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Zidovudine (ZDV) has antibacterial activity against many members of the family Enterobacteriaceae,
including Salmonella species, and may be responsible for a decrease in the frequency of salmonellosis in persons
infected with human immunodeficiency virus (HIV). Other nucleoside analogs, such as didanosine (2’,3’'-
dideoxyinosine [ddI]) and zalcitabine (2',3'-dideoxycytidine [ddC]), which have undefined anti-Salmonella
activity, increasingly are being used in the treatment of HIV infection. To evaluate the anti-Salmonella activity
of the antiviral agents ZDV, ddI, ddC, and acyclovir (ACV), we determined MICs for 39 nontyphoidal
Salmonella blood isolates. ZDV (MIC for 50% of strains tested [MIC,,], 0.5 pg/ml; MIC range, 0.125 to 4
pg/ml) and ddl (MICsy, 8 pg/ml; MIC range, 2 to 125 pg/ml) had concentration-dependent activity.
Anti-Salmonella activity was not observed for ddC or ACV. Nine Escherichia coli blood isolates were inhibited
by ZDV (MICg,, 0.125 pg/mil; MIC range, 0.031 to 1 pg/ml) to a greater degree than they were by ddI (MIC,,,
62.5 pg/ml; MIC range, 31 to >62.5 pg/ml). Inoculum size affected susceptibility to ZDV and ddI for
Salmonella and E. coli isolates. Resistance to ZDV or to ddI could be induced in vitro in Salmonella isolates,
but cross-resistance was not observed. These results indicate that at concentrations achieved during the
treatment of HIV infection, ZDV has activity against nontyphoidal salmonellae, although resistance can
develop. ddI, ddC, and ACV at currently used dosages would not be expected to be effective in the prevention

or treatment of Salmonella infections.

Nucleoside analogs, which have been under investigation
for decades as antimicrobial agents (33), are the major class
of antiviral compounds in use today. Zidovudine (ZDV;
3'-azido-2',3'-dideoxythymidine) also has potent in vitro
antibacterial activity against many members of the family
Enterobacteriaceae, including Salmonella species (11, 17,
23, 31). Intracellular growth of Salmonella typhimurium
within macrophages is inhibited by ZDV (13). Orally admin-
istered ZDV has been shown to be as effective in mice as
ampicillin in the treatment of Escherichia coli ascending
pyelonephritis and at least as effective as trimethoprim in
systemic E. coli infections (17), and subcutaneous ZDV
prevents lethal Salmonella dublin infection in calves (17).
ZDV resistance, however, has been identified among Salmo-
nella and E. coli strains exposed to ZDV in vitro (11, 21) and
in vivo (17, 24, 31).

Recurrent bacteremia with nontyphoid strains of Salmo-
nella is one of the criteria for the diagnosis of AIDS (3).
Despite adequate antibacterial therapy, frequent relapses
have been reported (32). It has been suggested that the
recent decrease in frequency of human immunodeficiency
virus (HIV)-associated Salmonella bacteremia may be at-
tributable to the widespread use of ZDV (6, 13, 31). Increas-
ingly, other nucleoside analogs, such as 2’,3'-dideoxyinosine
(ddI; didanosine) and 2’,3'-dideoxycytidine (ddC; zalcitab-
ine), which have undefined anti-Salmonella activity, are
being used in the treatment of HIV infection.

We compared the in vitro activities of the three antiretro-
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viral agents ZDV, ddI, and ddC and the nucleoside analog
acycloguanosine (acyclovir [ACV]) against bacteremia-pro-
ducing nontyphoid Salmonella species. After the observa-
tion that ZDV and ddI were active against Salmonella
species, we determined the effect of the Salmonella and E.
coli inoculum size on antibacterial activity. We also sought
to extend previous observations regarding bacterial resis-
tance to ZDV (17, 21, 22, 24, 31) by assessing cross-
resistance after inducing resistance in vitro individually to
ZDV and to ddI.

(This work was presented in part at the 92nd General
Meeting of the American Society for Microbiology, New
Orleans, La., 26 to 30 May 1992.)

MATERIALS AND METHODS

Antimicrobial agents. The antimicrobial agents used in this
study were ZDV (no. A2169; Sigma Chemical Co., St.
Louis, Mo.), ddC (no. D5782; Sigma), ddI (no. D0162;
Sigma), and ACV (no. A4669; Sigma). Each was prepared in
sterile distilled water as a stock solution at a concentration of
1,280 pg/ml, except for ddI, which was prepared at a
concentration of 1,000 pg/ml.

Bacterial strains. The bacteria used in this study were 39
nontyphoid Salmonella blood isolates recovered in the Mi-
crobiology Laboratory from 33 patients at Robert Wood
Johnson University Hospital from 1981 to August 1991 and 9
E. coli blood isolates recovered from 9 patients between
April and August 1991. Eight of the Salmonella isolates were
from five patients with documented HIV infections. None of
the patients were receiving antiretroviral therapy at the time
of salmonellosis. All isolates were stored at —70°C until
retrieved for testing.

Determination of MICs. MIC determinations were carried



VoL. 37, 1993

out in vitro by the broth microdilution method (25); fresh
antimicrobial agents were added to the wells daily. The
standard inoculum size was 5 x 10° CFU/ml. The drugs and
concentrations with which each Salmonella isolate was
studied were as follows: ZDV, 0.004 to 4 pg/ml; ddC, 0.024
to 25 pg/ml; ddl, 0.12 to 125 pg/ml; and ACV, 0.6 to 640
pg/ml. The concentrations of each drug were prepared in
serial twofold dilutions.

Effect of inoculum size. The effect of inoculum size on the
activity of ZDV and ddI was characterized by using nine
Salmonella blood isolates and nine E. coli blood isolates.
Cultures were prepared in supplemented Mueller-Hinton
broth (Oxoid Limited, Basingstoke, Hampshire, England)
and allowed to grow to the turbidity of a 0.5 McFarland
standard (5 X 10" CFU/ml). The inoculum was then diluted
in 10-fold steps to reach a final concentration of 5 x 10°
CFU/ml. Each of these sequential 10-fold dilutions was then
tested for susceptibility to ZDV and ddI as per the broth
microdilution method described above, except that the max-
imum ddI concentration was 62.5 pg/ml.

In vitro resistance study. An in vitro study to induce
resistance individually to ZDV and to ddI was carried out in
cation-supplemented Mueller-Hinton broth by using several
of the previously studied Salmonella isolates at an inoculum
size of 5 x 10° CFU/ml. The test strain initially was exposed
to subinhibitory concentrations (four- to five-fold below the
MIC) of either ZDV or ddI and allowed to grow for 16 to 24
h at 37°C. The resulting growth was then serially subcultured
into fresh cation-supplemented Mueller-Hinton broth that
contained double the previous concentration of the antimi-
crobial agent, such that seven isolates were exposed to up to
16 pg of ZDV per ml and two isolates were exposed to up to
125 pg of ddI per ml. The ZDV and ddI MICs for the
resulting postexposure growth, as well as for the original
isolate, were then determined by using concentrations of
ZDV of up to 16 pg/ml and of ddI of up to 250 pg/ml.

RESULTS

Activity of ZDV, ddC, ddI, and ACV against Salmonella
isolates. At the concentrations tested, ZDV and ddI had
concentration-dependent inhibitory activity against all 39
Salmonella isolates (Fig. 1). The MIC for 50% of strains
tested (MICs,) of ZDV was 0.5 pg/ml, and the MICs, of ddI
was 8 pg/ml (Table 1). There was no correlation between
degree of susceptibility to ZDV and degree of susceptibility
to ddI. For example, the isolate least susceptible to ddI
(MIC, 125 pg/ml) had a ZDV MIC of 1 pg/ml. The isolate
least susceptible to ZDV (MIC, 4 ug/ml) had a ddI MIC of 16
png/ml. Inhibitory activity against any of the 39 Salmonella
isolates by up to 25 pg of ddC per ml or 640 pg of ACV per
ml was not noted. Against several of the isolates, concen-
trations of ddC as high as 2,548 pg/ml or concentrations of
ACYV as high as 2,560 pg/ml were used, and in all cases no
inhibitory effect was observed.

Effect of inoculum size of salmonellae and E. coli on
antibacterial activity of ZDV and ddI. For the nine Salmo-
nella isolates studied, the inhibitory effects of ZDV and ddI
were inversely related to the size of the bacterial inoculum
(Table 2). Against 5 X 107 CFU/ml, ZDV at 4 pg/ml had no
measurable inhibitory effect, whereas against 5 x 10°
CFU/ml the same ZDV concentration inhibited six of nine
Salmonella isolates. At an inoculum size of 5 X 10° CFU/ml
or smaller, all Salmonella isolates were inhibited by 4 ug of
ZDV per ml. Similarly, ddI at 62.5 pg/ml inhibited all of the
Salmonella isolates when the inoculum size was smaller than
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FIG. 1. Inhibition of 39 nontyphoid Salmonella isolates by ZDV
or ddI.

or equal to 5 x 10* CFU/ml, but none of the isolates were
inhibited when the inoculum size was 5 x 10° CFU/ml or
larger (Fig. 2).

ZDV was also active (MICsg, 0.125 pg/ml) against the nine
E. coli isolates studied (Table 1). ddI was less active against
the E. coli isolates (MICsq, 62.5 pg/ml) than it was against
the Salmonella isolates (Table 1). Increasing the size of the
E. coli inoculum resulted in decreased inhibitory activity of
ZDV and ddI (Fig. 2); the magnitude of these differences,
however, appeared to be less for ddI than for ZDV because
of its decreased activity against the E. coli isolates at the
concentrations studied (Table 2).

In vitro resistance. By passaging Salmonella isolates,
initially susceptible to ZDV and ddl, in serially higher
concentrations of each drug, several resistant strains were
isolated (Table 3). The ZDV-resistant isolates remained
susceptible to ddl. Similarly, the ddI-resistant isolates re-
mained susceptible to ZDV.

DISCUSSION

The antimicrobial spectrum of activity of the nucleoside
analog agents ZDV, ddl, ddC, and ACV with regard to their
antiviral activity has been well described (2, 5, 10). We
evaluated these agents for activity against nontyphoid Sal-
monella blood isolates and observed that only ZDV was
active against most Salmonella isolates (MIC range, 0.125 to
4 pg/ml) at concentrations achievable in plasma (0.4 to 1.1

TABLE 1. Activity of nucleoside analog antiviral agents against
39 Salmonella and 9 E. coli isolates

Organism Dru MIC;, MICy, MIC range
(ny £ (ugm)  (ngml) (ng/ml)
Salmonellae (39) ZDV 0.5 1 <0.1254
dd1 8 31 2-125
ddC >25 >25 >25
ACV  >640 >640 >640
E. coli (9) ZDV 0.125 0.031-1
dd1 62.5 31->62.5

2 n, number of isolates tested.
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FIG. 2. Effect of Salmonella and E. coli inoculum size on inhibitory activities of ZDV and ddI. Inoculum concentrations (CFU per
milliliter) for nine Salmonella and nine E. coli isolates were 5 x 10° (@), 5 x 10% (¥), 5 x 10° (W), 5 X 10° (A), and 5 X 107 (@).

pg/ml) with the dosages currently recommended for the
treatment of HIV infection (9, 14, 34). These results are
consistent with ZDV MICs for ZDV-naive Salmonella
strains of 0.03 to 2 pg/ml as reported by others (11, 17, 31).
ddl, which also inhibited all Salmonella isolates studied,
required considerably higher drug concentrations (MIC
range, 2 to 125 pg/ml). For the most part, these concentra-
tions are greater than peak ddI levels (1.5 to 2.3 pg/ml)
achievable with currently used oral dosages (7, 12). Activity
against salmonellae relative to activity against HIV was
similar for ZDV and ddI. In contrast, ddC, the most potent
of these agents against HIV in vitro (2), had no measurable
activity against any of the Salmonella isolates at 25 pg/ml, a
concentration many times greater than that necessary to
inhibit HIV in vitro (2) and much higher than peak levels
achieved with oral dosages of the drug (20). ACV at concen-
trations of 640 wg/ml did not inhibit any of the Salmonella
isolates. This concentration is approximately 1,000-fold
greater than peak levels achieved after oral administration of
dosages effective in the treatment of herpes simplex virus
infections (8).

ZDV had activity against the E. coli blood isolates that
was similar (MIC range, 0.031 to 1 p.g/ml) to that against the
Salmonella blood isolates. These results are consistent with

TABLE 2. Effect of Salmonella and E. coli inoculum size on
ZDV and ddI antibacterial activity”

previously reported ZDV MICs of 0.0025 to 1 pg/ml for
ZDV-naive E. coli species (11, 17). ddI activity against the E.
coli isolates (MIC range, 31 to >62.5 ng/ml) was poorer than
that against the Salmonella isolates, especially at lower
concentrations and with larger bacterial inocula. Beskid et
al. reported that 2'3’'-dideoxyadenosine, a prodrug with the
same active product as ddI, has activity against several E.
coli strains at 63 to 500 pg/ml (1). An effect of Salmonella
and E. coli inoculum size on the MICs of ZDV and ddI was
observed, as has previously been noted with a variety of
antibacterial agents against a number of bacterial species
(35).

Nucleoside analogs must be converted to triphosphate
moieties for antiviral activity, necessitating anabolic phos-
phorylation catalyzed by specific enzymes (10, 36). The
differential antibacterial activities of the nucleoside analogs
may be due, at least in part, to differences in activity of the
enzyme necessary for the initial phosphorylation to an active
drug. In mammalian cells, ZDV is initially phosphorylated to
the monophosphate by thymidine kinase. E. coli and Salmo-
nella species possess thymidine kinase (30). Mono-, di-, and
triphosphate derivatives of ZDV have been found in E. coli
exposed to ZDV (11). Of these, ZDV-triphosphate has the

TABLE 3. Susceptibilities of Salmonella isolates grown
in ZDV- or ddI-supplemented broth

- Mean MIC (pg/ml)
MICs, (ng/ml) at inoculum con(;;t‘;::‘:n)"
Organism Drug concn (CFU/ml) of: DV ddI
5x10° 5x10° 5x10° 5x10° 5x10°  Broth only” (7) 0.5 4
c
Salmonellae ZDV  0.125 0.125 0.5 4 >4 g:l)IY(z(;) >1? >253
ddI 8 8 8 >62.5 >62.5
E. coli ZDV  0.0625 0.0625 0.125 >4 >4 2 n, number of isolates.
ddI 31 62.5 62.5 >62.5 >62.5 ® Grown in catlon-supplemented Mueller-Hinton broth only.

“ Nine nontyphoid Salmonella and nine E. coli isolates were studied.

€ Grown in mcreasmg concentrations of ZDV of up to 16 pg/ml.
4 Grown in increasing concentrations of ddI of up to 125 pg/ml.
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greatest antibacterial activity (11). ddI is converted in cells
to ddI-monophosphate by 5'-nucleotidase or deoxyguanos-
ine kinase (15, 36). 5'-Nucleotidase activity has also been
associated with E. coli (26) and to a more variable degree
with strains of Salmonella (19, 27). ddC undergoes initial
phosphorylation by deoxycytidine kinase (4, 36). Deoxycy-
tidine and deoxyguanosine kinase activities have not been
detected for E. coli or salmonellae (16, 28, 29). The mono-
phosphorylation of ACV to ACV-monophosphate requires
virally specified thymidine kinase. Cellular thymidine kinase
has been demonstrated to be inactive on ACV (10), although
cellular 5'-nucleotidase is also capable of phosphorylating
ACV to a small degree if large concentrations of the drug are
present (10, 18).

None of the Salmonella strains used in our study were
isolated from patients receiving antiretroviral therapy. Sal-
monella and E. coli isolates obtained from ZDV-naive pa-
tients have previously been shown to be susceptible to ZDV
in vitro (24, 31). We and others (11, 21, 22) have been able to
induce resistance in Salmonella species to ZDV in vitro.
ZDV-resistant E. coli organisms have been detected in
ZDV-treated mice with E. coli pyelonephritis (17). Recently,
ZDV-resistant E. coli and Salmonella isolates have been
recovered from patients treated with ZDV (24, 31). Acquired
ZDV resistance of salmonellae and E. coli has been shown to
result from loss of thymidine kinase activity (11, 21, 22, 24).
We were also able to induce resistance in Salmonella iso-
lates in vitro to ddI. That the development of resistance in
these bacteria results from nucleoside-specific changes is
supported by the observations that the ZDV-resistant Sal-
monella isolates were not cross-resistant to ddI and that the
ddI-resistant Salmonella isolates were not resistant to ZDV.

These results suggest that ZDV, which has activity against
salmonellae within macrophages (13), may play a role in the
suppression of salmonellosis in patients infected with HIV,
although microbial resistance can develop. Despite the fact
that cross-resistance was not demonstrated, ddC and ddI at
currently used dosages would not be expected to have
clinical usefulness in the treatment or prevention of Salmo-
nella infections. If the decreased incidence of salmonellosis
in patients with HIV infection is attributable to the antibac-
terial activity of ZDV, a rise in Salmonella infections might
be expected as alternative antiviral therapies are employed.
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