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respolises 10 vagal stimnlation; no effect was observed ou the
responses o diveet injection of ACh, nor on ihe bictitating
membrane.

The dialkyl-substituted amimes displayed guite ditferent proper-
ties: 38 and to a lower extent 40 appeared to be slightly hypoten-
sive and to stow down the heart rate. /n vitro 38 proved to be o
competitive antagonist of norepinephrine. lengthening of the
atkyl chain canses the appearance of oxytocie activity; in vilro
marked oxytocic activity, alveady evident for the lower homologs
44 and 45, was exerted also by 46, 48, 49, and 51.

Some of quaternary  dervivatives, partienlarly 38 and 46-
nethiodide, showed strong nicotinic properties. If given intra-
venousty at 0.5-1 mg/kg, they cansed a hiphasic pressor respouse,
chiaracterized by a mild hypotension immediately followed by
hypertension, which may be abolished by a pretreatment with
hexamethoniam (5 mg/kg s¢). Previous adrenalectomy rednced
this response considerably. The amides at 10 mg/kg ip o
aqueolls snispension, in the eat, appeared to have no appreciable
effect o1 antonomic responses.

Of some interest is the spasmolytic activity of the disubstinted
amides 16-21, 23, 24, observed n vilro on the gninea pig ilenm
stimnlated with histamine, ACh, and BaCl..

Antiexudative Property.—The dialkylamines 38 aud 40 and the
compounds 50-52, given orally at the dose of 50 mg/kg, provided
marked protection wward the foot edemn produced by egz
albumin in the rat.

Fungistatic Activity.-—Unlike monoalkyl amino derivatives,
quaternary compounds, abd amido componuds, almost all tertiary
amine derivatives have shown n vibvo a mild activity toward
Candida albicans, Asperyillus niyer, and Epidermophylon flocco-
sunt.  No appreciable effeet toward gram-positive aud gran-
negative organisms wax observed.

Discussion

The pharmacological study  of  the compoutids
examined has shown the following. (1) Few of the
amides are effective on the central nervous system and
exert a somehow depressant activity, svnergistic with
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that of barbiturates; the lower homologs, sueh ax the
nousubstituted amide and its N-nonomethyl deriva-
tive exerted some protection toward pentylenetetra-
zole convulsant aectivity (see Table V). The N.N-
disubstituted amides showed an interesting peripheral
spasmolytic papaverine-like activity on smooth museles.
(2) In the seriex of amines lower ntonoalkyl-substituted
nmentbers exert antidepressant and sympathomimetie
effects qualitatively comparable to those of tranyleypro-
mine and amphetamine, without modifyving the brain
and liver MAO aetivity (see Tuble V). In accordance
with earlier observations by Zirkle. et al..* we observed
the importance of the eis and trans configuration for the
appearance of the specific activity in the conmpounds
studied: compound 29, the ¢/s analog of 28, 15 devoid of
any exeitatory, anorexie, hyperthermic activities i the
ammal with o monoannue oxidase block, nor does it
antagonize reserpine,  Like  the  els-phenethylamine
derivatives,’* omr didkylumine  compounds  appear
endowed  with antiepiuephrine and oxytocte activity.
the oxytocie properties being the more evident the
longer the alkyl motety.  (3) The quaternary com-
pountds are completely metfective at the CNS level,
hut show significant nicotme-like properties.
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A series of twenty derivatives of cholanic acid has been tested for their abilities to accelerate cell swelling and

to inhibit enzyme induction of a strain of Pseudomonas aeruginosa.

The series included conjugated as well ax

nnconjugated natural bile acids all of which bear a negative charge at physiological pH. These anionic sub-

stances may increase the rate of cell swelling but have no effect on enzyme induction.
Other anionic derivatives, not found naturally, behave similarly. Bile

they increase bacterial permeability.

Evidence is presented that

acids conjugated with Ni-trimethylethylenediamine, cholamine, are more potent in accelerating bacterial swell-
ing. In addition, the cationic substances inhibit protein synthesis as evidenced by their inhibition of the indne~

tion of the enzymes which catabolize benzoic acid.

approaches in effectiveness benzalkoninm chloride (which is shown to have the same properties).
effects on swelling and on enzyme induction are apparently not causally related.

Chenodeoxycholyvleholamine, the more potent analog,

The {wo
By altering the conditions of

incubation, one can affect either cell swelling or enzyme induetion.

When gsurface active agents are incubated with
nicroorganisms, they apparently react with the cell
membrane. Cell constituents such as potassium,?
aminoe acids,* purines, and pyrimidines® diffuse into the
medium, and protoplasts are rapidly lysed.® Anionic

(1) These investigations were supported by Grants AM09582 and CA-
046035 of the National lnstitutes of Health,

(2) Varts of (bis paper were presented at the I'all Meetings (1966) of 11m
American Sgciety for Pharmacology and Experimental Therapeutics in
Mexico City, and the National Academy of Sciences at Durham.

¢ (a) R, D, Notehkiss, Ann. N, Y. Acod. Sci., 46, 479 (1946); (L) 1. (4.
selartf and W, €. Maupin, Biochem, Phurmacol., 5, 79 (1960),

compounds are more active in aecid solution probably
because under these eonditions the nitrogen groups in
the proteins are more positively charged and thus
facilitate ionic bonding.” In addition to ionic binding,
other forees, possibly hydrophobic binding, must be
involved in the interactions between anionic detergents
and proteius. Thus, detergent may be ussociated

(+) E.I'. Gale and L. 5. Taylor, J. Gen. Miccoldol., 1, 77 (1847).
(5) M. R.J. Satton, id, §, 391 (1951).
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oxidti.se

November 1967

with protein in excess of the stoichiometric amounts
predicted by the number of cationic charges on the
protein. In addition, the affinity between a given
protein and detergent may be influenced by the size
and structure of the hydrocarbon portion of the deter-
gent.®? Cationic compounds are more active in alka-
line solutions and probably react with ionized acidie
groups on both the protein and phospholipid of the
membrane.” Added phospholipids counteract their
effects.® MacGregor and Eliker?® showed that ethyl-
enediaminetetraacetate (EDTA) can make resistant
strains of Pseudomonas aeruginosa sensitive to quater-
nary ammonium disinfectants which suggests that a
divalent cation may have blocked the acidic groups by
forming an un-ionized salt with them. Conversely,
addition of calcium can, under certain conditions,
antagonize the growth-inhibitory effect of benzalkonium
chloride on Escherichia coli.*!

The changes in the membrane which allow leakage
of cell constituents could also allow the more rapid
influx of added metabolites, and this might be the
explanation for the increase in rate of respiration,
glycolysis, and ammonia assimilation often seen when
surfactants in low concentrations are added to micro-
organisms.

In this paper the effects of various free and con-
jugated bile acids on the induction of enzymes which
catabolize benzoic acid and on cell swelling of a strain
of Ps. aeruginosa are described. This organism and
most other gram-negative ones rapidly decrease in
size when exposed to solutions of electrolytes or non-
electrolytes. This rapid, initial reaction is followed
by a gradual swelling of the microorganism on con-
tinued incubation in a salt-containing medium.!?
When washed cells of Ps. aeruginosa are incubated in
sucrose, essentially no secondary increase in cell size
follows the initial shrinking. Addition of salt to the
sucrose medium results in immediate swelling. Thus,
the increase in cell size must be the result of the entry
of electrolyte with its water solvent. The rate of
swelling depends on three factors: the nature of the
cation, the salt concentration, and the metabolic
activity,’* We have studied the effect of the bile
acids on the swelling process and on enzyme induction
of Ps. aeruginosa.

Experimental Section

A strain of Ps. aeruginosa maintained in this laboratory for
17 years was grown at 34° for 24 hr in 100 ml of Difco nutrient
broth without shaking. The cells were centrifuged, washed twice
with distilled HyO, and suspended in distilled H,O so that the
absorbance (4) determined by the Coleman J. spectrophotom-
eter at 500 mu was between 0.160 and 0.180. This suspension
(0.3 ml) was added to Na~K phosphate buffers of various molari.

(8) F. W, Putnam, Advan. Protein Chem., 4, 79 (1948).

(9) Z. Baker, R. W, Harrison, and B. F. Miller, J. Ezptl. Med., T4, 621
(1941).

(10) D.R. MacGregor and P. R. Eliker, Can. J. Microbiol., 4, 499 (1958).

(11) J, W, Klimek and J. H. Bailey, Appl. Microbiol., 4, 53 (1958).

(12) (a) J. H. Schulman and W, McD. Armstrong, "*Surface Chemistry,”
Interscience Publishers, Inc., New York, N. Y., 1949; (b) W. B. Hugo and
H. E. Street, J. Gen. Microbiol., 6, 90 (1952); (¢) 1. Bihler, A. Rothstein, and
L. Bihler, Biochem. Pharmacol., 8, 289 (1961); (d) F. Bernheim, Experientia,
19, 8 (1963).

(13) J. Mager, U. Kuczinski, G. Schatzberg, and Y. Avi-Dor, J. Gen.
Microbiol., 14, 69 (1956).

(14) (a) F. Bernheim, ibid., 80, 53 (1963); (b) F. Bernheim, Biochem,
Pharmacol., 14, 953 (1965).
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ties and pH 6.7 or 7.7 to a final volume of 2.0 ml.1*# The com-
pounds to be tested were added to the buffer before the addition
of cells. After the initial reading, the tubes were incubated at
37° and the absorbance was determined after 20, 40, and 60 min.
The resnlts are expressed as change of absorbance. The inverse
relationship between degree of swelling and absorbancy of a
suspension was first described by Raaflaub® in studies of mito-
chondria. These changes in optical properties are attributed
to change in translucency secondary to swelling or shrinkage.
This has been utilized in bacterial studies,!3141% Bernheim,!*
utilizing electron micrographs of the strain of bacteria used in
these experiments, has documented the relationship. For the
studies on enzyme induction, the oxidation of benzoic acid was
used. Sleeper and Stanier!” have shown that these enzymes
are induced in Pseudomonas. The oxygen uptake was measured
by the standard Warburg method. The conditions for the
manometric experiments are described in the legend to Figure 2.

Unconjugated Bile Acids.—Cholic acid (Mann Research
Laboratories, enzyme grade) was recrystallized twice from 709,
EtOH. Chenodeoxycholic acid (Maybridge Research Chemicals)
was recrystallized twice from benzene~-EtOH as previously de-
scribed.’* Deoxycholic acid (Mann reagent grade) was recrystal-
lized from acetone and then from 909, EtOH. Unconjugated
bile acids used solely in the preparation of bile acid conjugates
were obtained and purified by methods cited for each specific
componnd.

Preparation of Conjugated Bile Salts.—The following com-
pounds were synthesized by the methods of Norman:!* sodium
taurodeoxycholate (6), sodium taurochenodeoxycholate (7),
glveodehydrocholic acid (14), sodium glycodeoxycholate (11),
sodium glveochenodeoxycholate (12), sodium taurocholate (5),
and glycocholic acid (10). These compounds were chromato-
graphically pure and had the reported melting characteristics.
Sodium taurohyodeoxycholate (8) was prepared as described
by Lee and Whitehouse.?

The synthesis of the following compounds by the mixed anhy-
dride method of Norman?! have been described:® glycohyodeoxy-
cholic acid (13), 7,2-dihydroxycholanyltanurine (9), N-cholyl-n-5-
aminovaleric acid (15), N-cholylaspartic acid (16), N-cholyl-
aminoethylphosphonic acid (17), and N!-cholyl-N2-trimethyl-
ethylenediamine (cholylcholamine, 19). The following com-
pounds, synthesized by the mixed anhydride method, have not
been previously reported: N-chenodeoxycholylaminoethylphos-
phonic acid (18) and N!-chenodeoxycholyl-N2-trimethylethylene-
diamine (20). These were prepared by procedures similar to
those previously reported for the synthesis of their respective
cholic acid analogs.

Other Compounds.—N!-Trimethylethylenediamine chloride
(cholamine, 21) and pthalimidocholamine betaine (22) were
synthesized by the method of Gabriel.??

Thin layer chromatography was used to ensure that the syn-
thetic compounds and starting materials were chromatographi-
cally pure. The solvent systems and deteetion procedures em-
ployed for the bile salts and derivatives were the same as those
cited previously .18

Results

The Effect of Bile Acids and Their Derivatives on
Cell Swelling. (a) Anionic Compounds.—For purposes
of comparison these negatively charged compounds
have been grouped into four classifications: uncon-
jugated bile acids, bile acids conjugated with taurine,
bile acids conjugated with glycine, and bile acids
conjugated with various amino acids. Their relative
effectiveness in accelerating bacterial swelling is pre-
sented in Figure 1. Hyodeoxycholic acid (4) and
its various conjugated compounds 8 and 12 had little

(15) J. Raaflaub, Hely. Physiol. Pharmacol. Acta, 11, 142 (1953).

(16) Y. Avi-Dor, M. Kuczynski, G. Schatzberg, and J. Mager, J. Gen.
Microbiol., 14, 76 (1956).

(17) B. B. Sleeper and R. Y. Stanier, J. Bacteriol., 89, 117 (1950).

(18) L. Lack and 1. M. Weiner, Am. J. Physiol., 210, 1142 (1966),

(19) A. Norman, Arkiv Kems, 8, 331 (1956).

(20) M. J. Lee and M. W. Whitehouse, Biochem. J., 89, 189 (1963).

(21) A. Norman, Acta Chem. Scand., T, 1413 (1953).

(22) S. Gabriel, Ber. Deut. Chem. Ges., 88, 1985 (1920),
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or no effect on the rate of swelling.  On the other hand,
chenodeoxycholic acid (3), its taurine (7), its glyeine
(12), and its aminoethyiphogphonie acid  derivative
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Figure 1.—The effects of bile acids and their derivatives on cell
swelling. The valnes represent the ratios of the decrease in ab-
sorbance at 500 my of the experimental to the countrol after 6)
min of inenbation.
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Figure 2.-—The effects of glycodeoxycholate and cholylchol-

amine on the oxidation of benzoate, 1.7 X 1072 3/, 0.15 M Na-K
buffer pH 7.7, 37°, final volume 2.0 ml, gas phase air. The cow-
centration of cells was the same as desceribed for the swelling
experiments.  When the experiments were prolonged an addi-
timal 60 min, no acceleration of oxygen nptake was observed i
the flasks containing cholyleholamine.

(18) were invariably more potent than the correspond-
ing analogs of cholic acid. In several eases (compure
1 with 3, 5 with 7, and 17 with 18) the presence of u
hydroxyl group at position 12 of the trihydroxycholanic
acid abolished all activity, Deoxycholic acid and its
derivatives, in general, were intermediate in activity
between the trihydroxy acids and the chenodeoxycholic
acid series. The active compounds showed 2 some-
what greater effect at pH 6.7 than at 7.7.

(b) The Cationic Bile Salt Conjugates.— Compounds
19 and 20 were more potent at the concentrations shown
than their anionic congeners (Figure 1). In this group,
bacterial swelling was greater at pH 7.7 than at pH 6.7.

The Effects of Inorganic Ions on the Acceleration of
Cell Swelling by Bile Salt Derivatives.—Table I
presents data which demonstrate that eholylcholamine
and chenodeoxycholylcholamine are relatively more
potent in accelerating bacterial swelling in 0.05 3 than
in 0.15 M phosphate buffer. In this regard, they
mimie the behavior of benzalkonium chloride (23).
On the contrary, glycodeoxycholic acid, which is n
representative of the active anionic derivatives, has
greater activity in the medium of higher ionic strength.

The swelling caused by the cationie bile salt deriva-
tive, cholylcholamine, is muarkedly inhibited by the
presence of calcium (Table 1I). Caleium at this con-
centration also effectively blocked the action of cheno-
deoxycholylcholamine and benzalkonium chloride on
cell swelling.

The Effects of Bile Acid Derivatives on Enzyme In-
duction.—The effects of cholylcholamine (19) and glyco-
deoxycholate (11) on the oxidation of benzoate are
compared in Figure 2. Cholylcholamine prolonged the
lag period which is characteristic of enzyme induction”
and inhibited the oxidation of benzoate. The anionic
compound shortened the lag period but had no effect
on oxygen uptake.

Other anionic compounds (3 and 12) showed the
same behavior as glycodeoxycholate. Chenodeoxy-
cholylcholamine (20) and benzalkonium chloride (23)
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TaBLe I
BAcTERIAL SWELLING IN SoLuTloNs OF DIFFERENT loNIC STRENGTH®
— 0.05 M buffer 0.15 M buffer——
Relative Relative
——————— — AAsw, 1np swelling — — AAso, mu swelling
Compd Conen, M 20 min 40 min 60 min 60 min 20 min 40 min 60 min 60 min
Control . 35 43 54 1.00 84 106 117 1.00
Cholylcholamine (19) 4.8 X 105 46 65 78 1.44 82 98 118 1.01
9.6 X 103 67 97 118 2.18 85 137 181 1.55
Chenodeoxycholylcholamine (20) 2.5 X 105 62 95 123 2.28 89 137 174 1.49
3.0 X 105 110 135 150 2.78 141 209 233 1.99
Benzalkonium chloride (23) 1.4 X 1073 71 93 114 2.11 93 142 179 1.53
Glycodeoxycholic acid (11) 1.1 X103 38 52 63 1.17 170 182 190 1.63

@ The effect of cholylcholamine, chenocholamine, and benzalkonium chloride on the rate of swelling (decrease in Ao with time) in

0.05 M and 0.15 M Na-K phosphate buffer pH 7.7, 37°,
Ad s of control.

TasLe I1
ErrecT oF CarciuM JoNs oN BACTERIAL SWELLING®
Cholyl- Adsos, mu Relative
cholamine 20 40 60 swelling
Ca+, M 19, W min min min at 60 min
. 44 56 64 -
Ce 9 X 1078 76 118 149 2.32
2.3 X 10~ 46 36 59
2.3 X 10~* 9 X 108 43 31 38 1.01

e The incubations were performed in Na-K buffer, 0.05 M/, pH
7.7. The term “‘relative swelling”’ signifies A4 s of experimental
incubation/Ad s of control.

acted qualitatively the same as cholylcholamine.
However, as shown in Figure 3, chenodeoxycholylchol-
amine was twice as potent as cholylcholamine.
Experiments were performed with cells grown in the
presence of 3 mg/100 ml of o-fluorobenzoate to pre-
induce the enzyme. The oxidation of benzoate by
such cells was minimally inhibited by the quaternary
compounds (Figure 4). The anionic salt, chenodeoxy-
cholate, had no effect on oxygen uptake in contrast to
its accelerating effect on uninduced cells. This in-
dicates that the anionic compounds can increase the
permeability of the cell to the inducer, benzoic acid.
Figure 3 shows that the cationic compounds inhibit
enzyme induction more effectively in 0.15 M than in
0.05 M buffer. In 0.05 M buffer, low concentrations

BENZOIC ACID OXIDATION

.05 M BUFFER pH 7.7 - .15 M BUFFER pH 7.7
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Figure 3.—The effect of cholylcholamine and chenodeoxy-
cholylcholamine on the oxidation of benzoate in 0.05 M and 0.15
M Na-K buffer pH 7.7.

The term, ‘relative swelling” signifies A4z of experimental incubation/
The molecular weight of benzalkonium chloride is set at 363.
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Figure 4.—The effect of cholylcholamine on the oxidation of
benzoate by cells grown in media containing 3 mg/100 ml of o-
fluorobenzoate compared with cells grown in regular media (non-

induced). Conditions are the same as described for Figure 2.
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Figure 5.—The effect of ethylenediaminetetraacetate on the in-
hibition of benzoate oxidation by chenodeoxycholylcholamine,

may actually increase the rate of induction. Calcium
ions abolish the inhibition of enzyme induction. There-
fore EDTA should potentiate the inhibition. Figure

5 shows that it does.

Discussion

The effects of anionic bile salt detergents on augment-
ing bacterial cell swelling are in general accord with
results previously reported by Bernheim! for the
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amionic alkyl- and alkenylsuceinic aeids. In all cases
greater relative activity was obsgerved with inereased
buffer concentration,

The present survey of the bile salt compounds and
their derivatives demonstrates that the chemical
natures of both the steroidal anud the ionie hydrophilie
parts of the detergent molecule affeet thelr abilities to
accelerate swelling.  Of the trihydroxyeholanic aeid
group (the cholic acid series) only one compound (10)
was aetive in this regard.  The five others (1, 5, 15-17)
did not have the ability to enhance bacterial swelling
at the concentrations tested.  Two series of dihyvdroxy-
cholante ucid compounds are quite cffective in en-
hancing cell swelling.  The compounds of the cheno-
deoxycholie acid seriex are most active in this respect
3, 7, 12). Compouuds of the deoxycholie acid series
(2, 6, 11) were effective, although less =0 than the
chenodeoxycholic series.  The position of the a-hyv-
droxyl group of the steroid nuecleus as well as the
number of hydroxyls is significant in determining
activity.  Thux the hyodeoxveholie neid series which
has two a-hvdroxyl groups at the 3 and 6 positions of
the cholanie aekd molecule has virtually no activity
(see 4, 8, 13).

When cholie aeid (1) was conjugated with glyveine, o
conpound was obtained which was active (the only
active trihvdroxy compound).  Conjugution with glv-
cine had no sueh effect on hyodeoxycholic acid or on
the inactive triketo compound 14.

“he cationie cholanie acid compounds are noteworthy
in that they are capable of accelerating swelling at much
lower coneentrations. In this regard, the most active
one studied thus far approuaches the potency of beng-
alkonium chloride compound (compare 20 with 23 i
Figure 1),  Axwith the anionic compounds, the cationic
derivative 20 of chenodeoxycholic acid is more potent
than the corresponding cholie neid analog 19, Chol-
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amine either as the free amine 21 or conjugated as an
clectrically  neutral betaine 22 15 mactive. This
suggests i the poxitive churge of the cholamine
noiety functions by orienting the detergent properly.
most likely on the surface of the bacteria.

Since the cationie componnds do not inhibit the
oxidation of benzoate once the enzyvme is indueed, the
inhibition of oxidation in the noninduced eells may be
attributed to an inhibition of enzvime synthesis.  Cal-
cium ionx antagonize the inhibition which indieates
that they are displacing the drug from a negatively
charged site. Alternatively, the drug might displace
endogenons caleium tons from some site within the cell
where its presence is required {or protein synthess,
However, EDTA by itself in the concentrations used
had no effeet on enzvine mduction, but it markedly
potentiated the poteney of ehenodeoxy cholylcholumine.
Therefore, the drug did not act by displacing endog-
enous calelunt ions,

The following faets indicate that the effects of these
ationic agents o enzyme induction and cell swelliug
are independent of one another.  The anionic agents
do not mhibit enzyme induetion, although they eause
cell swelling.  The eationte agents do not  inhibit
enzyine ndnetion m 0.05 1/ buffer, the condition m
whicli they arve most effeetive on cell swelling.

In work being completed, we have found that the
egrowth of a nuniber of gram-positive and gram-negative
bacteria is inhibited by the bile aeids conjugated with
cholamine.  These derivatives containmg the positive
charge in the side chain have been found to inhibit the
growth of  PPx. aeruginosa,  Staphylococcus  aureus,
Bactllus subtilis, and Streptococcus hewmolyticus at con-
centrations between 3 X 10~ and 2 X 107 M. Pre-
lmary work suggests that the inhibition of growth
and enzyvme induction reflect  the ability of  these
componnds to inhbit DNA svnthesis,
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