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Abstract-Environment-selective synergistic toxicity using combinations of aldehydes and hydrazine 
derivatives was demonstrated in two different model systems in vitro. Combinations of 5-nitro-2- 
furaldehyde with semi-carbazide and of 2-hydrazinopyridine with pyridine-2_carboxaldehyde, which can 
react in situ to form antimicrobial hydrazones, demonstrated greater degrees of synergism against the 
intracellular pathogen, Salmonella typhimurium, at pH 5 relative to pH 7.4. Combinations are more 
selectively toxic at pH 5 (vs pH 7.4) than individual precursors and preformed hydrazone products 
because acid catalysis of hydrazone formation plays a role only for the combinations. A combination of 
decanal and N-amino, N’-octylguanidine (AOG) exhibited more pronounced synergistic cytolytic activity 
against erythrocytes in 0% serum than in 1% serum. Serum protein binding of decanal inhibited the 
formation of the more cytotoxic hydrazone, N-decylidenimino,N’-1-octylguanidine (DIOG), from the 
less cytotoxic AOG and decanal, and serum protein binding of DIOG prevented this cytotoxin from 
reaching the cell membrane. Because decanal binding cannot play a role in the cytotoxicity of preformed 
DIOG, it was less selective for cells in 0% serum than the combination of AOG and decanal. The 
pH 5 and 0% serum environments represent very simple models for macrophage phagolysosomal 
compartments and poorly vascularized solid tumor interiors respectively. If environment-selective 
synergism can be used as a basis for target-selective synergism in other in vitro mode1 systems and in 
uiuo, self-assembling combinations could provide a basis for rational introduction of target-selective 
synergism into chemotherapeutic drug design. 

The most important factor in the chemotherapy of 
neoplastic and infectious diseases is not potency, but 
rather the selectivity of action against the target 
(tumor or pathogen) versus the host toxicity [l]. The 
target selectivity of single, intrinsically active drug 
molecules and conventional prodrugs can be influ- 
enced by only two factors: (a) the ratio of drug 
concentration which is ultimately achieved in target 
versus host tissues (distribution selectivity); and (b) 
the toxicity ratio for identical drug concentrations 
(biochemical and cytological selectivity [ 11). 
Straightforward, rational combination of multiple 
selectivity factors in a single chemotherapeutic drug 
or prodrug molecule is difficult or impossible in many 
instances [2,3]. 

For drugs containing a hydrazone moiety which 
were delivered as a combination of two less toxic 
precursors (a hydrazine derivative and an aldehyde 
or ketone [4]), three additional selectivity factors 
could be introduced: (c) ultimate distribution sel- 
ectivity of the hydrazine derivative, (d) ultimate 
distribution selectivity of the aldehyde or ketone, 
and (e) the bimolecular rate constant for hydrazone 
formation (assembly rate constant selectivity). The 
result of the action of any of these three selectivity 
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factors would be target-selective synergism between 
the hydrazine derivative and aldehyde (or ketone) 
because the toxic hydrazone would form more rap- 
idly in the target and not in the normal tissues. 
Although the reaction does not iequire enzymatic 
catalysis, hydrazone formation from hydrazine 
derivatives and endogenous aldehydes and ketones 
has been observed in cultured cells [S-7], in animals 
[8] and in human subjects [9]. In an earlier report 
from this laboratory, it was demonstrated that com- 
binations of hydrazine derivatives and aldehydes can 
exhibit synergistic cytotoxic and anti-microbial 
activity in vitro [4]. 

Selective formation of toxic chemotherapeutic 
agents in acidic, as opposed to neutral, environments 
could be of value for the achievement of pathogen- 
selective synergism for a number of reasons. First, 
several pathogens survive in acidified phagoly- 
sosomal compartments (pH near 5) after phagocyto- 
sis by macrophages and phagosome-lysosome fusion, 
including Salmonella typhimurium, Yersinia pestis, 
Coxiella burnetti, and protozoa1 parasites of the 
genus Leishmania [10-131. Second, many viruses are 
believed to enter cells by way of acidified endosomes 
[14,15]. Finally, local necrotic acidification is often 
characteristic of severe microbial infections [16]. 
Weak bases which accumulate in acidic com- 
partments have demonstrated selective toxicity 
against Lebhmania mexicana in macrophage cultures 
[13] and against the influenza virus [14,15] in live 
mammals. 
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Selective synergistic cytolysis of mammalian cells 
in lower versus higher serum environments in uitro 
might be useful for the attainment of tumor-selective 
synergism because of the abnormally low serum 
levels characterizing some solid tumor interiors [ 171. 
Serum protein binding of hematoporphyrin deriva- 
tive (HPD)* by mammalian cells is believed to be 
related to the tumor-selective phototoxicity of HPD 
[17]. This inhibition is due to distribution selectivity: 
in normal tissues, more HPD is bound to serum 
albumin and less is available to enter the cells [17]. 

We have investigated the effects of combinations 
of hydrazine derivatives and aldehydes (Fig. 1) on 
cells in different environments in order to demon- 
strate, in mechanistic models, the possibility of en- 
vironment-selective synergism. Comparisons were 
made between identical cell types in different 
environments in order to ascertain the effects of 
extracellular environment on biocidal selectivity in 
isolation from cell type-specific factors. Two 
examples involve low pH-selective inhibition of the 
intracellular pathogen S. typhimurium, which can 
evade the immune system in mice by surviving in 
the acidic macrophage phagolysosome [ll, 121. Dif- 
ferences in second order rate constants [18, 191 were 
used to provide pH selectivity (factor e described 
above). The third example concerns differential cell 
killing in low serum versus higher serum environ- 
ments, using erythrocytes as a very simple but con- 
venient and reproducible model for other 
mammalian cell types [4]. Aldehyde distribution 

* Abbreviations: AOG, N-amino,N’-octylguanidine; 
BSA, bovine serum albumin; DIOG; - N-decyl- 
idenimino.N’-l-octvlauanidine: DMSO. dimethvl sulfox- 
ide; HP, ‘2-hydn&opyridine; HPD, hematoporphyrin 
derivative; NFA, 5-nitro-2-furaldehyde; NFZ, nitrofura- 
zone; PBS, phosphate-buffered saline; PC, pyridine-2-car- 
boxaldehyde; PCPH, E-pyridine-2-carboxaldehyde-2- 
pyridinylhydrazone; and SC, semicarbazide. 

selectivity (factor d) was used to enhance the sel- 
ectivity of the cytolytic activity against cells in lower 
serum (more tumor-like) environments. Our 
immediate goal is the demonstration of the principle 
of environment-selective synergism. We have chosen 
readily interpreted model systems, as opposed to the 
use of more problematic and complex models which 
would more closely resemble disease states in Go. 

MATERIALS AND METHODS 

Reaction kinetics. All second order rate constants 
were based on an average of four or more pseudo 
first order determinations using at least two different 
major component concentrations. Rates were deter- 
mined by observing increases in UV or visible 
absorbancy using a Perkin-Elmer Lambda 4 spectro- 
photometer at 340 nm for PC + HP and 375 nm for 
SC + NFA. The rate constants for SC + NFA at pH 
7.4 were measured by determining initial rates (5% 
reaction or less). The other rate constants were based 
on data collected during a time span of at least 
double the T,/,, and on optimized infinity values. The 
medium was PBS containing divalent ions and 10 mM 
acetate at 37”. For the reaction between SC and 
NFA, the medium contained 1% DMSO as well. 
Errors represent 95% confidence limits. 

Erythrocyte lysis studies. Ox blood in Alsevier’s 
solution (Colorado Serum Co., Denver, CO) was 
stored at 4” and used within 7 days of collection. It 
was centrifuged and washed twice using PBS, pH 
6.6, without divalent ions. All of the erythrocyte lysis 
experiments were carried out in PBS (pH 6.6, no 
divalent ions) containing 1% ethanol at 37”. In the 
1% serum experiments, serum was added to the 
cell suspension and mixed before addition of AOG, 
DIOG and/or decanal stock solutions. When 
erythrocyte lysis was measured using hemoglobin 
release, aliquots of 2 ml were centrifuged in Eppen- 
dorf tubes, and the hemoglobin in the supernatant 

PC HP PCPH 

CHO + H,NNHCONH, -‘+ 0,N 
-Q- 

CH = NNHCONH, 

NFA SC NFZ 

ii” 
CH,(CH,),CHO + H,NNHCNH(CH,),CH, I) CH,(CH,),CH = NNHCNH(CH,),CH, 

decanal AOG DIOG 

Fig. 1. Structural formulas and reaction schemes. 
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fraction was determined by its visible absorption at 
400 nm using a Perkin-Elmer Lambda 3 or Lambda 
4 spectrophotometer. Erythrocyte suspension tur- 
bidity was determined by measuring the absorption 
at 700nm using a Bausch & Lomb Spectronic 20 
spectrophotometer. The 1-hr time points plotted in 
Fig. 4 were fitted to a median effect equation [20]. 

Bovine serum albumin was purchased from the 
Sigma Chemical Co., St. Louis, MO (No. A7960). 
Calf serum (Sigma No. C6278) contained approxi- 
mately 35 mg BSA/ml (assayed by the Sigma Chemi- 
cal Co.). 

Statistics. Error limits and error bars represent 
95% confidence as determined using quality control 
methodology [21]. Nonlinear least squares fit cal- 
culations and the error limits calculated from them 
were determined using methodology described by 
Arkin and Colton [22]. The error limits reported for 
EC50 ratios represent plus or minus one standard 
deviation. 

Chemicals. 1-Octyl-2-thiourea was purchased from 
Trans World Chemicals, Chevy Chase, MD. 
Decanal, PC, HP, NFA, and SC were purchased 
from the Aldrich Chemical Co., Milwaukee, WI. 
Decanal was purified using a silica gel chromatograph 
(1: 1 methylene chloride/petroleum ether). PCPH 
was synthesized according to a literature procedure 
[23,24]. 

To prepare iV-amino&“-l-octylguanidine (AOG) 
as the hydroiodide salt, 1-octyl-2-thiourea (4.12 g, 
0.0219 mol) was allowed to reflux overnight with 
iodomethane (12.4 g, 0.0876 mol) in methanol 
(100 ml). After evaporating the solvent at reduced 
pressure, the intermediate was allowed to reflux 
overnight with anhydrous hydrazine (0.91 g, 
0.0285 mol) in isopropanol (30ml). After evap- 
orating to dryness at reduced pressure, the crude 
AOG hydroiodide was dissolved in methylene 
chloride (75 ml) and filtered. After removing the 
solvent from the filtrate under reduced pressure, 
toluene (75 ml) was added and the white solid was 
collected by filtration. Recrystallization from hot 
toluene/chloroform yielded AOG hydroiodide 
(49%), m.p. 6870”. Calculated for C9H23N41: C, 
33.96%; H, 7.38%; N, 17.83%. Found: C, 34.4%; 
H, 7.34%; N, 17.95%. 

N-(1-Decylidenimino), N’-1-octylguanidine 
(DIOG) was synthesized as the acetate salt by stirring 
a suspension of decanal(O.3 g, 1.92 mmol) and AOG 
hydroiodide (0.3 g, 0.96 mmol) in water (10 ml) and 
methanol (5 ml) for 12 hr at 25”. After adding sodium 
acetate (0.42 g, 5.12 mmol), the crude product was 
extracted with dichloromethane, dried over an- 
hydrous sodium sulfate, and chromatographed on 
silica (78 : 20 : 2 dichloromethane/acetonitrile/acetic 
acid). The product (DIOG acetate) was obtained 
as a pale yellow oil in 67% yield. Mass spectrum 
(quadropole ion): major peak at 325 * 0.5. Cal- 
culated molecular weight for Ci9H4iN4+: 325.54. 

Antibacterial assays. S. typhimurium strain 14028r 
was provided by F. Heffron and P. Fields. Luria 
broth was adjusted to pH 7.4 or pH 5.0 using hydro- 
chloric acid and/or sodium hydroxide. 

For bacteriostatic zone inhibition assays, agar 
plates (100 x 15 mm) were made from Luria broth 
of the desired pH and inoculated with 200 ~1 of 

PBS containing 1.6 X lo5 viable, log phase bacteria. 
Viability was determined by diluting, spread- 
ing plates, and counting colonies. Sterile filter 
paper discs (6.3 mm diameter, Becton Dickinson, 
Cockeysville, MD) were soaked with 20~1 of 
aqueous or DMSO solutions of the bacteriostatic 
agents. DMSO alone had no bacteriostatic activity 
in these assays. Inhibition areas represent averages 
of three to seven experiments from at least two sepa- 
rate days, determined by tracing the regions with 
no visible bacterial growth onto graph paper, and 
subtracting the disc areas. 

For bactericidal assays, bacteria were grown into 
log phase in Luria broth buffered to the appropriate 
pH. The bacteria were washed twice in PBS con- 
taining 10mM acetate at the same pH. The bac- 
tericidal assay involved incubation of the bacteria in 
a roller drum at 37” in the PBS (10 mM acetate) 
containing 1% DMSO and various concentrations of 
bactericidal agent(s), and determination of viability 
by diluting aliquots of the suspensions, spreading on 
agar plates, and counting the resulting colonies. Cell 
densities were adjusted to yield control viable bac- 
teria counts of about 2 X 107/ml. The pH value (7.4 
or 5) was maintained throughout each experiment. 
Controls were repeated at least three times for each 
determination. Experimental points represent aver- 
ages of at least four determinations made on at 
least two different days. The 1% DMSO vehicle 
was shown to have no significant effect on bacterial 
viability. 

RESULTS 

Reaction kinetics. Second order rate constants for 
the reaction between PC and HP are 2.2 ? 0.3 mol-1 
set- l at pH 5 and 0.92 + 0.13 mol-’ set-’ at pH 
7.4 (95% confidence limits [21]). Second order rate 
constants for the reaction between SC and NFA 
reaction were 5.55 & 1.8 X lo-’ mol-i set-’ and 
3.8 + 1.5 x 10m3 mol-’ set-’ at pH 5 and pH 7.4 
respectively (1% DMSO). For reactions between 
AOG (28 PM) and decanal (28OpM), T,/* = 12- 
170 min in various surfactant solutions at 37”, pH 7.4 
[41. 

PC, HP and PCPH in bacteriostatic assays. Areas 
of complete bacterial growth inhibition (excluding 
disc areas) for roughly 3 X lo5 log phase bacteria 
spread on LB agar plates ( pH 5) as a PBS suspension 
were 0, 25 +- 25, and 150 -t 52 mm* after 24 hr for 
4pmol PC, 2 pmol HP, and 0.4pmol PCPH 
respectively. Areas at pH 7.4 were not substantially 
smaller: 0, 109 * 41, and 103 + 5 mm* respectively. 
For 4 pmol PC plus 2 pmol HP (separate discs, 15 mm 
center to center), areas were 705 + 115 mm2 at pH 
5 and 250 * 99 mm2 at pH 7.4 (Fig. 2). PCPH for- 
mation in the agar between the HP- and PC-treated 
discs was evident from the yellow color and, at high 
reactant concentrations, PCPH crystals. 

Attenuation of bacteriostatic effects of 0.4 pmol 
PCPH was observed on plates containing 1 mM Zn*+ 
at pH 5 and at pH 7.4: the areas were 61 * 15 and 
33 k 33 mm2 respectively. For 4 ,umol PC + 2 pm01 
HP, the areas were 265 + 140 mm2 at pH 5 and 
253 r 99 mm* at pH 7.4 with 1 mM Zn*+. 
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Fig. 2. Inhibition of: S. ~~~~~ri~~ strain 14028r. Agar 
plates (100 x 15 mm, Luria broth) adjusted to pH 7.4 or 
pH 5 were inoculated with 200 pl PRS containing 160,000 
viable, log phase bacteria. Sterile filter paper discs (6.3 mm 
diameter) soaked in 20~1 of solutions of the appropriate 
compounds in water or DMSO were placed on the surface, 
and plates were incubated at 37” for 24 hr. Left-hand plates: 
$3 5; right-hand plates: pH 7.4. Key: (A) 0,4,~mol 
PCPH/disc; (3) 4 pm01 PC/disc; (C) 2 pmol HP/disc; and 
(D) 2 hmol HP on the left-hand disc on each plate; 4 pmol 
PC on the right-hand disc on each plate; 15 mm between 

disc centers. 

NIX, SC and NFZ in bactericidal assays. Bac- 
tericidal activity was measured by suspending log 
phase bacteria in PBS containing IO mM acetate and 
1% DMSO at pH 5 or pH 7.4 for 20 hr at 37”. 

Viability was determined by diluting, spreading 
plates at the same pH, and counting colonies. 

The antibacterial activity of NFZ exceeded that of 
NFA and SC at pH 5 (Fig. 3B). Combined, NFA 
and SC exhibited synergistic antibacterial activity at 
pH 5 (Fig. 3C). At pH 5, they were observed to react 
rapidly to form NFZ (Fig. 3A). No synergism was 
observed at pH 7.4. Bactericidal selectivity at pH 5 
(the fraction surviving at pH 7.4 divided by the 
fraction surviving at pH 5) was substantially higher 
for the combinations of SC + NFA than for either 
SC, NFA or NFZ alone at relevant concentrations 
(Figs, 3B and 3C). 

Erythrocyte ilysk assays. The lysis of ox blood 
erythracytes by the hydrazone DUOG at 37” in PBS 
at pH 6.6 was inhibited by bovine serum and by 
serum atbumin (Fig. 4A). When DIOG was made to 
self assemble [4] from the aldehyde decanal and the 
hydrazine derivative AOG, the serum effect became 
more pronounced (Fig, 4B). Based on curves fitted 
to the median effect equation [XI], the ratio of ~~~~ 
(1% serum) to ECUS (0% serum) was 4 + 0.07 and 
the maximum difference in percentage of cells kitled 
between erythrocytes in 0% serum versus those in 
1% serum was 99.7% for decanal in the presence of 
448,uM AOG (Fig. 4B). For DIQG, the respective 
values were 2.8 2 0.16 and 59.5% (Fig. 4A). The 
presence of 448pM AOG had no effect on the rate 
of fysis by DIOG. 

Neither 30 @f decanal alone nor 896 ,uM AOG 
alone caused more than 10% lysis after 1 hr. Pairs 
of molecules closely related to AOG and decanal, 
which cannot combine covalently, did not exhibit 
substantial synergism. Thus, I-decanal(200 PM) and 
a combination of 200 PM I-decanal and 28 FM AOG 
both mediated 50% ox blood erythrocyte lysis in 
4 hr. Dodecylguanidinium acetate at 64 PM mediated 
50% lysis in 7.5 min, whereas combinations of dode- 
cylguanidine with decanal required 10.5 min for 
48 @.f + 20 @I and 27.5 min for 20 ,uM + 48 !tM 
respectively (37”, pH 6.6). 

When AOG (448 PM) and decanal (16 PM) were 
allowed to prereact to form DIOG before adding 
them to cell suspension, Iysis kinetics became mano- 
phasic (Fig. 5). Lysis kinetics were biphasic when 
decanaf and AOG were added to cells without 
prereaction. Serum (1%) led to an approximate 20- 
fold decrease in the hemolysis rate for the com- 
bination which had been allowed to prereact. Serum 
caused an approximate 5-fold increase in the length 
of the slower phase for the studies carried out without 
prereaction, as well as an approximate 20-fold 
decrease in the rate in the faster phase. 

In the first example, S. typhimurium was chosen 
as a test organism for pH-selective killing because it 
can survive in the acidic phagolysosomal com- 
partment of macrophages [11,12]. The hydrazone 
E-py~dine-2-carboxa~dehyde Z-pyridinyl hydrazone 
(PCPH) was substantially more bacteriostatic against 
S. typhimurium than either of its two precursors, 
pyridine-2-carboxyaldehyde (PC) and 2-hydrazino- 
pyridine (HP) (Figs. 1 and 2). The greater bac- 
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Fig. 3. Bactericidal activity against S. typhimurium. PBS-washed, log phase bacteria were incubated at 
37” for 20 hr as a diluted suspension in PBS containing 1% DMSO with or without antimicrobials. The 
number of viable bacteria in controls at the end of 20 hr was close to 2 X lO’/ml. (A) Effect of pH on 
the extent of product hydrazone (NFZ) formation from 7 PM NFA and 1500 PM SC in the presence of 
2 x 10' bacteria/ml, as evidenced by the visible absorption of NFZ After 20 hr of incubation at 37” in 
1% DMSO in PBS containing magnesium and calcium, suspensions were microfiltered to remove the 
bacteria. The A,,, = 375 nm for NFZ, E = 1.5 x lo4 at both pH 5 and pH 7.4. For SC and NFA, E values 
at 375 nm were less than lo3 for NFA and less than 6 for SC at both pH 5 and pH 7.4. Solid line: pH 
5; dashed line: pH 7.4. (B) Effects of NFA, SC, and nitrofurazone (NFZ) individually on S. typhimurium 
survival at pH 5 and pH 7.4. Key: (A) NFA, pH 5; (0) NFA, pH 7.4; (W) NFZ, pH 5; (A) NFZ, pH 
7.4; (+) SC, pH 5; and (0) SC, pH 7.4. (C) Effect of combined nitrofuraldehyde (NFA) and 
semicarbazide (SC) on S. fyphimurium survival at pH 5 and pH 7.4. Data points represent an average 
of five or six ratios determined during two separate sets of experiments. Key: (0) pH 5; and (0) pH 

7.4. 

teriostatic activity of PCPH, which is associated with 
metal ion chelation [23,24], allowed synergism for 
combinations of PC and HP. We have chosen to 
compare identical bacterial cells in different environ- 
ments, rather than comparing bacteria to mammalian 
cells, because our goal is a clear demonstration of 
the principle of environment-selective synergism in 
an unambiguous mechanistic model. (Because PC 
alone is inactive at 4 ,umol/disc, the enhanced bac- 
teriostatic activity observed for combinations of PC 
and HP is most properly termed “potentiation” or 
“enhancement” rather than “synergism”. To avoid 
confusion, however, the term “synergism” will be 
used in place of “potentiation” and “enhancement” 
throughout this manuscript.) 

Bacteriostatic activities of PC, HP and PCPH as 
single components did not differ significantly 
between pH 5 and pH 7.4. By contrast, if PC (4 ,umol) 
and HP (2 pmol) were allowed to diffuse together 
from different discs as the bacteria were growing, 

the average area of the inhibition zone at pH 5 was 
2.8 times larger than the area at pH 7.4 (Fig. 2). This 
difference is best explained as assembly rate constant 
specificity: the second order rate constant for PCPH 
formation from PC and HP was 2.4 times greater at 
pH 5 than at pH 7.4. At pH 5, PCPH formed from 
PC and HP more rapidly than at pH 7.4, achieving 
bacteriostatic hydrazone levels prior to observable 
bacterial growth on a larger portion of the plate at 
the lower pH. Although PCPH was more potent 
than the combination of PC and HP, the combination 
had the advantage of greater selectivity. 

Also consistent with the importance of the rate 
constant was the lack of pH selectivity for the exper- 
iment involving PC plus HP, carried out on plates 
containing 1 mM Zn 2+. The Zn*+ presumably detoxi- 
fied the free PCPH as it formed through chelation. 
Acid catalysis of PCPH formation from PC and HP 
led to environment-selective synergism, with the bac- 
teria on the pH 5 plate representing the target. 
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Fig. 4. Ox blood erythrocyte lysis. Ox blood stored in 
Alsevier’s solution was used within 7 days of collection. 
Cells were centrifuged and washed two times with PBS. 
Erythrocyte tysis experiments were carried out using PBS 
(pH 6.6) without divalent ions with 1% ethanol. Cell den- 
sity was 2 x 10’ cells/ml. (A) Effect of calf serum on lysis 
by DIOG. Extent of lysis was determined after 1 hr at 37” 
by centrifuging and determining hemoglobin release in the 
supernatant absorbancy at 4OOnm. AOG (448pM) was 
present throughout in addition to the various DIOG 
concentrations. Results of parallel experiments without 
AOG did not differ significantly. Data are combined from 
three separate sets of experiments. The 0% serum and 1% 
serum curves were calculated from 29 and 58 data points 
respectively. Curves were calculated using a nonlinear least 
squares fit algorithm 1221 based on a median effect equation 
[20]: % hemolysis = lOO%/[l + (K/C)‘$ where K is a con- 
stant (median effect concentration), C is the concentration 
of DIOG, and & is the Hill constant, For 0% serum, 
K=3.3+0.16pM, a!=3.3?0.49. For 1% serum, K= 
9.3 z!z 0.31 PM, (Y = 2.1 2 0.16. Key: (0) 0% serum; and 
(0) 1% serum. (B) Effect of serum on erythrocyte @is at 
l-hr time points in the presence of 448,uM AOG with 
various decanal concentrations. Conditions were as in part 
A. AOG alone (896 ,uM) or decanal alone (30 PM) caused 
less than 10% hemoglobin release. For the median effect 
equation, C = concentration of decanal (see part A). For 
0% serum, the curve is based on 38 points, K = 
4.1 t: 0.07 FM, ff= 6.4 * 0.7. For 1% serum, the curve is 
based on 8 points, K = 16.2 ? 0.1 PM, (Y= 18 2 1.8. Key: 

(0) 0% serum; and (0) 1% serum. 

In the second example, nitrofurazone (NFZ) was 
used as the hydrazone product. NFZ is a broad 
spectrum antibacterial and antitrypanosomal agent 
[25-271 which causes DNA damage [28,29]. The 
combination of SC and NFA (Fig. 1) was tested for 
bactericidal activity against S. typhimurium in an 

Time Iminutes} 

Fig, 5. Kinetics of ox blood erythrocyte lysis by decanal 
(16pM) and AOG (448 yM). In preincubation experi- 
ments, 0.8 mM decanal and 22.4 mM AOG were allowed 
to react for 20 min at 37” in 1: 1 ethanol/PBS, so that most 
of the decanal was already converted to DIOG by the time 
these reactants were diluted (50x) into the ceil suspension. 
Lysis was followed by observing loss of light scattering at 
700 nm. Key: (A) 0% serum, preincuhated; (0) 0% serum, 
not preincubated; (A) 1% serum, preincubated; and (0) 

1% serum, not preincubated. 

attempt to enhance the selectivity of action of NFZ 
for pH 5 (target) versus pH 7.4 by introducing the 
hydrazone formation step. The reaction between SC 
and NFA was 145 times more rapid at pH 5 as 
compared to pH 7.4. 

The synergistic bactericidal activity apparent at 
pH 5 (Fig. 3C) for SC plus NFA can best be explained 
by invoking rapid formation of NFZ, which is more 
bactericidal than either precursor (Fig. 3B). The pH 
selectivity for combinations of NFA and SC (but not 
for NFZ) would be more pronounced over a wider 
range of NFA and SC concentrations if NFA were 
less bactericidal than NFZ at pH 7.4, as well as at 
pH 5. Unreacted NFA activity at pH 7.4 would be 
smaller, and the degree of selective synergism due 
to selective NFZ formation at pH 5 (Fig. 3A) would 
be more significant. The experimental results 
become more interesting on consideration of in oivo 
activity: NFZ can cure Salmonella schottmulleri and 
Salmonella aertrycke infections in mice, whereas 
NFA is inactive in vivo f27]. 

The pH-selective synergism exhibited by the com- 
binations of SC plus NFA, like PC plus HP, is due 
to assembly rate constant specificity. By exploiting 
the principle of pH-selective synergism to selectively 
kill pathogenic microbes in acidic environments 
while sparing beneficial microbes in less acidic por- 
tions of the gut, it may be possible to prevent the 
often fatal pseudomembranous enterocolitis which 
can result from broad-spectrum antimicrobial treat- 
ment [30]. Selective formation of chelating agents in 
acidified endosomes, in contrast to the more alkaline 
nucleus, cytoplasm and mitochondria, could lead to 
a greater therapeutic index than that observed for a 
preformed chelating agent. Our demonstration of 
environment-selective synergistic biocidal activity in 
a mechanistic model provides an essential first step 
toward the development of target-seiective synergism 
in experiments with infected macrophages in culture 
and infected animals. 

In the third example, environment-selective syn- 
ergism was introduced using aldehyde distribution 



Environment-selective synergism 4511 

selectivity. Like the antitumor agents alkyl 
lysophospholipid (1-0-alkyl-2-O-methyl-rac-gly- 
cero-3-phosphocholine, ALP) [31] and 4-dodecyl- 
pyridine [32], DIOG is a cytotoxic detergent that 
can kill cells through direct membrane damage [4]. 
Cytotoxic selectivity after 1 hr against cells in 0% 
versus 1% serum (v/v in PBS, pH 6.6) was amplified 
when the DIOG was introduced as two self-assem- 
bling pieces, AOG and decanal (Fig. 4). Cells in 
0% serum represent the simplified model target: 
extracellular serum levels tend to be abnormally low 
in solid tumor interiors [17]. (This model system is 
intended to provide an easily interpreted dem- 
onstration of the principle of environment-selective 
assembly and an elucidation of its mechanism. It is 
not intended to be the most suitable model for a 
comparison of tumor and normal cells and 
environments.) 

A consideration of erythrocyte lysis kinetics helps 
clarify the origin of selectivity amplification (Fig. 5). 
When AOG (448pM) and decanal (16pM) were 
prereacted to form DIOG before adding them to 
cell suspension, lysis kinetics became monophasic. 
Serum (1%) caused an approximate 20-fold decrease 
in the hemolysis rate. Serum albumin is known to 
bind a wide variety of cationic detergents and other 
hydrophobic molecules with dissociation constants 
in the 20 to 100 ,uM range [l, 331. The rate decrease 
can readily be explained by DIOG binding to albu- 
min and other serum proteins (distribution 
selectivity). BSA at 0.75 mg/ml equals 1% calf serum 
in its ability to inhibit erythrocyte lysis by a com- 
bination of decanal (16 PM) and AOG (448 PM). 

In contrast, lysis kinetics were biphasic when 
decanal and AOG were added to cells without pre- 
reaction (Fig. 5). Serum not only decreased the rate 
of the later, more rapid phase, but also lengthened 
the initial lag phase .5-fold. The lag phase (lysis rate 
of 0.5% per min) is the self-assembly period: the 
time period required for sufficiently cytotoxic levels 
of DIOG to form. 

Considering the amplification in selectivity (Fig. 
4), this increase of the lag phase by serum can best 
be explained by proposing that serum protein binding 
of decanal results in a decrease in decanal reactivity 
toward AOG. (The AOG concentration is high 
enough that serum protein binding of AOG would 
be of minor significance, at most.) Consistent with 
this hypothesis is the avid binding of 2-nonanone to 
serum albumin: 47 ,uM nonanone is 64% bound by 
2 mg/ml BSA [l, 331. Toxic selectivity between 0% 
serum and 1% serum involves distribution of both 
decanal and DIOG. The additional decrease in the 
rate at which DIOG reaches the cells (due to serum 
protein binding of decanal) effectively amplifies the 
selectivity inherent in DIOG distribution alone. 

A second, more complex explanation for the sel- 
ectivity amplification cannot be ruled out, using the 
experimental data presented here. It would require: 
(1) that serum proteins bind more avidly to decanal 
than to DIOG, and (2) that the DIOG transfer from 
serum proteins to erythrocyte membranes be slow 
enough to be rate-determining for lysis. The 
additional toxic selectivity would be caused by a 
further decrease in the rate at which DIOG reached 
the cell membranes. Again, decanal distribution sel- 

ectivity would be responsible for environment-selec- 
tive synergism involving such a mechanism. 

A mechanism involving serum enzyme-promoted 
oxidation of decanal is highly unlikely in light of two 
observations: (1) erythrocyte lysis in the presence of 
16 ,uM decanal, 448 ,uM AOG, and 1% serum did 
not become more rapid when oxygen was excluded 
from the suspension; and (2) purified BSA is also 
capable of inhibiting erythrocyte lysis. 

The use of combinations of hydrazine derivatives 
and aldehydes (self-assembling biocides) in place of 
their more toxic hydrazone products made possible 
greater toxic selectivity in uitro between cells in 
different environments. This study demonstrates that 
aldehyde distribution selectivity and the second 
order rate constant for the bimolecular reaction can 
provide additional discrimination between the two 
environments by affecting the overall rate of biocidal 
hydrazone formation. Although this model system is 
an extreme simplification of the tumor and normal 
cell environment in uioo, its demonstration of the 
basic principle of environment-selective synergism 
in a mechanistic sense is an essential first step toward 
more sophisticated in vitro models with cultured cells 
and whole animal studies with solid tumors. 

Our results in mechanistic model systems suggest 
that cytotoxin self-assembly could become a useful 
approach for rational development of chemo- 
therapeutic combinations exhibiting target-selective 
synergism provided the target and normal tissue 
environments differ in ways which significantly affect 
hydrazone formation rates. Because selectivity fac- 
tors could be introduced independently in two or 
more pharmacokinetically distinct precursor mol- 
ecules, such an approach would provide advantages 
over conventional prodrug strategies. Our current 
efforts are aimed at developing combinations which 
exhibit target-selective synergism in systems involv- 
ing cultured mammalian cell lines and whole animals. 
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