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"~ The chemical, biological, physical, and economic char-
. acteristics of medicinal agents can be manipulated and,
hwnce often optimized by conversion to a salt form.
(‘hoo:mz the appropriate salt, however, can be a very
dmmult tzﬁl\ since each salt lmparfs unique properties to
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Salt-forming agents are often chesen empirically. Of the
many salts synthesized, the preferred form is selected by
pharmaceutical chemists primarily on a practical basis:
cost of raw materials, ease of crystallization, and percent
yield. Other basic considerations include stability, hy-

groscopicity, and flowability of the resulting bulk dru'f
Unfortunately, there is no rehable way of predicting the
influence of a particular salt species on the behavigr of the
parent compound. Furthermore, even after many salts of
the same basic agent have baen prepared, no efficient
screening technigues exist to facilitate selection of the salt
most likely to exhibit the desired pharmacokinetic, solu-
bility, and formulation profiles.

Some decision-making models have, however, been de-
veloped to help predict salt performance. For example,
Walkling and Appino (1) described two techmques “de-
cision analysm” and “potential problem analysis,” and
applied them to the selection of the most suitable deriva-
tive of an organic acid for development as a tablet. The
derivatives considered were the free acid and the potassi-
um, sodium, and calcium salts. Both techniques are based
on the chemical, physical, and biological properties of these
specific derivatives and offer a promising avenue fot de-
veloping optimal salt forms.

Information on salts is widely dispersed thxout?hout the

- pharmaceutical literature, much of which addresses the

use of salt formation to prolong the release of the active
component, thereby eliminating various undesirable drug
properties (2~6). This review surveys literature of the last
25 vears, emphasizing comparisons between the properties
of different salt forms of the same compound. Included also

is a +/iscussion of potentially useful salt forms. Our purpose
is tv Iuld to preqent an overview of the pany different

LR U, K10 IV A R Ta¥a




0115704

a9:00 FAX 6144473542 CAS DDS
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Anion Percentd ~Anion ‘Percent?
Acetate 1.26 Indide 2.02
Benzenesulfonate (.23 [sechimmatet 0.85
Bernzcate 0.51 Lactate 0.75
Bicarhonata 013 Lactobionate ) 0.13
Bitartrate 0.63 — DMMalate - 013
Bromide 4,68 Maleate 3.03
Calcium edher.at-: 0.2% Iltfancieiate 0.36
Camsyvlate® 0.235 esylate 2,92
Carbonate 0.35 Methvibromide 0.78
Chlorids 117 Mechylnitrate 1033
Citrate 3.03 Methylsulfate 0.88
Dihydrochleride 0.21, Mucate 0.13
Edetate .25 Napsylate .25
Edisylate¢ 0.32 Nitrase 0.64
Estolate? 0.13 Pamoate (Emboaate) 1.01
Eaylate* Q.13 Pantothernate (.25
Fumarate s 0.25 Phosphate/diphosphais | 3.15
Gluceptate’ 013 Polygalacturonats \ 0.13
Gluconate 0.51 Salicylate 0.35
Gluramate 0.23 Stearate 0.25
Glycollylarsanilstes 0.13 Subacetare © 038
Hexviresorcinste 0.13 Succinate 0.32
Hydrabamine” 0.25 Sulfate 7.46
Hvdrobromide 1.99 - Tannste 0.38
H_vdrochl-')ride $2.98 Tartrate ) 3.54
Hydroxynaphthoate 125 Teoclate’ 0.13

Tristhiodide 0.13

Cation Percent?” Cation Percent®

Orgzanic: Meatallic:
Benzathine* .66 Aluminum 0.6
Chloroprocaine 0.33 Calcium . 10.49
Cheline 0.33 Lithium : 1.64
Diethandlamine 0.93 Magnesiun 1.31
Ethylenediamine 0.65 Porassiurm ’ 10.32
Meglumine! 2.2% Sodium §1.97
Procaine 048 Zine : 2.95

“ Percent is based on total number of anionit or cationic calts in use through 1974. ¥ Camphorsulfongte. * 1,2-Ethanedisulfonate. ¢ Lauryl sulfate.
r Ethanesulfonaste. f Gluechentonate. # p-GlycoUzmidophex:{la:sonme, kN N'-Di(dekydroabistylicthylenediamine. | 2-Hydroxyethanesulfonate.

i §.Chlorotheophyllinate. # N,N’-Dibenzylethylenediamine,

to assernble data that will provide, for the student and
practitioner alike, a rationel basis for selecting a auitable
salt form.

POTENTIALLY USEFUL SALTS

Salt formation is an acid-base reaction involving either
a proton-transfer or neutralization reaction and is there-

fore controlled by factors influencing such reactions. -

Theoretically, every compound that exhibits acid or base
characteristics can participate in salt formgtion. Particu-
larly important is the relative st_;E_ii‘ft'}ﬁ of the acid or
base-~the acidity and basicity constants of the ¢hemical
species involved. These factors determine whethef or not
formation occurs and are a measure of the stability of the
resulting salt.7 ’

The number of salt forms available to a chemist is large;
surveys of patent literature show nurmerous new salts being

synthesized annually. Various salts of the same compound .
.often behave quite differently because of the physical,

chemical, and thermodynamic properties they impart to
the parent compound. For example, a salt’s hydrophobicity
and high crystal lattice energy can affect dissolution rate
and, hence, bicavailability. Ideally, it would be desirable
if one could predict how a pharmaceutical agent’s prop-
erties would be affected by salt formation.

Tables I and II list all salts that ‘were commercially
marketed through 1974. The list was compiled from all
agents listed in “Martindale The Extra Pharmacopoeia,”

N-Methylglueamine.

26th ed. (7). Table I categorizes all salt forms approved by
the Food and Drug Administration (FDA), while Table II
lists those not approved by the FDA but in use in other
countries. (Only salts of organic compounds are considered
because most drugs are organic substances.) The relative
frequency with which gach salt type has been used is cal-
culated as a percentage, based on the total number of an-
ionic or cationic salts in use through 1974. Because of
simple availability and physiological reasons, the mono-
protic hydrochlorides have been by far the most frequent
choice of the available anionic salt-forming radicals, out-
numbering the sulfates nearly six to one. For similar rea-
sons, sodium has been the most predominant cation.
Knowledge that one salt form imparts greater water
solubility, is less toxic, or slows dissolution rate would
greatly benefit chemists and formulators. In some cases,
such generalizations can be made. Miller and Heller (8)
discussed some properties associated with specific classes .
of salt forms. They stated that, in general, salt combina-
tions with monocarbozylic acids are insoluble in water and
Iend themselves to repository preparations, while those of
dicarbosylic acids confer water solubility if one carboxylic
group is left free. Pamoic acid, an aromatic dicarboxylic
acid, is an exception since it is Used as a means of obtaining
prolonged action by forming slightly soluble salts with
ceriain basic drugs. Saias et al. (9) reviewed the use of this
salt form in preparing sustained-release prepara‘cions_.
More recently, latentiation of dihydrostreptomycin (10)




i

(PR S PP

P2 g S Rk

0115004

_09:01 FAX 6144473

UI
IA—
l.l

CAS DDS

Table 11.—Non-FDA-Approved Commercially Marketed
Salts

Anicn Fercente

Adipate

Alginate

Amiroselicylzte

Anhydromethylenzcitrats

Arccoline

Aspartate

Bizulfate

Burvibrom:ide

Camphorate

Digluconate

Dihydrobromide

Disuccinate

(lycarophosphare

Hemisulfate .

Hydroflubride L0
Hvdroiodide

Methylenebis(salicylate}

Napedizylata®

QOxalate

Pectinate

Persulfate

Phenylathylbarbiturate

Picrate

Propionate

Thm. ‘vanate

Tosylate
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Cation Parcente

Orzanic:
Benethamine®
Clamizole™
Diethylamine
Piperazine
Tromothamina®

Metallic:

Barium .33
Bismuth 0.93
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@ Percent is h\aed}m total number of anionic and cationic salts in vz
through 1974, b 1,5-Naphthalenedisulfonate, ¢ N.Eenzylphansthylamine.
¢ 1-p-Chiorobenzvl-2-pvrralidin-1’ -}lmcthv]ben’lmmuole < Tris{hy-
droxymethyl)aminomathare.

using pamoic acid resulted in the formation of a delayed-
action preparation. Numerous studies using pamoate salts
are dispersed throughout the literature (11-15).

Alginic acid alse has been used to prepare long-acting
pharmaceuticals. Streptomycin alginate was prepared (16)
and shown to be effective in sustained-relesse prepara-
tions. A striking exaraple of a long-acting alginate salt is
that of pilocarpine. When dlspersed in sterile water and

.dried to a solid gel, this compound was found useful in the

preparation of long-acting ophthalmic dosage forms (17).
While liquid preparations of the alginate and hydrochlo-
ride salts possess similar miotic activity, studies showed
that solid pilocarpine alginate flakes constricted pupxl size
more effectively and increased the duration of miosis sig-
nificantly when compared with the liquid preparations.
Solid dose pilocarpine may be more uniformly available,
because it diffuses more slowly through the gel matrix
which holds the drug in reserve. In contrast, drops of the
commonly employed solution dosage form release the dose
immediately to the conjunctival fluid.

Malek et al, (18) devised a unique way of prolonging
action through salt formation; they showed that the dis-
tribution of several antibiotics could be markedly altered
by merely preparing macromolecular salts. Since macro-
molecules and colloidal part)cles have an affinity for the
lvmohatic svstem, streptomyein, neomycein, viomyein, and

—~
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sureptothrycin were combined with high molecular weight
compounds such as polvacrylic acids, sulfonic or phos-
phorylated polysaccharides, and pelyuronic derivatives.
Parenteral administration of these compounds produced
low blood levels of the antibiotic for long periods, while
lymph levels were high. (In comparison, streptomycin
sulfate gave high blood levels but low lymph levels.) This
alteration in distribution caused the streptomycin to
prolona its passage through the body, since lymphatic
circulation is quite slow.,

The appropriate choice of a selt form has been found to
reduce toxivity. It can be rationalized that any compound
associated with the normal metabolism of food and drink
must be esseniially nontoxie. The approach of choosing
organic radicals that are readily excreted or metabolized
opened up a new class of substances frormywhich to select
a salt form. For example, certain salts of the strong base
choline have proven to be considerably less toxic than their
parent compound. The preparation and properties of
choline salts of a series of theophylline derivatives were
reported (19), and it was shown that choline theophyllinate
possessed a greater LD;s than theophylline or its other
salts (20). It was postulated that this agent would be less
irritating to the GI tract than aminophylline, because “its
basic constituent, choline, is an almost completely non-
toxic substance of actual importance to the physiologic
economy.” This evidence led to the preparation of choline
salicylate (21) as an attempt to reduce the GI disturbances

ssociated with salicylate administration. Clinical studies
indicated that choline salicylate elicited a lower incidence
of GI distress, was tolerated in higher doses, and was «f
greater benefit to the patient than was acetylaalicylic acid
(aspirin).

Amino acids and acid vitamins also have been used as
salt-forming agents. Based on the evidence that coad-
ministration of amino acids with aminoglycoside antibi-
otics reduced thelr toxicity, a series of amino acid salts of
dihydroztreptomycin was prepared (22). In all but one
case, the acute toxicities of these salts were lower than the
toxicity of the sulfate. The ascorbate and pantothenate

also were synthesized and shown to be less toxic than the

sulfate. Of the salts prepared, the ascorbate had the highest
LD:q.

The vitamins most commonly used for forming salts
exhibiting reduced toxicity are ascorbic and pantothenic
acids. Keller et al. (23) were the first to use pantotbenic
acid as a means of “detoxifying” the basic streptomyces

antibiotics. Parenteral administration of the pantothen--

ates of streptomycin and dihydrostreptomyein had a sig-
pificantly reduced incidence of acute neurotoxicity in cats
as compared with the sulfates. Subsequent studies (24~28)
supported thiz finding and showed that the pantothenates
of neomycin and viomyein also are less toxic, The ascorbate
of olzandomycin was synthesized and its pharmacological
propemes were reported (29). Upon intramuscular injec-
tion in rats, it produced less irritation than the phos-
phate.

p-Acetamidobenzoic acid, an innocuous metabolite of
folic acid present in normal blood and urine, has been used
in preparing salis. In particular, it yields stable salts with

amines that otherwise tend to form hygroscopic products

with conventional acid components (30).
Often the salt form is chosen by determining a salt
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component, that will pharmacologically antaconize an
unfavorable property or properties exhibited by the basic
agent. Salts of N-cyclohexylsulfamic acid are an example
of the practical application of this approach. N-Cyclo-
hexyisulfamic acid salts, better known as ¢yclamates, have
a characteristic sweet, pleasing taste. Although presently
under investigation by the FDA for potentially carcino-
genic properties, salts incorporating this compound can
render unpleasant or bitter-tasting drugs acceptable. For
example, the cyclamates of dextromethorphan and
chlorpheniramine exhibit greatly improved bitterness
thresholds compared to commonly occurring salts (31).
Furthermore, their stability in agueous solution was de-
scribed as good when maintained at 2 pH not greater than
4. 4

N-Cyclohegylsuifamic acid salts of thiamine hydro-
chloride and lincomycin also have been synthesized. Thi-
amine N-cyclohexylsulfamate hydrochloride was reported
to' have a more pleasant taste than other thiamine salts
while having an equal or greater stability (32). Lincomycin
cyclamate, shown to possess an enhanced thermal stability
over its hydrochloride, was prepared (33) to test the hy-
pothesis that reduced lincomycin absorption in the pres-
ehce of small quantities of eyclamates was due to a simple
metathetic reaction. However, this assuraption was found
not to be true. An extensive study of the preparation and
characterization of cyclamic acid salts of several widely
used cladses of drugs including antihistamines, antibiotics,
antitussives, mynspasmolytics, and local anesthetics was
reported (34, 35).

Various salts of penic¢illin and pasic amine compounds
have heen formulated in an effort to produce a long-acting.
nonallergenic form of penicillin, Since antihistamines
appear to mitigate the symptomatology of venicillin re-
actions in some petients, coadministration of the two has
been advocated. The preparation of the benzhydralamine
salt of penicillin was an attempt to produce a repository
form of penicillin with antiallergic properties (36). Blood
levels achieved with this salt were comparable to those of
penicillin G potassium; however, irs antiallergic properties
were not evaluated. In fact, the investigators noted that
antihistamines can actually cause sensitization at times
and stated that “despite their occasionally faverable in-
fluence on the symptoms of penicillin sénsitivity, they
coutribute directly to the potential of drug sensitivity when
co-administered with penicillin.”

Silver salts'of sulfanilamide, penicillin, and other anti-
biotics have been prepared and represent cases where the
species (ions) are complementary. When aqueous solutions
of the salts were applied topically to burned tissue, they
yielded the combined benefits of the oligodynamic action
of silver and the advantages of the antibacterial agents
(37).

The use of 8-substituted xanthines, particularly the
8-substituted theophyllines, as salt-forming agents was
first reported in the preparation of a series of antihistarnine
salts (35-41). Synthesis of these xanthine salts was an at-
tempt to find a drug to counteract the drowsiness caused
by the antihistamines with the stimulant properties of the
xanthines. When an electronegative group is introduced
into the xanthine molecule at the §-position, the elec-
tron-drawing capacity of the substituent results in the
creation of an acidic hydrogen at position 7. Thus. these

@Boos
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maderately strong acidic compounds can undergo salt
formation with various organic bases.

The 8-halotheophyliines were the first group of xan-
thines studied as potential salt-forming agents. Since the
report on the preparation of the 8-chlorotheophylline salt
of diphenhydramine (42), synthesis of the 8-halotheo-
phyllinates of a number of organic bases has been at-
tempted. The B-chlorotheophylline salts of quinine,
ephedrine, and strychnine were prepared and character-
ized (43). These salts were less water soluble than the
corresponding free alkaloidal bases. In a similar report, the
8-chlorotheophyllinates of three synthetic narcotics,
meperidine, levorphanol, and metopon, were prepared
(44),

Pharmacological and clinical studied involving the 8-
bromotheophylline pyrilamine salt revdaled the unusual
diuretic properties associated with the 8-halotheophylline
portion of the compound (45, 46). This finding initiated
an investigation into the preparation of a soluble 8-bro-
motheophylline salt of high diuretic activity. With readily
available amines, over 30 salts' were synthesized and
screened for diuretic activity (47). When tested against
theophylline salts of the same amines, the 8-bromotheo-
phyllinates showed greater activity in every case.

With the successful formation of 8-halotheophyllinates
of organic bases, Morozowich and Bope (48) proposed that,
if the halogen moiety was replaced with a more electro-
negative substituent such as a nitro group, a more acidic
compound would be formed. Presumably, more stable salts
would result and precipitation of the free xanthine deriv-
ative in the stomach would be less likely to occur. On this
premise, they successfully prepared pharmacologically
effective 8-nitrotheophyllinates of several pharmaceuti-
cally useful bases, )

Duesel et al. {19}, in their study of zholine theophylli-
nate, prepared the 8-chloro-, 8-bromo-, and 8-nitrotheo-
phylline salts of choline. QOral toxicity studies in mice
showed that the LDsq of the 8-nitrotheophyllinate was
much greater than that of either 8-halotheophylline. In
fact, it remained nonléthal at doses as high as 5 g.

Polygalacturonic acid, a derivative of pectin, has been
used to prepare quinidine salts exhibiting reduced toxicity
{49, 50). The compound possesses special demulcent
properties and inhibits mucosal irritation. The rationale
for use of this agent is to reduce the ionic shock to the GI
mucosa resulting from the flood of irritating ions liberated
by rapid dissociation of the conventional inorganic quin-
idine salts. Studies have shown that it is four times less
toxic orally than the sulfate. This difference was attributed
to the slower release of quinidine from the polygalactu-
ronate.

Other compounds reported to be potentially useful as
pharmaceutical salt forms are listed in Table 111

PHYSICOCHEMICAL STUDIES .

Biological activity of a drug molecule is influenced by
two factors: its chemieal structure and effect at a specific
site and its ability to reach—and then be removed from-—~-
the site of action. Thus, a knowledge of the physicocher-
ical properties of a compound that influence its abserption,
distribution, metabolism, and excretion is essential for a
complete understanding of the onset and duration of ac-
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Salt-Fermizg Agant Compeund Madified Modification Reference
Acetylamineacetic acid Lioxyeyeline Solubility 51
N-Acetyl-L-azparazine Erythromyein %lubxl!tr activity, stability 32
N-aAc Lt\,kvmnr Douayeyeline Combinad affect useful in pneumonia 53
Adsmantoic acid Alkylbiguanides Prolovged action 34
Adipic acid Piperazine Stebility. toxicity, orzancleptic properties 55
N-Alkvlsuifamates Ampizillin Abecrption (oral) 56

Lincum;.'cin Solubility 57
Anr_hr_aquinone-l,.S-d.adxo-m cid Czphalexin Suability, absorpticn 53
Arabogalactan sulfate (arabiao) Various alk 1bid~ Pmlonged action 39, 60
Arginine Ceplialospering Toxicity 61
o-Sulfeberzvlpeniziilin Stability, hygroscopicity, toxieity 62
Aspartate Erythromyein Solubility 63
Eataine . Tc racveling (Gastric absorptian 64
Bie(2- (‘.:\rhot‘y"nrnmon A-yloxylalkanes 7-(Aminoatkyltheophyllines Activity, prolonged prophylactic effect [5)
Carnitine Metlormin Toxicicy 66
4.Chlord-m- -toluenssulionic acid Propoivphene Qrgancleptic properties \ .87
Desanoate Hepraminal Prolenged action 5 68
Diacetyl sulfate Thiumine Sr.ablhty. ygrascopicity 69
Dibenzylethylensdinnine A:nﬁ\icillin Prolonged action 70,71
Diethylamine Cephalospering Reduced pain on injection 72
Diguaincyl phosphate Tetracyeline Activity ' 73
Diocty! sulfosuceinate Vincamioe Qrzancleptic properties 7d
Embonic (pampoi¢) aad Kanamyvin Toxicity 73
2.Phenyl-3-methvimorphaline  Toxicity 76
Fructose 1,6-diphosphoric acid Te tr.n,) cline Solubility m
Erytaromyein Solubility
Glucose 1-phosphoric acid, glucnza Tetracyclina ° Soluhility 7
6- pho~ph9nc acid Ervthcomycia - Solubility
L-Glutamine Erythromycin Solubility, activity, stability 32
Hydroxynaphtheats Bephenium Toxicity 78
2-{4-ImidazalyDethylamins Prestaglandin Prolonged action 79
Isobutanslamine "Cheophylline Stabilit . 80
Lauryl sulfate Vincaming Orzanoleptic pmpcrtln- Bl
Lysirie a- q-lltobenzylof -nicillin Toxicity. stability, hygroscopicity 62
Cephaloapering 61
Methanesultonic acid Pralidoxime (2.FAM) Solubiiity 82
N-Methylglucamine a-Sulfobenzylpericillin Toxicity, stability, hygroscopicity 62
Cephalozpiting Heduced pain on injection 72
N-Methylpiperazine Phenylbutazons Toxicity, faster onset of actiont 33
Morpho\:’ Cephalosporins Reduced pain ou injection 72
Q-N:_\phthaknesulfonic acid Propoxyphens Orranaleptic propettu_a 84
Qctancate Heptaminol Prolonged action 68
Probenccid Plvsmplc llin rvano%epnc properties &5
Tannie acid Various arines Prolonged action 86, 87
Theobromine acetic acid - Propoxyphena Activity 48
3,4.5-Trimethoxybenzoate Tetracyline Organoleptic properties 89
Hepm.mmo‘ Prolonged action 63
Tromethamine Aspirin Ahsorption (oral} 80
Dinoprost (prostaglandin I'2,,) Physical state 91

tion, the relative toxicity, and the possible routes of ad-

ministration (2).

In a review in 1960, Miller and Holland (92) stated that
“different salts of the same drug rarely differ pharmaco-
logically; the differences are usually based on the physical
properties.” In a subsequent review (93), Wagner ex-
panded upon this statement, asserting that, although the
nature of the biological responses elicited by a series of
salts of the same parent compound may not differ appre-
ciably, the intensities of response may differ markedly.

The salt form is known to influence a number of physi-
cochemical properties of the parent compound including
dissolution rate, solubility, stability, and hygroscopicity.
These properties, in turn, affect the availability and for-
mulation characteristics of the drug. Consequentlv 'chew
pharmaceutical industry has systematically engaveé in
extensive preformulation studies of the physicochemical
properties of each new drug entity Lo determine the most
suitable form for drug formulation. Published information
concerning such studies, however, is sparse. Preformula-
tion studies have been outlined, and the influence of the
salt form on the volatility and hygroscopicity of an agent

In one such study, methylpyridinium-2-aldoxime
(pralidoxime) salts were investigated (95). This study set
out to prepare a salt with water solubility adequate to allow
intramuscular injection of a low volume (2-3 ml) thera-
peutic dose. The original compound, the methiodide, had
the disadvantages of limited aqueous solubility and high
potential toxicity, since its high iodide content could result
in indism. On the basis of physiological compatibility,
better water solubility, favorable stability, and relatively
high percentage of oxime, the chloride salt of pralidozime
was selected for therapeutic administration; it was claimed
that ““the anjon used to form the salt can confer physical
properties of importance and significance for the formu-
lation and administration of the compound” (95).

Some physicochemical properties of a series of mineral
* acid salts of lidocaine also were determined (96). While the
hydrochloride and hydrobromide were mere hygroscopic,
they were more soluble in a number of solvents than the
nitrate, perchlorate, phosphate, or sulfate salts.

Dissolutivn Rate—The dissolution rate of a pharma-
ceutical agent is of major importance to the formulator. In
many cases, particularly with poorly soluble drugs, this
~harastorictie hest raflects the bioavailability of the com-

_
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pound. As a rule, a pharmaceutical salt exhibits a higher
dissolution rate than the corresponding conjugate acid or
base at an equal pH. even though they may have the same
equilibrium solubility. The explansation for this result lies
in the processes that control dissolution.

Dissolution can be described by a diffusion layer model
in terms of an equation developed by Nernst and Brunner
(27

aw

d: r

where W is the mass of the solute disselved at time ¢,

dW/dt is the rate of mass transfer per unit time, D) is the

solute molecule diffusion coefficient, § 15 the surface area

of the dissolving solid, h is the diffusion layer thickpness,

C is the concentration of the drug in the bulk solution at

time ¢, and C, is the saturation selubility of the solute in
the diffusion layer. .

The driving force for dissolution in Eq. 1 is the difference

1S

=, ~() {(Eq. I

between the saturation solubility of the drug and tke

concentration of the drug in the bulk fluid. If the drug is
not rapidly absorbed after it dissolves, then C, the con-
centration in the bulk solution, approaches C; and the
dissolution rate 1s retarded. When this occurs, absorption
is “absorption rate’” limited (or “membrane transport”
limnited). If the absorption rate is rapid (or if the absorption
mass transfer coefficient is much larger than DS/h of Eq.
1), however, C becomes negligible compared to C; and
dissclution occurs under “sink” conditions. Absorption is
then said to be dissolution rate limited, which is what oc-
curs with most poorly soluble drugs. In either case, an in-
crease in (., as in salt formation, increases dissolution.

Salts often speed dissolution by effectively acting as
their own buffers to alter the pH of the diffusion layer, thus
increasing the solubility of the parent compound, C;, in
that layer over its inherent solubility at the pH of the
dissolution medium. Hence, dissolution is controlled by
solubility in the diffusion layer which, in turn, is deter-
mined by the pH of that layer. The influence of K, on the
solubility term, C,, and dissclution rate, should an accu-
]mulation of ions be allowed to occur, will be treated

ater. :

Nelson (98), in a study of theophylline salts, was the first
to show the correlation between diffusion layer pH and
dissolution rate. The major impact that this study had on
the pharmaceutical sciences was its conclusion that, if
other factors remained constant, the dissolution rate of a
compound determined the rate of buildup of blood levels
with time and the maximum levels obtained. Those salts
of the acidic theophylline with high diffusion layer pH’s
had greater in vitro dissolution rates than those exhibiting
alower diffusion layer pH. And, indeed, the rank order of
dissolution rates correlated well with clinically determined
blood levels. Presumably, the higher pH in the diffusion
layer retards hydrolysis of the salt, thereby maintaining
the anionic charge of the theophyllinate ion. This report
led to many additional studies which illustrate the influ-
ence of the salt form on dissolution and the beneficial ef-
fects of changing nonionized drugs into salts,

Juncher and Raaschou (99) demonstrated that the rank
order of peak blood levels of penieillin V, obtained upon
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administration of three different salts and the free acid,
waz the same as the rank order of their rates of dissolution
irc vitro. While the investigators ascribed these differences
to the selubility properties of the salts, their experiments
actually compared dissolution rates, not solubilities. The
telstive order of dissolution rates and mean maximal blood
levels was: potassium salt > calcium salt > free acid >
bznzathine salt.

Nelson (100) determined dissolution rates for several
weak acids and their sodium salts in media whose pH's
represented GI fluids. In all cases, the sodium salt dis-
selved more rapidly than the free acid. This finding re-
solved the misconception that absorption of drugs is re-
lated only to solubility in the appropridte medium; rather,
solubility affects absorption only to the extent that it af-
fects dissolution rate. Absorption of drugs is a dynamic
process, and the ultimate solubility of a drug in fluid at
absorption sites is of limited consequerice since absorption
prevents the attainment of saturated solutions. Therefore,
dissalution rate, more than solubility, influences absorp-
tion since it is a preceding process.

In two subsequent studies, Nelson and coworkers fur-
ther illustrated the effects of changing nonionized drugs
into salts. A report concerning tolbutamide (101), a weak
acid, showed that the initial dissolution rate of tolbutamide
sodium was approximately 5000 times more rapid than the
free acid in acidic media and 300 times more rapid in
neutral media. This difference, measured in vitro, reflected
the differences observed between the free acid and thesalt
when administered to human subjects. Oral administration
of tolbutamide sodium produced an immediate drop in
blood sugar eomparable to that produced by intravenous
injection of the salt, while the slowly dissolving tolbuta-
mide produced a smooth, sustained fall in blood sugar
(102).

Correlation of urinary excretion rates and dissolution
rates of tetracycline and some of its acid salts also was
demonstrated by Nelson (103). The salts that exhibited
greater in vitro dissolution rates showed greater urinary
excretion rates, indicating more rapid absorption.

Benet (104), in a discussion of the biopharmaceutical
basis for drug design, referred to the influence of the salt
form on dissolution. He compared the dissolution rates of
tetracycline and tolbutamide and their salts, as reported
in the studies previously cited, and explained why the rates
differ at the pH's exhibited by physioclogical fluids.

Although salt furmation usually increases the dissolution
rate of a drug, studies with aluminum acetylsalicylate (105,
106), warfarin sodium (107), and benzphetamine pamoate
(108) showed that administration of the salt slowed dis-
solution of the drug and subsequent absorption compared
to the nonionized form. This decrease appeared to result
from precipitation of an insoluble particle or film on the
surface of the tablet. Such a phenamenon decreases the
effective surface area and prevents deaggregation of the °
particles. Theoretical considerations of the processes
controlling dissolution of an acid salt of a base (108) and
the sodium salt of a weak acid (109, 110) in reactive media
have been discussed. .

Tablet processing and various formulation factors can
decrease the diszolution rate of & salt in human gastric juice
over its nonionized form (111). Granulation and tableting
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decrease but had the opposite effect on phenobarbital.
Therefore, as a tablet dosage form, the dissolution rate of
the sodium salt was slower than that of the free acid. These
results were attributed to differences in the disintegrating
properties of the tablets; in some instances, rapid disso-
lution may in fact be a problem for very soluble drugs

Others have illustrated a phenomenon that decreases
the dissolution rate of a salt below that of its nonionized
form. Lin et al. (112) studied the relationship between salts
and biological activity by dissolving three salts and the free
baze of an experimental antihypertensive in water, 0.1 N
HCl, and pH 7.2 phosphate butfer. The dissolution rate of
the monchydrochloride salt was lower than that of the free
base in 0.1 N HCl'and higher than the free base in both
water and phosphate buffer. These authors ascribed this
variation to the common ion effect and substantiated it
experirnentally. Although the biological activity of the
monochydrochloride was greater than that of the free base,
the implications of altered absorption characteristics on
the activity of any other hydrochloride salt in GI fluids
must be considered. Similar results also were reported for
hydrochloride salts of some tetracy clines (113).

Some consideration must be given to the influence of salt
formation on oral toxicity, whxch often reflects the rela-
tionship between the in vivo dissolution rate and the ap-
pearance of drug in the circulation (114, 115), Morozowich
et al. (114) showed that the relative toxicities of a series
of salts of a drug reflect the rate of absorption, providing
the salt-forming agents themselves are relatively nontoxic.
They stated that “when absorption is rate-limited by
dissolution of the salt in'the gastrointestinal tract, as will
be the case with slowly soluble salts, the toxicity of a slowly
dissolving salt will most probably be lower than that of a
more rapidly dissolving salt.” The implications of salt
formation on toxicelogy will be discussed under Toxico-
logical Considerations.

Several reviews dealt with the influence of the dissolu-
tion rate on drug availability and, in particular, salt effects
(116, 117). Other reports tlustrating the influence of salts
and salt form on dissolution rate are listed in Table IV.

Solubility—Knowledge of the solubility characteristics
of a pharmaceutical agent is essential, because solubility
is usually an important factor in the pharmacokinetic .
protile, the chemical stability, and, ultimately, the for-
mulation of the drug. As discussed previously, it is certainly
a primary factor in controlling dissolution rates. The sol-
ubility of a compound depends basically upon the physical
and chemical properties of the solute; e.g., a lower melting
point for a compound within a series reflects a decreased
lattice energy, which would suggest a higher solubility.
Solubility depends as well upon such elements as tem-
perature, pressure, solvent properties (such as resulting
pH), and, to a lesser extent, the state of subdivision of the
solute.

An important solvent property which is often overlooked
involves the common ion effect; in particular, hydrochlo-
ride salts of drugs often exhibit less than desirable solu-
bility in gastric juice because of the abundance of chloride
ions. The equilibrium involved is shown in Scheme I.

DH*Cleuti) == (DH*)aq + (Cl7)aq
Scheme [
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Table IV—4Additional References on Salt Form and
Dissojution Rate

Tepic Refarence
Diszclution rate of mixtures of weak acids and tribasic 118
sodium phoesphate
Physiological availlability and in vitre dissoletion - 119
characteristics of eonie solid dosage formulations of
- aminosalicylic acid and its salts
Biopharmaceutics, rate of dissolution: ehronclogical : 120
bibliography

Biopharmaceutics: nte of dissolution {n witro aod in vivo 121
Dissolution tezts and inwrpretation of anomalies sbserved 122
in tHe dizzolution prucess of sulfaquinoxaline based on
salt {ormation

Influence of the dissolution rate of lithium tabiets on side 123
effects

Dissolution kinetics of drigs in human gastric juicey 124

Comparison of dissolution and sbaorptmn rates of © 125
different commercial uspirin tablets

In vitro dissolution rates of aminorex desage forms and 126
their correlation with in uitro availability .

considered as a means of increasing a compound’s water

solubility. As with dissolution rates, however, salt forma-
tion does not always confer greater solubility, Liberally
disperaed throughout the pharmaceutical literature are
studies that compare the solubilities of different salt forms

of the same compound with those of its free acid or base

{Table IV). Selection of the salt form exhibiting the desired
solubility properties is critical, since these properties often
dictate the formulation characteristics of the drug.

Phase solubility techniques were used to study the for-
mation of complex salts of triamterene (127). The results
indicated that the organic acid salts of basic drugs, such
as gmines, were more soluble in water than the corre-
sponding inorganic (halide) salts. This consideration is
important in the synthesis and selection of a salt form that
will exhibit enhanced bioavailability and desxrable for-
mulation characteristics.

The hydrogen-ion concentration can significantly affect

the solubility of a salt. Anderson (128) discussed the in-

fluence of pH on the solubility of pharmaceuticals,
Mathematical relationships between pH and solubility of
therapeutically useful weak acids and bases and their salts
were given along with some considerations in the formu-
lation of solutions of these particular agents.

An extensive study on the solubility interrelationships
of the hydrochloride and free base of two pharmaceutically

useful amines was reported (129). Mathematical equations

describing the total solubility at an arbitrary pH in terms
of the independent solubilities of the hydrochloride and
free base species and the dissociation constant of the salt

were derived and fitted to experimental data with good -

results. This report elucidated the point that, while the
solubxllty of the amine hydrochloride generally sets the
maximum obtainable concentration for a given amine, the-
solubility of the free base and the pKa determine the

maximum pH at which formulation as a solution is possible -
(assuming that the desired concentration exceeds the free -

base solubility). Shifting the pH-solubility profile to higher
pH values for formulation purposes may require increasing

the solubility of the free base. This increase might be ac-

complished by using an appropriate cosolvent. Since the
dissociation chdI'lCtr“rlathS of carboxylic acids and other
acidic organic species are similar to these of organic hy-
Areehlnnides. it is expected that the pH-solubility profiles
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of these crganic acids, although reversed, car be charac-
terized theoretically using the same treatment.

Several reports showed that the structure of an organic
salt-forming radical influences the solubility of the re-
sulting salt. The water sclubilities of 16 salts (carboxylates,
sulfates, sulfamates, and phosphates) of the weak base
erythromyein were dependent on the size of the alkyl group
of the acid (130). In a study with N-alkylsultamates of
lincomycin (68), a similar phenomenon was observed:

solubility of these salts decreased as the size of the alkyl

group attached te the acidic function increased.

Senior (131), in a study on the formulation and prop-
erties of the antibacterial chlorhexidine, determined the
water solubilities of 35 salts and the free base. He found
that inorganic salts had remarkably low solubilities while
those of the lower aliphatic acids proved to be somewhat
more soluble. Hydroxylation of the acid increased solu-
bility, since salt formation with polvhydrow acids, par-
ticularly the sugar acids, conferred extensive water solu-
bility to the molecule.

Several investigators reported the influence of the scl-
ubility of a drug on its formulation and subsequent avail-
ability from the dosage form. In a discussion of the prep-
aration and furmulatmn of epingphrine salts in an aerosol
system using liquefied gas propellants, Sciarra et al. (132)
pointed out that the solubility characteristics of the agent
are important in two respects. First, the soluhility of the
therapéutically active ingredient in the various propellants
is an important consideration if the product is to be used
for either local action in the lungs or systemnic therapy.
Second, the solubility of the druz in extracellular fluids
plays an important role in selection of the compound. The
bitartrate, malate, maleate, and fumarate salts of epi-
nephrine were prepared and subjected to colubility and
stability studies. While all salts had similar partition
coefficients, the solubility of the maleate In several pro-
pellants and its stability in formulated aerosols made it the
drug form of choice.

Ephedrine hydrochloride was more rapidly released
than the free base from theobroma oil suppositeries con-
taining different surfactants (133). This enhanced rate of
release (dialysis) was ascribed primarily to the greater
aqueous solubility of the hydrochloride, which solubilized
faster from the oil-in-water emulsion, whereas the
ephedrine alkaloid base tended to remain behind in the oil
phase.

The solubility of the active ingredient in ointment bases
can dramatically influence its diffusion properties. A study
of salicylic acid and its sodium salt showed that the dif-
fusion of both was very low from hydrophobic bases,
whereas the solubility of the drug significantly affected the
diffusion from hydrophilic bases. The more soluble sodium
salicylate diffused much faster from these latter bases than
did salicylic acid (134).

Additional references on the relationship of salt form
and solubility are listed in Table V.,

Organoleptic Properties—Modern medicine requires
that a pharmaceutical formulation be efficacious, safe,
stable, and acceptable to the patient. Of primary imper-
tance in the development of oral dosage forms is taste ac-
ceptability. This factor presents no major problems when
the drug is to be administered as a tablet or a capsule and
swallowed as a unit but is clearly a prominent factor in

@oog |
, 139

Table V-—Additional Refereuces on Salt Form and
Solubility

Topic Reference

Iafluence of solubility on the rate of G1 abzo:ption of 135
uspirin

Efregt of dosuge form upon the Gl absorptica rate of 126
salicylates

Physical-cheamical propertiex of polyene m_cruhde estars 137
and thsir water-aoluble salts

Tsolstion and reaction produ‘,b of orotic acid and amines 138
and their 20lubility in water

Selubility and swability of arythromycin 3alts . 139

Studies on pharmaceutical preparations of orotic scid: 14
wates-a0luble properties of orotic acid salts

Soluhility of antibiotics in 24 solventa T141, 142

Sol:hility of antibictics (n 26 solvents 143 .

' '
patient acceptability when it is to be wdministered as a
liquid, chewable tablet, or lozenge.

Since taste is a chemical sense, a substance must be
dissclved if it is to elicit a taste sensation—either by taking
it as a solution or by its dissolving in the saliva. Therefore,
one method used to minimize undesirable organoleptic
properties of pharmaceuticals involves the preparation of
a poorly soluble salt form of the drug such that the satu-
ration concentration is less than the taste threshold.

Erythromycin estolate (lauryl sulfate) has approxi-
mately ons-twelfth the solubility of the free base, is
tasteless, and 1s useful iv the formulation of oral suspen-
sions (144). A study on erythromyecin salts showed that the
bitterness level was dependent on two properties: (a) the
water solubility of the salt, which is dependent on thesize
of the alkyl group attached to the acid function; and (b) the
strength of the acid used to form the salt, i.e,, the stability
of the salt (130). The stearyl sulfamate salt possessed the
most desirable organoleptic properties.

Many problems concerned with formulation and sta-
bility of topical and oral pharmaceuticals containing
bacitracin have been overcome by incorporating bacitracin
into the formulation as its zinc salt. One distinct advantage
over the parent compound is its lack of taste, caused by its
relative insolubility. Thus, it is the preferred drug form for
preparations where taste is a factor {145). Taste panel
evaluations of the comparative bitterness of bacitracin zine
and bacitracin indicate that the taste of the zinc salt is
more easily masked and that the presence of a bitter-
ness-masking adjuvant, such as sucrose, increases the
bitterness threshold ratio differences between the two
compounds even further (146).

Propozyphene napsylate, nearly water insoluble, is only
slightly bitter to the taste as compared to the highly
water-soluble hydrochloride (147) and can be readily for-
mulated into a flavored aqueous suspensjon. The taste of
these suspensions can be improved significantly by the
addition of a common ion (sodium or calcium napsylate)
to depress solubility further.

A newer approach to the improvement of drug palata-
bility has been to form insoluble salts with ion-exchange.
resins. Several investigators described and tested the
practical application of this method (148-150). Spross et
al. (149) outlined the conditions necessary for improving
the palatability of a drug by adsorbing it onto an jon-ex-
change resin without appreciably modifying jts pharma-
cological effects. They found that: (a) the degree of drug
release from the ion-exchange adsorbate depénds on the
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equivalent quotient between the electrolytes in the sw-
rounding fluid and the ionic drugs, (b) the amount of ions
is far less in the saliva than in the gastric juice (the tem-
porary electrolyte contents can be estimated at 0.05 mEq
in the saliva and at 10 mEq in the zastric juice), and {c} the
exchange rates should gllow the equilibria to be attained
within a fairly short period. Insoluble drug resinates
formed between dextran gel® cation eschangers and several
basic drugs were in many cases much more pleasant tasting
than their parent comnpounds. Furthermore, release of the
drug from the ion-exchange adsorbate was quite rapid and
complete under conditions prevailing in the GI traat.

Similar findings were reparted using a polymethacrylic
acid ion-exchange resip (150). In addition, coating the
adsorbate particles with a 4:1 ethvlcellulose-hydrozy-
propyl methyleellulose mixture further reduced bitierness.
While in vitro release from the uncoated resinate was rapid
and complete, release from coated adsorbates varied with
the extent of coating.

Another approach to improving the taste properties of

pharmaceutical agents is to prepare a pleasant-tasting
soluble salt of a poor-tasting parent drug. This approach
often can be very difficult, however, since solubilization
of the parent compound usually impartis its unpleasant
taste to the preparation. Nevertheless, some success has
been reported using the artificizl sweetenera cyclamate
sodium and saccharin.

As described earlier, formation of N-c¢yclohexylsulfa-
mate salis of several drug subatances has produced better
tasting derivatives with enhanced solubility properties (31,
32). The physicochemical anéd toxicological properties of
benzalkonium saccharinate and a series of saccharinates
of other quaternary ammonium compounds were reported
(151). While conventional quaternary ammonium com-
pounds have a very bitter taste, their saccharin analogs are
sweet.

Potassium salts frequently possess an unpleasant taste
and a metallic aftertaste. The palatability of some potas-
sium salts in flavored vehicles was reported (152); while
the salts had similar taste threshelds at effective thera-
peutic levels, all potassium salts exhibited inferior palat-
ability.

Table III includes several samples of other salts that
exhibit an improved taste relative to their free acid or base
forms.

Stability—The chemical and physical stability of a
pharmaceutical must be known, because it can influence
the choice of dosage form, the manufacturing and pack-
aging, and the therapeutic efficacy of the final preparation.
Systematic determmination’of the thermal stability, solution
stability (at various pH'’s), and light sensitivity of a drug
and its derivatives, both alone and in the presence of
common additives, provides essential input toward se-
lecting the most suitable derivative and dosage form.

Depending on the route of degradation, different salt
forms impart different stability characteristics to the
parent drug by various mechanisms. Most commonly used
are sparingly soluble salts which, when used in the for-
mulation of suspensions, reduce the amount of drug in
solution and, hence, its degradation. Differences in hy-
groscopicity of several salts influence the stability of the

% Szphadex.

J40

druz in the dry state. In some cases, the salt-forming rad-
ical itself enhsnces the stability of the parent agent.

The stability of penicillin G and its salts has been widely
studied due to the drug’s therapeutic importance and its
characteristic instability. Schwartz and Buckwalter (153)
described some of the stability characteristics of this an-
tibjotic, stating that, with present techniques, a solution
of penicillin cannot be made stable for more than 2 weeks,
even at refrigerator teroperatures. They also discussed the
use of suspensions of sparingly soluble amine salts in

‘aqueons vehicles a: a means of “allowing marketing of a
‘ready-made’ penicillin preduct.” Procaine, benzathine,

and hydrabamine salts are marketed, and their acceptable
stability as agueous suspensions is based mainly on their
insolubility and the minimization of degradation in solu-
ton. [ .

A theoretical treatment of the solubility of these salts
was presented in which equations were derived for calcu-
lating the sclubility as a function of pH and the pH of
minimum solubility (154, 155). These equations are based
on the mass action law and {ts relationship to the ionization
constants of the amine and the penicillin and the solubility
of the salt in water. Since the salt in solution is partially
dissociated, further suppression of the solubility may be
achieved by the common ion effect. Swintosky et al. (156)

- demonstrated this effect with penicillin G procaine by

adding procaine hydrochloride to the preparation and
further enhaneing its stability. The 8-chlorotheophylline
salt (or complex) of penicillin G was reported to be water
soluble, yet stable in solution (157). Since 8-chlorotheo-
phylline is acidic, it has been postulated that a buffer effect
could account for the stabilization of this “salt.”

While penicillin G procaine is more stable in aqueous
vehicles, it is less thermally stable than the sodium or po-
tessium salts, decomposing if heated much above 60°. The
sodium and potassium salts are known to withstand
heating up to 100° for 4 days with little loss in potency
(153). This behavior might well be due to differences in
melting points—uiz., 106° for penicillin G procaine and
~215° dec. for the potassium salt.

Since hydrolysis of penicillin is dependent on moisture
content, preparations in which moisture is rigorously ex-
cluded are quite stable in the dry state. A study on the ef-
fect of moisture on penicillin salts found the caleium salt
to be less hyzroacopic than the sodium salt and, hence,
more stable in moist atmospheres (159). Similarly, peni-
cillin G potassium is also much less hygroscopic than
penicillin G sodiym and has become the preferred form for
marketing in the dry state (160).

Several studies reported the relative stabilities of thi-
amine salts, particularly the hydrochloride and the
mononitrate (161-163). The mononitrate is observed to
be_less hygroscopic and is accordingly much less water
soluble than the hydrochloride. Ihvestigations of various
preparations including compressed tablets, multivitamin
capsules, and dry-filled vitamin B complex capsules at
various temperatures showed that the mononitrate was
more stable than the hydrochloride (164, 165). The sta-
bilities of numerous thiamine salts were studied in aqueous

solution and in dry powder preparations with various ex-’
cipients {166, 167). In aqueous solution, the resulting pH '

was the chief factor controlling hydrolysis and oxidative
decomposition of thiamine salts; their stability as powder
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preparations was related Lo their aqueous solubility, with
the sparingly soluble salts being more stable (and pre-
surnably less hyzroscopic).

An orally administered drug must be stable in acidic
solution because it generally must pass intact through the
acidic envuonment of the stomach if it is to exhlblt ther- .
apeutic blood levels: The aciv.mtage of ervlhrom,un es-’
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Table VI—Additional References on Salt Form and
Stability

Topic Reference

Stahility of chlorheridine solutions 170
Stabilitr of chlorhexidine when autodaved 171
Anhydrotetracycline scd 4 epmnh)drotetrauyclme n ~ 172

marketod tetracveline and aged tetrycycline products 1
Solid-state stability of some; cnqts.llme vitamin A 173 ’

compound~ Ll . v
P hy=1co\.;.em1c:-.l etudies on th= stab)hty of pamclllm salts ‘ - 174 D
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+absorb ‘tmmpherlc mox:tu:e causé‘ sticky'stirface, and
[{ inhibit deaggr ecrétl{un ’!f} g&; ﬁ ‘:'{,
tf 3| H1*uch1 and coworkers pr qenteﬂ an extenswe stud on
;the physmm.henm ‘3] hasik of the | mn-pmr extractlon ‘of
Q,pharmaiceutlcal ines. 'Dlatl'lbu on ratlos of dextro-

lmethorphan (19,1) and chlorpbenuamme ((19‘7) bety een

LixsceUanéous Pro erneq-{fhe salfform has, heen an orgahic layer gnd watef were highly depe adent on the
repor] ed to inflience of her physlcochemlca_ proper ies of & A conc enfration and nature, Of the anion present Lesg hy-
a drug. subbtaﬁce Studles xlluet‘ratmc the effect; of the kn dTOPh-‘hC anions: yu:lded mee deﬂxeﬁrac le jon- Paﬂh

d}y of the th_ermodyﬁamxc propert1es enthalpy;’rfree
nergy,’ “and entrdpy, 1nv31ved in the extrac‘ﬁon ethbna
'of dextromethorphan 1on-pa1rq md1cated that the enhopy

ch:mge a:socmted with' tranSfer of t.he dlfferent amons
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Mosé drugs. prescnbed n the Umted Stat,es are admm-
istered in :ohd’ and 120{1 phasic jdosagei forms. C&nse-
quentl;,, dlssq} ltion of {,he drdgimust précede the ab-
sorption process The{-”gsm:mp1est1 Enodel that adequately

g oo iage, e

descnbea this] process isfhown [ Scheme L &
A,l. f:'\i 4 .'! % . 'fé ‘,::
sol'i ‘drug dfi"i—"?—“ﬂdxs i lzed drug* Md g in cu—cula;mn
i A { Scheme E*
L~uu:e the disqolutxox ateis g creé&emlly slgw for gs with- §
poor, solublht . Step His frequntly rate lxmxtmg’ in the
overall absorjfhion prodess. As afesult, tbe. onset, i 1ty, g

duration of pharmar'-',locrxcal a’ctmty, and, hence, bio- 3
availability arg affected by ch nges in dlqsolutxon Fate. As
discussed préviously, admmlstermg a s4lt of the parent F
drug often pi‘OVea to be an effe ~hve means of —dtenng dis- |
aolutxon rate! and abs%rpmon v K .
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Table VI1—Additional Refcrences on Bioavailability and
Formulation Effects

Topic Ralerstice

EIfects of various substances on the absarptionbf
tetracyeline in rats , .
Effecta of dozage form upon the Gl abzarption rate of
aalicylates . .
Determination of {1 viva and in 11tro releass of 1
theophylling aznirioisobutanal in a prolonged-action
system ) )
Jon-exchinge resin salt: fur oral therapy: carbinoxemine
Lateatiation of dihydroztreptomycin by pamaate
tormation
Solid-state ophthalmic dozzge systams in offecting
prolonged release of pilocarpina in the cul-ds-gac
Absorption of erythromyecin: various pharmaceutical
forms : :
Comparative study of the absoeption of druga from old
and new rectal preparations

Formulation Effects—Choice of the salt form of a drug’
may have a pronounced effact on the formulation of the
parent compound. For example, Fenton and Warren (124)
found there was no release of medicament from proflavine
cream PPC, a water-jn-oil emulsion containing, 0.1%
proflavine as the hemisulfate salt. They also investigated
the release of various salts of proflavine with aliphatic
carboxylic acids from water-in-oil cream emulsions. Salts
formed with the water-soluble, oil-inzoluble “lower"” acids,
such as formic and acetic acids, showed very poor release
from a water-in-oil creamn. The “higher” acid zalts (¢.g.,

n-valeric, caproie, cyclohexanecarbaxylic, and caprylic).

all showed increased diffusion from sirilar emulsions since
these salts are soluble in both water and oil. Their release
was even greater from oil-in-water emulsions, however, in
agreement with thejr preferential oil solubility. The n.
valerate salt provided the most effective water-in-oil
cream. The primary factor responsible for diffusion of
proflavine from a water-in-oil ¢ream is the low hydro-
philic-lipophilic balance conveyed to the salt by the acid.
This finding illustrates the desirability of carefully se-
lecting the s2lt anicn of a eationie drug in liew of the nature
of the desage form.

Studies of the effect of formulation on the bioavailability
of warfarin sodium relative to warfarin yielded interesting
results (107, 195). Absorption of warfarin upon adminis-
tration of the sodium salt as a lactose-base tablet was no
better than that fromi a similar formulation of the free acid.
In fact, absorption was further depressed when the salt was
formulated with starch instead of lactose. Later results
indicated that the in vitro water dissolution rate of a
warfarin sodium tablet was 330 times that of a slowly dis-
solving warfarin tablet formulation, yet the latter exhibited
rapid and complete absorption in vive. The virtual in-
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caleium carbaspirin from several suppository bases was

“stuslied in dogs (196). The shsorption of aspirin aluminum

from either eocoa butter or a polyethylene glycol base was
poor. While the maximum salicylate levels produced by
aspirin and calcium carbaspirin from the cocea butter base
ocourred at a later time than from the other bases studied,
minimal plasma levels were exhibitzd by a polysoroaie 61
base formulation. The highest peak and largest area under
the blood level curve were seen with calcium carbaspirin
in a vegetable fatty acid glyceride base. The poor abserp-
tion of aspirin aluminum from suppositories was not
unexpacted since it is poorly seluble. Furthermore, as
pointed out for aspirin aluminum tablets (105, 106), an
inscluble aluminum corapound may formd on the surface
of the dissolving drug, further impeding its dissolution rate
and bioavailability.
Additional references on bioavailability and formulation
effects are given in Table VIL '
+  Absorption Alteration—Several years ago, clinicians
claimed that certain salts of theophylline were therapeu-
tically preferable to other salts or to the free acid (202~
204). For example, Schluger et al. (204) found higher blood

‘theophylline levels after administering uncoated tablets

of theophylline ethylenediamine than were observed with
enteric-coated tablets of choline theophyllinate. These
results were at variance with the in vivo work of Gagliani
et al. (202), who found that the oral ingestion of choline
theophyliinate produced significantly higher hlood levels
than the ethylenediamine salt. This apparent discrepancy
could be explained by the formulation effects of tablet
coating, etc., which was not dizcussed in thé work of Gag-
liani et al. In another study, a slightly more rapid rise in
blood concentration and a greater area under the curve
were observed with theophylline isopropanclamine than
with theophylline ethylenediamine (203). It was suggested
that the difference was a result of the greater water solu-
bility of the isopropanoclamine salt.

The in vitro dissolution rates of the choline and iso-
propanolamine salts of theophylline have been observed
to be three to five times greater than the ethylenediamine
salt, depending on the dissolution medium (98). It has been
suggested that these differences in dissolution rate are
consistent with, and offer an explanation for, the clinical
results, )

In a comparative study of the absorption of ampicillin
trihydrate and ampicillin potassium following oral ad-
ministration (2035), the potassium salt yielded 37% higher
peak levels and a larger area under the curve. Only 36% of
the sdininistered ampicillin trihydrate was absorbed while
53% of the potassium salt was absorbed. Determining the
percentage of each drug eliminated in the urine showed
that 880 wae aliminated following administration of the




I~
-
N

=

(Le,
9%}

04 09:15 FAY 6144473342

multiple dosing (207). This finding is explained by the fact
that this salt is acid stable and alkaline dissociable, per-
mitting its passage through the acid of the stomach both
in fasting and nonfasting subjects (209). Accordingly, the
antibacterial activity remained eszentially the same when
this form of erythromyein was given, rezardless of the state
of fasting of the subject (209).

On first inspection, the higher serum levels attained with
erythromycin estolate suggest that the salt form is more
readily absorbed. Adso critical to efficacy, however, is the
volume of distribution of the drug, since extensive binding
to plasma proteins can render a drug unavailable for ac-
tivity at the biophase. Therefore, the significance of blood
Jevel-data gredtly depends on the measure of the free or
unbound fraction of total antibictics in the blood, which
mare directly indicates probable therapeutic benefit.

Wiegand and Chun (210) showed that, despite the
higher blood levels attzined with ervthromycin estolate
(after correction for half-life differences), the stearate salt
produced seven times more free drug in serum than did the

estolate salt. This finding explzined the higher total tissue

levels observed on administration of the stearate. They
attributed the difference to a greater serum protein
binding of the intact erythromyecin estolate, proving that
its higher serum levels did not necessariiy reflect more
efficient absorption.

Markad differences have been observed following oral
administration of various salts of penicillin. Penicillin G
potassium has been compared with penicillin G benzathine
{benzethacil) (211, 212), penicillin G hydrabamine (213),
penicillin V (214), penicillin G procaine (212), and peni-
cillin G ammonium (215). As anticipated, penicillin G
potassium produced higher and earlier blood levels than
penicillin G benzathine (211, 212). Furthermore, tablets
of penicillin G potassium buffered with sodium citrate
yielded higher peak levels than unbuffered penicillin G
potassium. While the absorption of buffered tablets was
apparently not significantly affected by foed intake, the
unbuffered tablets yielded lower average levels and ir-
regular absorption under similar conditions.

When penicillin G potassium was compared with peni-
cillin G hydrabamine (213), a less soluble salt, blood levels
similar to those produced by penicillin G benzathine were
ohserved. When equivalent doses were administered, the
penicillemia that occurred with penicillin G hydrabamine
was only one-third or one-fourth as great and was of
shorter duration than that produced by penicillin G po-
tassium.

Budolfsen et al. (212) found that peak concentrations
of penicillin G potassium were three to four times those
obtained with penicillin G procaine and five to six times
those of penicillin G benzathine, indicating a more rapid
rate of absorption. The therapeutic action was related to
the maximum concentration attained, but it also depended
on the persistence of penicillemia, which was greater with
penicillin G potassium than with the other two compounds.
The authors suggested that the lower blood levels attained
with the relatively insoluble penicillin G benzathine were
caused by its destruction in the GI tract prior to absorp-
tion. This suggestion seems unlikely, however, since the
drug should not degrade very rapidly as an undissolved
suspension.
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V produces higher hlood penicillin levels than corre-

sponding doses of penicillin G. As a result, extensive in-

vestigations have been conducted with various salts of

penicillin V (99, 214-220). For instance, tablets, capsules,’
and oral suspensions of penicillin V acid produced signif-

icantly higher blood concentrations than comparable
penicillin G preparstions (214). In the same study, the
average serum levels produced by the benzathine salt of
penicillin V were significantly higher than comparable
doses of penicillin G benzathine for the first 4 hr but lower
thereafter, again illustrating the value of using an insoluble
salt to prolong blood levels of an acid-unstable campound.
In another study (215), penicillin V acid was shown to
produce higher and more prolonged plasma concentrations
than either penicillin G potassium oremmonium, whose
properties were comparable.

Plasma levels were correlated with dissolution rates of
various forms of penicillin V (98). As solid dosage forms,
the readily soluble potassium and calcium salts produced
earlier and higher blood levels in fasting subjects than ei-
ther the free acid or its benzathine salt. On the other hand,
when the potassium and benzathine salts were adminis-
tered orally as solutions, absorption was the same, implying
that the poor solubility of the benzathine salt was re-
sponsible for the inferior blood levels obtained from its
solid dosage forms. Other studies found that, while the
potassium salt is 40% better absorbed than the free acid
in fasting subjects, both forms produce therapsutic levels
when administered with food (218).

Experiments with fistulated dogs indicated that peni-
cillin V is absorbed primarily from'the stomach. Therefore,
it is not surprising that the potassium salt should show
bigher blood levels on oral administration since it is the
most soluble salt in gastric pH (216). In accordance with
this observation, it was also reported that the benzathine
salt exhibited higher serum levels in patients with gastric
achlorhydria (pernicious anemia) than in patients with
normal gastric function (219). Differences in gastric
emptying time may also explain this result.

Several studies compared the absorptior of tetracveline
and its salts (103, 221, 222). For example, serum concen-
trations in dogs and -humang showed that a phosphate

* complex salt of tetracycline was absarbed more rapidly and

gave higher blood levels during the first €-8 hr than did
tetracycline hydrochloride (221). The total amount of drug
absorbed was about twice as great with the former com-
pound. .

Another study (222) suggested that tetracycline base
produced higher blood levels than tetracycline hydro-
chloride. However, a subsequent investigation (223)
showed that, in the absence of adjuvants or fillers, tetra-
eycline hydrochloride and tetracycline base were absorbed
equally well. Results obtained in this same study indicated
that tetracycline hydrochloride encapsulated with citric
acid produced higher serum concentrations than tetracy-
cline hydrochloride mixed with hexametaphosphate or the
phosphate complex salt of tetracycline.

In a study comparing urinary excretion rates and in vitrc
dissolution, the absorption of tetracycline and tetracycline
phenolsulfonaphihaleinate was rate limited by their dis
solution rates, whereas tetracyciine hydrochloride ab
sorption was rate limited by the absorption process itsel
(103 - :
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Several lincomycin salts were studied for their com-
parative availability (224). In particular, the blood levels
obtaired with the relatively water-insoluble hexadecyl-
sulfamate salt were compared to those of the hydrachloride
following oral administration. Higher and exteaded whole
blood and seramn concentrations were obtained in mice,
rats, and dogs with the hexadecylsulfamate. However,
subcutansously administered lincomycin did net produce
significantly different fractions absorbed, regardless. of
which galt was administered. It is not known whether the
greater area under the curve with oral administration of
lincemycin hezadecylsulfamate is due to greater absorp-
tion from the G tract, slower renal clearance, or greater
enterchepatic cirgulations.

Salis of streptomyein, nenmycin, viomyein, and strep-
tothrycin have been formed with: (a) polyacrylic acids, (b)
sulfonic or phosphorylated polysaccharides, and {¢) nat-
ural polycarboxyl acids from a series of polyuronic suh-
stances and polysaccharide derivatives containing carboxyl
groups (18). The report indicated that these salts were
absorbed from the injection locus primarily by the lymph
system, Blood levels from the salts were generally lower
but were maintained for s longer time than the equivalent
amount of antibiotic alone, and higher concentrations of
longer duration may actually be produced in the lymphatic
drainage.

The influence of salt formation on the onset and dura-
tion of pharmacelogical activity also was illustrated with
tolbutamide and several of its salts (101). Following oral
administration, the sodium salt produced a repid decrease
in blood suzar level followed by a rapid recovery. By con-
trast, the fres acid of tolbutamide caused a slow and pro-
longed drop in bloed sugar level, a preferred effect since
the chanee of hypoglycemic shock would be lessened. This
finding also illustrates the often overriding influence of the
actual disease state on the choice of drug form.

Additional references on the implications of salt for-
mation on absorption are listed in Table VIIL

Pharmacokinetics—Because of the various new
properties that are usually impesed on a compound by salt
formation, the pharmacokinetics of the drug necessarily
change as a function of these properties.

For example, a pharmacokinetic evaluation comparing

ampicillin sodium and peotassium with ampicillin trihy-

drate was performed after oral administration to beagle
dogs (243). Tbe absorption rate constants of the sodium
and potassium salts, which were similar, proved signifi-
cantly greater than the rate constant of ampicillin trihy-
drate, resulting in earlier, higher peak concentrations with
two to three times higher serum concentrations during the
1st hr. Yet, eny differences between the fraction absorbed
for the three products were not statistically significant.
Apparently, although dissolution of the ampicillin trihy-
drate was the rate-limiting step in its absorption, the
overall extent of bioavailability remained unaffected.
An interesting study of the biliary excretion of eryth-
romycin bgse and erythromycin estolate was reported
(244). The biliary excretion of erythromyein base was high,
while that of ervthromycin estolate was much lower;
preferential secretion of erythromycin in the bile could
partially account for the lower serum levels exhibited by
the base. However, the proportion of the ingested dose
secratod in the hile was small, and the total amounts io-
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Table VIII—Additional References on Bioavailability
and Absorpticn Alteration

s Lopic Reference

Bleood levels praduced by thres theophyline-containing 223
elixirz

Naprexen oral absorpticn characteristics 274

Effect of foud an absurption of a nzw {orrm of 227
eryihtamycin propiopate

Effect of the anion on the abzorption of tetracyaline fron: 1356
the rat stomach

Blood levels fellowing oral administration of different 228
preparations of novebiocin

Absorption of lepansic acid and its sodjum salt 229

Oru absorption of secebarbital (quinulbarbizons) ard irs 130
selivm zalt '

Absorption rate of barbituratas in hurnzans 231

Maorphine and atropine mucate 232

Excrction of bepheniug salts in urine of human | 233
volunteers . '

Polymethylenz big(isothiuronium) ealis: antituberculosis 234
aetivity :

Prolonged antitussive sction of a resin-bound soscapins 235
préparatiun !

. Pharmacology of sulfapyridine and sulfathiazole 236

Evaluation of plaztma concentrations of propoxyphene 237
utilizing a hybrid principal component analysic of ’
variance technique: equimolar doses

Antrycide, ¢ new trypanocidal drug 233

Pralidoxim: methanesulfonate: plasma levels and 239
pharmacokinetics ultsr oral administration to humans

Intestinal abaorption of pralidoxime and othér aldoximes 240

Blocd plasma levsle and elimination of salts of o241

pralidoxime (2-PAM) in humans after oral ,
administration .

Enkancement of Gl absorption of a quaternary 242
ammonium compound by trichloroscetate = '

volved were'not sufficient to account entirely for the dif-
ferences in serum concentrations attained. Undoubtedly,
the protein binding studies of Wiegand and Chun (210)
(discussed under Absorption Alteration) more satisfac-
torily explain the difference in serum concentrations.

Often, salt formation can be used to modify drug ab-
sorption and dose tolerance favorably. For example, ami-
nosalicylic acid exhibits a short half-life and, therefore,
requires large and frequent doses which may cause gastric
irritation. Consequently, different chemical forms such as
salts have been prepared (119, 245-247) to reduce the in-
cidence of gastric irritation, increase absorption, and
prolong blood levels.

Aminosalicylic acid is an interesting example in other
ways; considerable confusion about this drug exists be-
cause many fail to recognize its nonlinear pharmacoki-
netics. Several definitive studies were reported regarding
the absorption of the acid and its sodium, potassium, and
calcium salts from selution, suspension, and tablet for-
mulations (245, 246), Comparison of the relative
bioavailabilities of aminosalicylic acid suspended in water
and its salts dissolved in water showed that, while differ-
ences in rate of absorption were found to exist, absorption
of both the acid and its salts was essentially complete.
Absorption of the free acid from tablets reached only 77%
of the dose, whereas that of the tableted salts was rapid and

. complete.

Regardless of formulation, the area under the plasma
concentration-time curve of unmetabolized drug from free
acid administration was less than that for the salts. This.
result was attributed to concentration-dependent me-
tabolism during absorption: when the rate of absorption
is high, the metabolic processes become saturated and
more unmwetabolized drug remains in the blood; conversely,
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Table IX—Additional References on Bioav ailability and
Pharmacokinetics.
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Table X—Additional References on General Pharmacy
and Pharmacological Effect

Tepiz Polerense

Fharmacodimamics of fazfomecin (phosphonamycing eftar
intravenous edministration w buizans

Pharmacodynamics of chosphonemyein after oral 249
administration o homane 3
Comparative atudies oo cl stributis m, groretion, and 230,

meabolizm of ‘H-hydroxyzine and iz HC-merhiadide
lI'l mi .
Fharmacokinetica of ampiciilin trihydrate, ampizillin 221
sodium, and dicloxacillin sedivm following
intramuscular injection
Fhysiolagicul disposition of fanaprofzn in humsns;
pharmscol\xnmr comparison of caleivm and zodium
2alls administered orally

when the ab;orptlon rate is low, as for the free acid, a
hwher percentage of drug is metabolized.

Addltlonal references regardma binavailability ard
pharmacokinetics are presented in Table IX.

GENERAL PHARMACY

Pharmacological Effect—Chlorpromazine ‘hydro-
chloride and quaternary chlorpromazine chloride were
investigated with respect to their effects on the central
nervous system (CNS) (253). The quaternized compound
was legs potent and more toxic in rodents than the parent
tertiary compound.

Naloxone, an effective opiate antagonist, is generally
used as the hydrochloride salt; however, the drug has a very
short duratien of action. The mucate zalt was prepared to
extend its duration of action, since mucic acid iz only
slizhtly soluble in water (254). In a test on the blocking of
morphine activity in mice, however, the mucate salt did
not differ in duration from the hydrochloride. These in-
vestizators assumed the same receptor site for naloxone
as for morphine and, since Heron's (232) work suggested
that the receptor had a greater affinity for morphine mu-
cate than for the free base, it also should have a greater
affinity for naloxone mucate. The results disproved this
hypothesis. Furthermore, this theory implies that intact
salt reaches the receptor, which is highly unlikely, re-

gardless of whether the drug is administered as a solution

Or 85 a suspension.

A series of salts of 9-aminoacridine and its derivatives
was prepared and screened for antifungal and antibacterial
activity (255-257). By using salts of fatty acids, the anti-
fungal action was found to parallel the length of the carbon
chain of the anion, with maximal activity occurring with
acridine eaproate, undecylate, and undecylenate (where
undecylenic acid also exhibits some intrinsic antifungal
activity) (255). This result appears reasonable, because
these salts would be more lipid scluble and could be ex-
pected to pass through the cell wall of the infecting or-
ganism more readily, probably as an ion-pair.

The efficacy of bases or salts as topical anesthetics for
relieving cutaneous itch, burning, and pain in unbroken
skin has alsc been examined (258). In these experiments,
itching and pricking were induced by an alternating cur-
rent of Jow amperage and voliage applied to the skin or by
exposure of the skin to UV hvht Interestingly, aqneous
solutions of salts of the local anpbthetlce did not alleviate
1tchmv or burnm" in any of the °~ubJects although satu-
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Tupie Relerence
Dirfzrantial excretion of bromide avd chloride tons snd itz 259
role in hromide ratention
Pharmacological \tudy of calcium =c¢ thionate 250
Svethesis and (r vicro fungistatic ev raluation of sore N- 261
substitutad amides and amine sults of sorbic acid
Antiamebic studies on clamoxrquin [3-chlore-7- [[(3 262 ¢

diechylamincpropylamina]mathyl]-5-guinclirel} in
vicra and in experimentally infected snimal:

Adjunctive vulue of oral praphyliis with the oxiwes 263
pralidoximz (2-PAM) lzctate and pralidoxime |
mathaazsulfunats to therapentic administration of
atropinz in dogs poizenad by inhaled sarin vapor

Pralidoxime (2- h'/drotylmmumrtﬁyl N- 284
meth»lo‘rrld riem) methanesulfonate end atqnp.ne in
the treatment of severa urzmaphmphnr poiapring

Eificacy and limitations of oxime-atropine treatmentof = 265
or~anophu~phom< anticholinesterase poisoning

Antitusaive activity of enoxolone (glycvrrhetinic acid) and 266
its dervatives ’

Fharmacologicsl properzies of glycyrrhetinie acid 2617
hydrozen succinate (disodium salt) .

Ganglionic blacking activity of diastereomeric 268
dimethylaminobornyl scetates and their methiodides

A new potent nonnarcotic antituseive, 1-methyl-3 Abls(" 289
thienylmethylene]piparidine: pL’u'm'icologv an

clinical ¢fiicacy

aleohol, and 109 glycerol were claimed to be effective: Such
transport phenomena across the stratum corneum are
often dependent on the polarity of the drug and vehicle
and on the binding of the drug to keratin.

Additional referenceb on pna:macolovlcal effects can be

found in Table X.

Diglysis—Dialysis through a ¢ellophane membrane of
the hydrochloride or sodium salts has been studied with
geveral drugs (270). In many cases, it appeared that the
ionic form of the drug was bound to the membrarie whereas
the nonionized form was not. Ephedrine hydrochloride
presented an interesting example, however, since it di-

- alyzed considerably faster than its corresponding base. It

was theorized that the chloride ion dialyzed rapidly, en-
hancing the rate of dialysis of the ephedrine ion. Accord-
ingly, when chloride jon was present on both sides of the
membrane, the observed rate of dialysis for the ephedrine
ion was comparable to the ephedrine base.

The diffusion of sodium chloride through a hpoprotem
interface was very slow, especially if calcium chloride was
present on both sides of the interface (271). In the presence
of low concentrations of choline chloride or carbamyl-
choline chloride, the diffusion of sodium chloride is more
rapid. Apparently, choline salts are able to increase the
permeability of the lipoprotein to salts, which may relate
1o the physiological action of choline salts.

Miscellaneous—Release rates were determined for
aminopbylline, ephedrine alkaloid, and ‘ephedrine hy-
drochloride from theobroma oil suppositories containing
nonionie surfactants (133). While surfactants with hy-
drophilic-lipophilic balance (HLB) values less than 11 only
minimally affected release rate, rates increased with sur-
factants of HLE values greater than 11. Under optimal
conditions, aminophylline was faster than ephedrine hy-
drochloride which, in turn, was superior to the ephedrine
base. )

Willis and Banker (272) reported on the formation of
polymer—drug salts as an approadl to the physicochemieal
Brlilmethy! vinvl ether/maleic
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anhydride) salts of methapyrilene were prepared and
tested with the free base for in vitro dissolution and dial-

ysis. Their dissolution and dialysis rates were not appre-
ciably different from the free drug or its hydrochlcride salt.
Various poly(methyl vinyl ether/malelc anhydride) hem-
lester salts of methapyrilene exhihited substantially slower
release than the polymer ether salts. hydrochloride salt,
or free base forms. Polymer—drug salts thus appear to have
prorise.

A series of metallic salts of edetic (ethylenediamine-
tetraacetic) acid were tested in vitro to determine their
effect on blood coagulation (273). The results showed that
only the dipotassium and disodium salts had any effect on
coagulation. It was thieorized that the lack of anticoagulant
activity resulted from an almost complete suppression of
ionization of the heavy metal salts.

Interesting research regarding the angina-preventive
effect of some chromone-2-carbosylate salts showed a dit
rect correlation between biological activity and pKa of the
salt-forming amines (274).

Lin et al. (112) investigated the relationship between
salt form and biological activity of a given antihyperten-
sive. While the intrinsic dissolution rates of the dikydro-
chloride and disulfate salts were many fold greater than
the monohydrochloride, the hypotensive potencies of the
salts did not differ significantly from one another in an
anesthetized dog study. Yet, when administered to renal
hypertensive dogs, the dihydrochloride and disulfate salts
produced greater hvpotensive effects than did the mono-
hydrochlonde

TOXICOLOGICAL -CONSIDERATIONS

Toxicity of Salt Ion——Any discussion regarding the
toxicity of salts of a drug must consider the pharmaco-
legical properties of the cation or anion used to form the
salt as well as those of the free drug, since any of these may
produce toxic effects. The toxicology of several ions that
are commonly used to form salts and that are relevant to
this review were discussed in depth (275).

Toxicity from ingestion of calcium salts of drugs is rare.
If hypercalcemia occurs, however, calcium deposits in the
kidney can bring on a reduction of renal function. The
principal toxic effects of lithium also involve the kidneys.
When small amounts of lithiuin are taken, no apparent
damage oceurs; yet large amounts of the metal can lead to
irreversible damage. An apparent correlation was observed
between lithium dosage and sodium intake (276). When
lithium dosage was low or sodium intake was high, rats
were able to exerete all lithium given and sustained a re-
versihle polyuria. Conversely, if large amounts of lithium
were adrinistered to the rats or if their sodium intake was
lowered, they incurred irreversible kidney damage. Am-
monium jon, although it serves a major role in maintenance
of the acid—base balance of the body, can be toxic in high
concentrations and initiate CNS derangements.

Sulfate ions given orally tend to be minimally absorbed
and may act as a laxative. The nitrate ion is irritating to
the GI tract, causing nausea and gastric distress. Also, in-
testinal bacteria may convert the nitrate ion to nitrite
which oxidizes hemoglobin to methemoglobin. The citrate
lon, an intermediary in carbohydrate metabolism, can form
a soluble complex with calcium which is poorly dissociable
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and rarely causes any toxic reactions. While tartrate ions
are usually absorbed minimally {rom the GI tract, high
concentrations reaching the circulation can cause renal
damage.

Acetate and lactate ions are normal metabolites and
appear to be well tolerated in relatively large amounts.
lodide and bromide ions can produce conditions known as
iodism and bromidism, respectively. Bromide intoxication

oceurs quite frequently, since bromides are used as in-'

gredients in sorne nonprescription preparations (277-280).
Bromide is slowly excreted by the kidney (its halr-life is
12 days) and tends to accumulate when taken for pro-,
longed periods or when used by patients with decreased
renal function (277).

Toxicity of Salt Form—Provided the salt-forming
agents are nontoxic, the relative toxicitieswf a series of salts
of a compound are often observed to reflect directly their
absorption rates. For example, the toxicities of dibromide,
dxchlorlde diiodide, and dimethylsulfate salts of quina-
pyramine?, 2 trypanocidal drug, were determined (2389).
The sparingly seluble halogen salts were much less tozic
subcutaneously or intramuscularly than the freely soluble
dimethylsulfate, yet all salts showed about equal toxicity
upon intravenous administration. The difference in tox-
icities obviously resulted from rapid absorption of, the
methylsulfate compared to the slowly absorbed, poorly
soluble halogen salts. Similar reasoning has been used to
explain the acute oral toxicity of propoxyphene hydro-
chloride in rodents, which is twice that of eqmmolar doses
of the napavlate salt (281).

Several salts of benzphetamine and etryptamme were
prepared as potential sustained-release formulations (114).
The water solubility, in vitro dissolution rates at pH 1.0
and 7.2, and the median lethal times (L'Ts0) were deter-
mined for each salt. Both the LTs0 and LD5p (determined
on only a few 3alts) increased as the in vitro dissolution rate
at pH 7.2 decreased. While dissolution at pH 1.0 did not
correlate well with toxicity, the LT5¢’s were inversely re-
lated to the square root of the dissolution rates at pH
7.9,

Toxicity studies comparing iopanoic acid, a cholecys-
tographic contrast medium, with its sodium salt (115)
showed that the salt form has 10-fold greater {oxicity. The
LDjsp's of the free acid and the salt were 22 and 2.32 g/kg,
respectively. It was postulated that the free acid precipi-
tated from the sodium salt upon its reaction with gastrice
hydrochloric acid. The fine, amorphous particles of pre-
cipitated acid had a greatly increased surface area and,
therefore, dissolved more rapidly than even fine crystals
of the free acid. The faster and more complete drug 2b-
sorption then resulted in increased toxicity.

Salts exhibiting greater water solubility than their
parent compounds or less soluble salts are not always more
toxie. For example, various inorganic and organic ions were
used to prepare salis of methyl pyridinium-2-aldoxime
that would have greater water solubility and would elim-
inate undesirable side effects due to the iodide ion (95).
Even though the aquesus solubility of the majority of these
salfs was many times greater than the iodide, their toxicity
on a molar basis was not significantly diffecent, with the
exception of the dihydrozen phosphate salt which was 15%
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Table XI—Addition
Considerations

al References on Toxicological

Topic * Reference

saluble sodiumi salt

Toxicity and abyorption of o-culfanilimidopyrding and its 283

Sorbic acid as a fungistatic agent for fonds: harmlessuess 036
of sorbic acid as a distary componen:
Toxicity and distribution of ervt. ramyCin 287
Further toxicological studies with erylhromycin 253,
Pharmacology and toxicelogy of erythromycin esiolate 238
Erythromyein prepicaate {propionylerythromycin): a 200
Feview of 20,525 case reports for side-effect data .
New clazs of antibicric salts of reduced toxicity 22
Gl intolerance to oral iron preparations Pl
Comparative toxicolagy of iron compounds 292
Tnfluence of the dizzolution rate of lithium tablzis on side 123
effect : .
T eicity and tissue distribution studies on the 203
hydrochloride, bismuth indide complex, ahd a resinate
of ematine ]
Bacitracin zice in pharmaceutical prepgrations 145
New approach to quaternary ammonium compounds 151 '
Pharmacology of cheline theophyliinate ) 294

significantly, showa

bioavailability. and

systems.

(1973).

more toxic. Further research with oximes revealed that
other salts are also toxic (282).

GI bleeding is a common toxic effect of aspirin for a large
percentage of the population. Consequently, a séarch was
initiated for an aspirin derivative that would not induce
GI blood loss (283). All compounds prepared, however,
including the sodium and calcium salts, caused GI hem-
orrhage with a severity similar to aspirin.

Polyene antibiotics are potent antifungal 'agents but
bear considerable toxicity. Even th-ugh the methyl ester
hydrochlorides of these compounds are more soluble, they
retain almost all of their antifungal activity and, more

uniform decrease in toxicity compared

to their parent compounds (284).

Additional references on toxicological considerations
of salt formation are given in Table XL

CONCLUSIONS

L e T Ak )

Salt formation is a means otJ‘altef;mg the physical,
chemical, and biological characteristics of a drug without
modifying its chemical structure. Clearly, the salt form can

{

have a dramatic influence on the §¥érdll properties of the
parent compound. At present, selecting a salt form that
exhibits the desired combination of properties is difficult
semiempirical’"éhpicEPharmaceuticalAscieptists now rec-
ognize these facts and are beginning to study the effects
of different salt forms on.the physicochemical properties,

toxicity of drug substances.

QU A though now only a few generalizations are available
to predict the effect of articular salt forms on the char-
%aﬁ%;iﬁics of a drug, Q&Pﬁ
svolve increasingly more powerful generalizations re-
_garding the effect of salt on the properties of its parent
compound: In addition, we predict that polymer-drug salts
will have a revolutionary effect on future trends in drug
therapy, particularly in the areas of reducing drug toxicity
and in controlling the release profile of novel drug delivery

‘5’55‘ in time it will be possible to
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