the drug and the inhibitor. In the
present work, combined action was calculated 6 and 8 days
after the drug and the inhibitor were added to MAC cultures.
In addition, counts of viable bacteria in the control vial at the
time of inoculation and after 8 days of incubation were
determined by plating serial dilutions on 7H11 agar medium
and measuring the CFU per milliliter after 21 days of
incubation at 37°C. These control values were compared
with the values obtained for the test vials containing drug
and cell wall inhibitor after 8 days of incubation. CFU were
determined in all cases in which the X/Y quotient was <0.5,
permitting us to obtain drug activity enhancement data not
only by BACTEC radiometry but also by conventional
viable count determinations.

For studies of the bactericidal effect of INH, concentra-
tions of 0.2 and 4 ng/ml were used; the first corresponded to
the critical concentration in routine drug susceptibility test-
ing for tuberculosis (14), and the latter corresponded to the
concentration achieved in human serum after a single oral
administration of INH (12). All the amphipathic INH deriv-
atives were used at concentrations representing their INH
moieties alone.

RESULTS AND DISCUSSION

MICs determined by the 1% proportion method on 7H11
agar plates confirmed the high resistance of MAC organisms
to the native, hydrophilic INH molecule: among the 17
strains studied, none was susceptible to INH, even at 10
pg/ml. However, when a C,4 fatty acid side chain was
attached to the essentially hydrophilic INH molecule, the
resulting amphipathic derivative (INH-PALM; Fig. 1) was
much more active against the MAC bacilli: among the

above-mentioned 17 INH-resistant strains, 4 became suscep-
tible to as little as 1, 12 to 5.0, and 14 to 10, pg of
INH-PALM per ml. The other amphipathic derivatives of
INH synthesized, 1-isonicotinyl-2-(12-hydroxydodecanoyl)
hydrazine and 1l-isonicotinyl-2-[12(1aD-mannopyranosyl)
dodecanoyl] hydrazine (16; Fig. 1), were, respectively, less
active against MAC bacteria than INH-PALM was (among
14 MAC strains tested, only 3 became susceptible to 5 and to
8 to 10 pg/ml) and ineffective. These two derivatives were
consequently not used in further studies.

We recently showed enhancement of drug susceptibility of
MAC bacteria by inhibitors of cell envelope synthesis (15).
Consequently, we decided to investigate whether inhibition
of the bacterial OL by FL-PHE could further potentiate the
activity of the INH-PALM molecule.

Typical experiments showing the effect of the amphipathic
derivative of INH alone and in association with FL-PHE (an
inhibitor of the bacterial OL; 5, 15) and various control
experiments (using the 10-fold-diluted bacterial inoculum)
are shown in Fig. 2. INH-PALM used alone at 4 pg/ml was
highly growth inhibitory against M. avium ATCC 15769 (a
final GI of only 12 at day 8 in the test vial as compared with
a final GI of 999 in the parallel control vial); INH-PALM
used in association with FL-PHE was bactericidal. That
FL-PHE enhanced the action of INH-PALM against M.
avium was clear from our observations that in the vial
containing FL-PHE and 4 pg of INH-PALM per ml, the
daily GI remained at 0 during the course of the investigation
(8 days). In contrast, FL-PHE had no effect on the activity of
the native INH molecule (15), and it only inhibited the
growth of bacteria (but to a much lesser extent than with
INH-PALM) when used with the palmitate control.

We confirmed these BACTEC radiometric data by deter-
mining bacterial viable counts (Fig. 3). The bacterial counts
in the control BACTEC vial at the time of drug addition were
assigned a value of 1, and the growth inside control and test
vials was compared after 8 days of incubation at 37°C by
plating the serially diluted bacterial suspensions from the
vials onto 7H11 agar medium. Both the radiometric and
viable count data (Fig. 2 and 3) showed the INH-PALM used
alone at 4 pg/ml was highly bacteriostatic and that INH-
PALM used in combination with 50 pg of FL-PHE per ml
was bactericidal.

We next investigated the enhancement of INH-PALM
action by FL-PHE against seven MAC strains (ATCC 15769,
three laboratory-maintained strains, and three recent clinical
isolates). For drug-cell wall inhibitor combinations, the
criteria for evaluating enhanced action by BACTEC radiom-
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FIG. 2. Radiometric data showing the effects of the native INH
molecule (0.2 [control] and 4 pg/ml), its amphipathic derivative INH-
PALM (0.2 and 4 pg/ml, in terms of the INH moiety only), and FL-
PHE (50 pg/ml) used alone and in combinations against M. avium
ATCC 15769. Parallel controls included palmitate (PALM) used alone
and in association with FL-PHE. Bacterial growth is represented in
terms of BACTEC GI values measured for 8 days after the addition of
drugs and inhibitors to 7H12a broth vials inoculated with 0.1 ml of a
10-fold-diluted inoculum (see the text for further details).
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etry were the same as those defined earlier (15). The INH-
PALM-FL-PHE combination was highly active against
MAC bacteria, as all seven strains tested were found to be
susceptible to this combination. In contrast, FL-PHE could
not potentiate the activity of the native INH molecule (15;
this study), suggesting that inhibition of the MAC OL alone
was not sufficient for the native INH molecule to attain the
bacterial membrane; it also needed to be rendered amphip-
athic.

These results are in agreement with our earlier proposition
that the M. avium cell envelope acts as an exclusion barrier,
not permitting the standard antituberculosis drugs to attain
the bacterial membrane (1, 13). It was shown earlier that
most of the drugs which are effective against MAC bacteria
are essentially hydrophobic molecules that interact with the
surface amphiphiles and that are capable of dissolving in the
lipids forming the OL (2). However, increased liposolubility
of a drug in the OL alone is not sufficient to make it active
against the bacteria, as penetration through the periplasmic
space and ultimate drug activity would depend on the size of
the molecule and the inherent drug susceptibility or resis-
tance characteristics of the bacteria (2, 16).

MAC bacteria utilize palmitic acid during their active
multiplication (9, 10). It is therefore possible that INH-
PALM was first dissolved in the bacterial OL and that
palmitic acid was then used as a source of energy, thus
liberating the native INH molecule inside the bacteria,
where it could exert its natural antimycobacterial effect. In
this connection, one should reinvestigate the earlier obser-
vations of McCarthy (11), who showed variations in the INH
susceptibility of M. avium bacteria during the cell cycle.

The present investigation thus underlines the following
points. (i) INH, which is completely ineffective against MAC
bacteria but highly bactericidal against M. tuberculosis, may
be rendered active against MAC bacteria by conversion into
new amphipathic derivatives. (ii) The use of antituberculosis
drugs in association with various cell wall inhibitors may be
a strategy of choice for combating diseases caused by M.
avium.

VIABLE COUNTS

1 ! 52

10t 10 w? 9 ]
[CONTROL
(iNn 02
OnNn e
[FL-PHE 50
[PALM 0.2
[PALM 4
[INH-PALM 0.2
INH-PALM & [
FL-PHE+PALM 0.2 [Ziros

FL-PHE +PALM 4 [T
FL-PHE +INH-PALM 0.2

FL-PHE +INH-PALM 4

FIG. 3. Viable count data showing the antibacterial activity of the amphipathic derivative of INH (INH-PALM) as compared with that of
the native molecule and enhancement of the anti-M. avium action in the presence of FL-PHE. Also shown are data for parallel controls done
with palmitate (PALM) alone and in association with FL-PHE. All the vials were inoculated with the same number of bacilli (about 10* CFU,
represented as 1 on the figure). The control bar shows the total bacterial growth after 8 days of incubation at 37°C, the other bars on the
left-hand side show the relative growth inhibition, and the bars on the right-hand side show the relative bactericidal effects. Concentrations

are in micrograms per milliliter.
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Recently, Jarlier and Nikaido (8) reported a similar barrier
for hydrophilic solutes in M. chelonei. Our observations (15;
this study) further confirm that circumventing the exclusion
barrier for hydrophilic solutes at the cell envelope level may
be the strategy of choice in fighting the battle against
opportunistic infections caused by the multiple-drug-resis-
tant atypical mycobacteria.

This report is the first showing the anti-MAC activity of an
INH derivative used at achievable concentrations in serum
and showing that the synthesis of new amphipathic deriva-
tives of INH may now be undertaken by the pharmaceuticals
industry. The clinical relevance of such an approach should
now be evaluated: e.g., the likelihood of oral absorption,
intravenous solution, stability in serum, etc. It would also be
interesting to attach to the INH molecule lipidic side chains
which are readily absorbed by hosts but which are only
specifically catabolized by the invading bacteria.
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