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Abstract

The superoxide dismutase (SOD)-mimetic activities of copper complexes of a series of salicylic
acid (SA) analogs were tested and compared to the activity of bovine erythrocyte SOD using
ferricytochrome ¢ reduction assay. Stability constants of copper complexes were measured potentio-
metrically using SCOGS2 program. In the presence of 10 g/l albumin, all the copper complexes
lost their SOD mimetic activities. Multiple regression analysis was employed for the statistical
comparisons between the SOD mimetic activity and their physicochemical properties. Correlation
exists for the SOD mimetic activity and steric parameter (E;) and/or electronic parameter (Zc)
in xanthine/xanthine oxidase (XOD) system, demonstrating that E, plays a key role in SOD activity
whereas » o influences it to a lesser extent. The protective effect of copper complexes against
membrane damage was measured by counting D-glucose released frm EGs. D-glucose and XOD.
were entrapped within EGs and acetaldehyde was used as a substrate for XOD. In this membrane
model system using EGs, hydrophobic parameter (Zn) is of most importance, producing parabolic
equation while E; and ZO' appear to play a minor role in protection against D-glucose release.
In summary, to design an efficient SOD mimetic, stability, steric factor, lipophilicity and redox

potential should be considered.

1. INTRODUCTION

The theory of oxygen toxicity proposed by
Fridovich?, stating that superoxide anion (O;*")
is the toxic species in oxygen toxicity and
SOD provides marked protection against ox-
ygen toxicity by destroying potentially harm-
ful O.-~, has received general acceptance.
Oxygen free radicals have been linked to the
pathophysiology of various disease states?
and clinical applications of SOD for these di-
seases have been reported.3®

Several authors have observed possible
use of SOD as an antiinflammatory drug.®
It may find applications in radioprotrection,”
antiischemia/reperfusion,®® protective agent
for transplantation’®¥ and diabetes.*'¥ It,
however, has some drawbacks due to its pro-
teinacious character. First, it has very short
circulating half-life due to rapid glomerular
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filtration following LV. injection.! Secondly,
SOD can not pass through cell membrane
because of the large molecular size and its
anionic character.”® Finally, instability, poten-
tial immunogenicity and short supplies are
other factors associated with its protein na-
ture. Some of these problems can be circum-
vented to some degree by special techniques
such as liposome-entrapment,'® scrape-loa-
ding'” and conjugation with polymer.!3!
Various shortcomings intrinsic to SOD
coupled with the fact that Cu, Fe and Mn
exist at the active sites of SOD*2V have led
to the screening and synthesizing of low mo-
lecular weight metal complexes with SOD
mimetic activity. Sorenson®? has reported
pharmacological activities, mechanisms of ac-
tion and physiological applications of copper
complexes in. which SOD activity of copper
complexes is likely to be involved. Ample
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evidence has been accumulated in the litera-
ture that copper complexes have a variety
of effects in biological systems.® A large nu-
mber of investigators have reported the po-
tential use of copper complexes as antiinfla-
mmatory,% "% anticarcinogenic,”*® anticon-
vulsant,® analgesic*® antiulcer,’” antiarthri-
tic/antirheumatic,®** antineoplastic,® anti-
diabetic,®® antimutagenic® and radioprotec-
tant>” These apparently diverse effects, at
least in part, are likely to be related to the
SOD mimeic activity of copper complexes.
The area of clinical and experimental appli-
cations of copper complexes have shown a
degree of similarity with those of SOD, pro-
bably because copper complexes have a va-
riety of effects in which copper-dependent
enzymes take an important part.® The two
main functions of copper complexes sugges-
ted by Sorenson® are 1) copper complexes
facilitate transportation of copper to copper-
dependent enzymes including SOD. 2) cop-
per complexes mainfest their activity via
their own chemical reactivities such as supe-
roxide dismutation. In either case it is wor-
thwhile using copper complexes to substitute
for native SOD. Many attempts have been
made to synthesize catalytically active chela-
tes with the transition metal ion which disp-
roportionate superoxide anion in a fashion
similar to SOD.*4Y A large number of cop-
per-containing compounds such as copper-sa-
licylates,”” copper-amino acids,®* copper-oli-
gopeptides,®*® as well as iron-porphyrin co-
mplexes*” are found to be effective in scave-
nging O;-~. SOD mimetic activity of various
copper-histidine-containing dipeptide comple-
xes was also investigated by pulse radiolysis
technique.® Several studies have been per-
formed to prepare efficient SOD mimetics on
the basis of structure difference to prepare
efficient SOD mimetics on the basis of struc-
ture difference of chelating ligand.*® SOD
mimetic activity of copper(Il) and nickel(Il)
complexes of macrocyclic polycyclic polya-
mine derivatives was shown to be dependent
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on their structure and metal ion. Kimura®
et al. chemically modified structure of a se-
ries of macrocyclic complexes searching for
more efficient and useful catalyst for supero-
xide dismutation. Not much work has been
done on systematic design and synthesis of
copper complexes based on physicochemical
properties of ligands. Bijiloo™ et al. have re-
cently reported that SOD activity of a num-
ber-of copper complexes of substituted 1,10-
phenanthrolines is related to steric and field
effects of the substituents. Among those co-
mplexes mentioned above, particularly cop-
per chelates display marked scavenging effe-
cts on superoxide anion at physiological pH
values and have been extensively studied as
potential SOD mimetics.5?%

We prepared copper complexes of a series
of SA analogs and measured their SOD acti-
vities in order to establish relationships bet-
ween physicochemical properties of copper
complexes of SA ‘analogs and their SOD mi-
metic activities. The elucidation of the rela-
tionship of physicochemical properties of co-
pper complexes to SOD activity may aid in
the better understanding of the biochemical
basis for the SOD mimetic reaction mecha-
nism of copper complexes as well as in desi-
gning more suitable mimetics.

2. MATERIALS AND METHODS

2-1. Materials

3-Methyl salicylic acid (3-MeSA) and 5-
methylsalicylic acid (5-MeSA) were obtained
commercially and purified by several recrys-
tallizations from alcohol and water mixture
(1/1) and air dried in vacuo. SA was recrys-
tallized from methyl alcohol and air dried
in vacuo. Commercially available 3,5-diisop-
ropylsalicylic acid (DIPS) was obtained as a
tan solid and purified by extracting an
aqueous solution of its sodium salt, formed
with sodium bicarbonate, three times with
benzene. The aqueous layer was then acidi-
fied with concentrated hydrochloric acid to
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obtain the light tan DIPS. All the chemicals
mentioned above as well as hydrochloric acid
(volumetric standard, 1.0 N), potassium hyd-
roxide (volumetric standard, 0.1 N), sulfuric
acid, 3,5-di-fert-butylsalicylic acid (DTBS)
(zinc salt), ninhydrin, acetic acid, fert-butylal-
cohol, 4-methylaniline, 2-ethylphenol, 4-ethy-
Iphenol, 2-isopropylphenol, 4-isopropylphenol,
4-tert-butylphenol, 2,4-dimethylphenol, cupric
chloride, cytrochrome ¢ from horse heart
muscle, brilliant blue G, acetaldehyde. Triton
X-100 and allopurinol were purchased from
Aldrich Chemical Co. (Milwaukee, WI). Me-
thyl alcohol and ethyl alcohol were HPLC
grade and were used as supplied by Fisher
Scientific Co. (Fair Lawn, NJ). Sodium mono-
phosphate, sodium diphosphate, sodium hyd-
roxide and potassium chloride, all reagent
grade, were also from Fisher. Xanthine oxi-
dase (EC 1.1.3.2) from buttermilk, grade I,
No. X-1875, suspension in 2.3 M ammonium
sulfate, 13.2mg protein/ml, activity 0.59
unit/mg protein, xanthine, bovine albumin,
No. A 4378 crystallized and lyophilized, SOD
from bovine erythrocytes, lyophilized powder,
98% protein. 3570 unit/mg protein were ob-
tained from Sigma Chem. Co. (St. Louis,
MO). Catalase was from Boehringer Man-
nheim Biochemical Co. (Indianapolis, IN) and
Scintiverse Bio-HP was from Fisher. D-glu-
cose{ 1-*C] was from ICN Biomedicals, INC
(Costa Mesa, CA). All other chemicals were
also of analytical reagent grade.

2-2. Synthesis of SA Analogs from Various
Phenols )

SA analogs such as 3-ethylsalicylic acid (3-
EtSA), 3-isopropylsalicylic acid (3-ProSA), 3-
tert-butylsalicylic acid (3-BuSA), 5-ethylsalic-
ylic acid (5-EtSA), 5-isopropylsalicylic acid (5-
ProSA) and 3,5-dimethylsalicylic acid (DMSA)
were synthesized according to the procedure
of Schmitt et al3

2-3. Preparation of 3,5-di-fert-Butylsalicylic
Acid (DTBS)

The commercially available Zn(DTBS), was
boiled with concentrated HClL DTBS was

then precipitated out, collected and washed
with water. It was recrystallized several ti-
mes from methyl alcohol

2-4. Peparation of S-tert-Butylsalicylic Acid
(5-BuSA)

5-BuSA was prepared according to Foye

“and Turcotte.® Briefly, 20 g of SA, 25 m/ of

tert-butyl alcohol and 540 m/ of 80% sulfuric

- acid were stirred, during which time the tem-
_perature was heated to 75C and maintainedd
for 1hr. The resulting solution was allowed

to cool overnight, charcoal was added and
the mixture was boiled for 5 min. It was fil-
tered and allowed to cool, and the white, cr-
ystalline product was isolated and recrystalli-
zed from dilute acetic acid.

2-5. Preparation of Copper Complexes

SA analog copper complexes were prepa-
red according to Sorenson®® with minor mo-
difications. Briefly, 0.025 mole of SA analog
was dissolved in 100 m/ of water with a solu-
tion of NaOH (50%), filtered and back-titra-
ted if necessar, with a solution of HCl (10%)
until pH meter shows the solution to be
weakly basic. This solution was dropped ito
100 m!/ of water containing 0.05 mole of CuCl,.
The resulting green to blue precipitate was
removed by filtration and dissolved again in
50 m/ of boiling water. Recooling resulted in
renewed crystallization of the complex. The
complex was washed with cold water and
then dried at 50~80C and 15 mmHg va-
cuum for 3 days prior to submission to ele-
mental analysis.

Melting points were determined on a Tho-
mas-Hoover apparatus by packing standard
capillaries and are uncorrected. The proton
NMR spectra were determined on Varian
EM 390 spectrometer in deuterochloroform.
Chemical shifts are expressed in ppm down-
field from inter TMS (tetramethylsilane). Inf-
rared spectra of solids were on Beckman Ac-
cuLab TM 4 spectrophotometer as potassium
bromide pellets in the 600~4000cm™! re-
gion. Elemental analyses were performed by
Atlantic Microlab, Inc., Atlanta, GA.
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2-6. Protein Determination
- Protein content of the EGs was determi-
ned according to the method of Bradford®™
using BSA as the calibraton standard.

2-7. Determination of SOD Mimetic Acti-
vity of Copper Complexes
_ The ferricytochome c¢ reduction assay was
performed according to Crapo™ et al. with
light modification. Our standard assay was
as follows: cytochrome c solution {0.05 mM)
and xanthine solution (0.5 mM) were prepa-
red in 0.05 M potassium phosphate buffer so-
fution (PBS, pH 74). XOD (stock enzyme)
was diluted with the same PBS so that a
10 W sample would catalyze an absorbance
change of 0.025 per min at 550 nm in the
absence of copper complex. Cytochrome c¢
solution (0.6 m/),” xanthine solution (0.6 m/)
and 1.8 m/ of the PBS were placed in a 5m/
cuvette with a light path of 1.0 cm, in a ther-
mostated cell compartment at 25C. Solutions
to be assayed were saturated with oxygen
by bubbling the gas through the solutions
for 30 min. The final reaction mixture contai-
ned 10 uM ferricytochrome ¢ and 0.1 mM xa-
nthine. Reactions were initiated by adding
10 w of XOD (0.008 U) and a stirrer was em-
ployed. In the initial assay, the course of the
reaction was followed by the increase in ab-
sorbance at 550 nm as ferricytochrome c was
converted to ferrocytochrome c. The rate of
increase in absorbance in the absence of cop-
per complexes was taken as the value 100%
activity. Other reaction mixture were then
prepared in which copper complex solutions
at varying concentrations were added and
the resulting mixtures were allowed to be
stirred at 25C for 5min. The rate was
again monitored after adding XOD to gener-
ate O-~. The rate of increase in absorbance

(AAsso/min) in the presence of different

amounts of copper complexes was calculated
in percent of the rate of increase in absorb-
ance in the absence of copper complexes and
plotted against the negative logarithm of the
copper concentration. The plots obtained
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were linear over the experimental concentra-
tion range studies allowing a determination
of ECs, the concentration of copper complex
required to inhibit the rate of reduction of
ferricytochrome ¢ by 50% under these speci-
fied conditions. Inhibition of the reduction
of ferricytochrome c by native SOD was used
for comparative purposes. Each determina-
tion was performed in triplicate.

2-8. Potentiometric Measurement for Sta-
bility Constants _

Stability constants of copper complexes
were measured  potentiometrically based on
alkaline titration of each ligand solution in
the presence of copper ion and listed in Ta-
ble II. Carbon dioxide was excluded by bub-
bling with nitrogen gas. Titration was perfor-
med by standard CO.-free 0.1 N KOH traced
by Corning pH/ion analyzer 250 (Corning,
New York). To obtain useful stoichiometric
quantities directly from potentiometric mea-
surements, the pH scale of [H"] ion concen-
tration rather than (H) ion activity was used.
The mean ionic activity coefficient, f,, was
need for the conversion of hydrogen ion acti-
vity to concentration ((H*]=(H")/f,). Value
of 081564 for f. was calculated from
the Davies equation® whenI=0.1and 13.9965%
was taken for pK, of water at 25C. Numeri-
cal evaluation of all the potentiometric data
was carried out with the computer program
SCOGS2% on VAX.

2-9. Preparation of Erythrocyte Ghosts

Fresh blood was withdrawn from a healthy
volunteer into vacutainer (Bection Dickinson
Vacutainer Systems, Rutherford, NJ) and used
within 4 hr of collection. Resealed ghosts
were prepared with the method of Steck.®?%®
The preghosts suspended in 0.5mM PBS
(pH 8.0) were incubated with D-glucose[1-**C]
(1 uCi) and XOD (1U) for 15hr at 4C with
rotation. The preghosts equilibrated with en-
zymes and radioactive glucose were scaled
by the shear stress inherent in 5-fold passage
through a No. 27 gauge hypodermic needle.
The EGs were washed with pH 7.4 PBS to
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Table I—Salicylic Acid Analogs
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Salicylic acid Molecular mp. C ‘H-NMR (CDCly/TMS) 8 [ppml, J[Hz]
analogs formula®

3-EtSA CoHy0; (166.18)  155-116  1.24(t, /=75, 3H); 2.70(q, J=7.5, 2H); 6.86(t, /=7.71, 1H);
7.39(d, /=73, 1H); 7.79(d, /=8.0, 1H) .

3-ProSA CioHi120; (180.20) 74 1.25(t, /=69, 6H); 3.34(t, /=7.7, 1H); 6.82(h, /=69, 1H);
7.41(d, /=73, 1H); 7.73(d, /=80, 1H)

3-BuSA CuHiO; (194.23) 161-162 1.42(s, t-C.Ho); 6.85(t, /=7.8, 1H); 7.52(d, J=7.7, 1H);

: 782 (d, /=80, 1H)

5-EtSA CsH,00; (166.18)  117-118 1.21(, /=76, 3H); 2.60(q, /=5.7, 2H); 6.93 (d, /=8.5, 1H);
7.36(d, /=85, 1H); 7.72(s, 1H) v

5-ProSA CioHi20; (180.20) 124-125 1.23(d, /=69, 6H); 2.87(h, /=69, 1H); 6.94(d, /=86, 1H);
7.40(d, j=86, 1H); 7.76(s, 1H)

5-BuSA CuHuO; (194.23) 153 1.30(s, t-C4Hq); 6.94(d, /=88, 1H); 7.57(d, /J=5.1, 1H);
7.89(s, 1H)

DMSA CeHpO; (166.18)  187-188 1.32(s, 3H); 1.44(s, 3H); 7.60(s, 1H); 7.82(s, 1H)

DTBS Ci5C205 (250.34) 168 2.23(s, t-C4Hy); 2.26(s, t-C,Ho); 7.20(s, 1H); 7.55(s, 1H)

*The microanalyses were in satisfactory agreement with the calculated values within * 0.3%

Table II—Stability Constants of Copper(II)-Salicylic

Acid Analogs” -

tration of copper complexes for. 3 hr prior
to conducting experiments. 5ml/ of these

pretreated EGs were put in 25 m/ Erlenme-

: b b ¢

Ligand Log ki Log & Log B yer flasks in air. Reaction was initiated by
SA 1053 7.89 1842 adding 20 mM acetaldehyde. Reaction mix-
3-MeSA 10.66 6.46 17.12 ture was shaken gently while being incubated
3-EtSA 10.62 648 17.10 at 25C for 5 hr. At specified time intervals,
3-ProSA 1069 6.53 1722 300 W of the reaction mixture were taken
3-BuSA 10.75 6.60 17.35 out for scintillation counting.

5-MeSA 10.80 8.32 19.12 2-11. Liquid Scintillation Counting

5-EtSA 10.84 8.36 19.20 D-glucose[ 1-*C] sealed into the EGs along
5-ProSA 10.83 843 19.26 with XOD was released as XOD/acetaldehyde
5-BuSA 10.86 847 19.33 system attacks the EGs, and lysis was mea-
DMSA 10.74 7.09 17.83 sured in terms of its release into the me-
DIPS 10.78 7.20 17.98 dium. Supernatant fractions (0.1 m/) after ter-
DTBS 10.89 723 18.12 minating the reaction by adding allopurinol®

(57 uUM) to inhibit the activity of XOD were

“Jonic strength was adjusted to 0.1M with KCl.
SCOG2 program was run to estimate stabilitv consta-
nts. %, =K (CuL+L=CuL). ‘8,=K(Cu+nL=CuLn).

remove unincorporated XOD and radioactive
glucose.

2-10. Incubation of EGs in the Presence
of Copper Complexes

EGs were pretreated with varying concen-

obtained and counted by scintillation methods
in 10m/ of Scintiverse Bio-HP cocktail with
a Beckman LS1701 liquid scintillation system.
The total radioactivity was measured by cou-
nting 100 y/ of the whole suspensions of EGs
in 10 m/ of cocktail and experimental results
were expressed as percéntage of the total
radioactivity.
2-12, SAR Study

J. Kor. Pharm. Sci, Vol. 22, Supplement (1992)
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Figure 1—Copper complexes of salicylic acid analogs.

The physicochemical model for biological
activity in this investigation assumes that
SOD mimetic activities of copper complexes
are governed mainly by electronic parameter,
steric parameter, and hydrophobic paramet-
er.® The Hansch-Fujita n%® constant reflects
lipophilic character of the substituent. E; is
Taft’s steric effect®” and o is the substituent
electronic effect of Hammett.%® The relative
importance of these three parameters was
evaluated, which might provide information
on the design of efficient SOD mimetics and
the mechanism of action of copper comple-
xes. A general equation® for the multipara-
meter approach to structure-activity relation-
ships (SAR) in drug is:

—log C=ki(Q M+ ko(D M)+ ks(D 06)+ ky(Ee)+ ks

where the concentration of drug required to
produce a specified standard response is cor-
related with the change in n, o and E; caused
by structural modifications within a class.
Statistical comparisons of SAR using the Ha-
nsch procedure™ were performed on a IBM
3084 computer employing the SAS program.

3. RESULTS AND DISCUSSION

All the elementary analyses, NMR spectra
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Figure 2—Estimation of ECs for copper compléx.

and IR spectra were in good agreement with
the proposed formulae. The IR spectra of all
the SA analogs have strorig band in common
at 1650~1655cm~! which corresponds to
COOH stretching. Fig. 1 shows the structure
of copper complexes prepared.

Cytochrome ¢ is reduced by superoxide
radicals generated by the action of XOD on
xanthine. SOD catalyzes the dismutation of
superoxide radicals in buffer solutions as
shown by inhibition of cytochrome ¢ reduc-
tion. Plotting % inhibition against negative
logarithm of copper complex concentration
(Fig. 2) showed straight line from which ECs,
value was then determined by interpolation.
Table III lists ECs value for each copper com-
plex. The ECs, value for native SOD was 4.49
nM and that of Cu(SA), was 9.76 uM. Howe-
ver comparing the molecular weight of SOD
(32 kDa) and that of Cu(SA), (355.8), copper
complexes can function as effectively as SOD
on weight per weight basis.

As shown in Fig. 3, in contrast to native
SOD, all the copper complexes tested showed
a similar pattern of losing their SOD mimetic
activities in the presence of BSA around 10
g/l, even less than the physiological concent-
ration 40 g/l. This result indicated that even
though copper complexes showed efficient
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Figure 3—SOD activity of copper complex in the pre-
sence of BSA. Points, means of activities of 12 copper
complexes; vertical bars, range. ECs, value listed in Ta-
ble HI was used for each copper complex.

SOD mimetic activity i vifro, it may not sur-
vive chelating biomolecules such as serum
albumin in wvivo. However the exact nature
of active therapeutic components after they
enter in biological systems still remains in
doubt. This result was consistent with the
observation of Miesel ef al.™

One of the most investigated mechanisms
for inducing tissue damage by free radical
is lipid peroxidation.””™ Alterations in mem-
brane fluidity of human erythrocyte can be
induced by direct lipid peroxidation™ in
which free radicals play an important role.
Free radicals generated in aqueous phase
have been shown to destory erythrocyte me-
mbranes. This results in oxidation of unsatu-
rated lipids and proteins, and ultimately
cause hemolysis through disruption of per-
meability barriers. The oxidation of erythroc-
yte membranes serves as a model for the
peroxidative damage to biomembranes me-
diated by a free radical chain mechanism by
molecular oxygen.™ Niki ef al™ have obser-
ved that free radicals can attack erythrocyte
membranes to induce the chain oxidation of
lipids and proteins leading to hemolysis.

Table IlI—-Superoxide Dismutase Mimetic Activity
and Physiochemical Data for Copper(Il)-Salicylic Acid
Analogs’

Copper complex ECs (uM) Ef Do
Cu(SA); 9.76 0.00 0.00
Cu(3-MeSA), 391 —1.24 —-0.07
Cu(3-EtSA), 412 —131 —0.07
Cu(3-ProSA). 2.87 -171 -0.07
Cu(3-BuSA), 391 —2.78 —0.10
Cu(5-MeSA), 447 —1.24 -=0.17
Cu(5-EtSA), 371 —1.31 —0.15
Cu(5-ProSA), 3.18 -171 —0.15
Cu(5-BuSA), 2.76 —2.78 —0.20
Cu(DMSA), 1.83 —248 —0.24
Cu(DIPS), 1.10 —342 —0.24
Cu(DTBS), 0.94 —5.56 —0.30

2SOD mimetic activity was measured in pH 7.4 potas-
sium phosphate buffer at 25C. ® Concentration of cop-
per complex to inhibit cytochrome ¢ reduction assay
by 50%, ‘Adapted from ref. 83. ‘Adapted from ref.
82, and calculated with respect to the carboxyl group.

These membrane damage have been shown
to be inhibited by free radical scavengers.”™
Membrane damaging effects of Oz~ coupled
with the fact that SOD mimetics can scave-
nge O, led us to investigate the protective
effect of SOD mimetics against Op+~ employ-
ing human erythrocyte ghost as a membrane
model. XOD enclosed within EGs generated
superoxide anion as it catalyzed the oxidation
of acetaldehyde, its substrate, entering from
the suspending medium.” The lytic effects
of the XOD-acetaldehyde reaction were dimi-
nished by copper complexes which might be
either transported into EGs or reside in the
membrane to show protection against oxida-
tive attack. SOD showed no protective effect
probably because it cannot get into the site
of deleterious oxygen radical generation. We
measured % release at 3 hr in the presence
of varying concentration of copper complexes,
Plotting % release of D-glucose[1-“C] agai-
nst logarithm of concentration produced a st-
raight line suggesting that copper complexes

J. Kor. Pharm. Sci., Vol. 22, Supplement (1992)
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Figure 4—Relationship between ECs and steric para-
meter.

inhibited lysis of EGs in a concentraion de-
pendent manner under our experimental co-
nditions. We éstimated the concentration of
copper complex which produces the D-glu-
cose[ 1-C] release by 50% (ICs) from the
above plot. Fig. 4 shows these plots and the
ICs; value for each copper complex obtained
from this graph is listed in Table IV.

The equations (eq.) obtained by correlating
the SOD mimetic activity with the physico-
chemical parameters for the copper comple-
xes are shown in Table IV. Eq. (1) in Table
IV was derived using only D o as the inde-
pendent variable. Eq. (2) derived only emplo-
ying E; showed a good correlation. However,

addition of the Zc into Eq. (2) did not imp-
rove the correlation, but slightly increased
the standard deviation (S.D.) with concomi-
tant decrease in adjusted-r’. This was not
statistically important. Comparing the statis-
tics for Eq. (2) and (3), it may be concluded
that E; plays a key role in the SOD mimetic
activity of copper complexes in the XOD/xa-
nthine system. James and Williams™ repor-
ted the oxidation-reduction potentials of
some copper complexes. They showed that
the chelating ligand affects the redox poten-
tial of cupric and cuprous complex couple.
In light of this, Bijiloo ef al®” suggested that
the effect of E; may be explained in terms
of alteration in redox potential of Cu(I) com-
plex/Cu(Il) complex. Considering these toge-
ther, further experiments on redox potential
of copper complexes are required for better
understanding of the relative role of E, in
SOD mimetic activity. Fig.4 shows a linear
relationship between the SOD mimetic acti-
vity of copper complexes and E,. As the SOD
mimetic activity involves a redox cycle of Cu
(II) and Cu() it is to be expected that redox
potential of a copper(Il) complex/copper(I)
complex exerts influences on the SOD acti-
vity. Redox potential appears to depend on
their ligands. Electron factors and steric fac-
tors which reflect changes in the acid disso-
ciation constants, and consequent changes in
stability constants may influence the SOD
activity.

In biological systems passage across a se-
ries of hydrophilic-lipophilic barriers is res-
ponsible for the transport of a drug or a

Table IV—Equations Correlating the Superoxide Dismutase Mimetic Activity with Physicochemical Data for

Copper(Il)-Salicylic Acid Analogs*

Equation Adjusted-r? -S.D. F ratio
(1) —log ECsy=—2.73(+ 1.076)"20— 0.87(+ 0.182) 0.7382 0.3253 32.018
(2) —log ECs=—0.28(x 0.031)E,—0.97(% 0.063) 0.9729 0.1047 39547

(3) —log ECs= —0.26(£ 0.064)E. —0.25(+ 0.709)20—0.98(i 0.065) 0.9718 0.1067 190.735

¢ Statistical analyses were performed with the SAS prdgram. "Values in parentheses are the 95% confidence

intervals.
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Figure 5—Estimation of ICs values for copper comp-
lexes.

bioactive molecule from the site of administ-
ration or biosynthesis to the target tissues.
In this context, it is likely that the lipophilic
character of copper complexes may play a
major role in SOD mimetic activity in the
membrane model system using EGs. We pre-
pared a superoxide generating systen within
the EGs, then investigated the superoxide
scavenging effect of copper compiexes. To
be an effective scavenger, copper complexes

Table V—Protecuve Efiects oif Copper Compiexes
against D-Glucose [1:*C] Reiease from Eryihrocyte
Ghosts and Their Pnvsicochenuca: Propertics

Copper complex I1C: (uMy  “E. e Dn
Cu(SA), 84.5¢ GO 000 . .00
Cu(3MeSA). 3812 ~12. —007 050
Cu(3-EtSA), 13.20 —u31 =087 10¢
Cu(3-ProSA). 317 ~-1.7. =007 L3
Cu@BBuSA), 11 ~27 —0X 6
Cu(5-MeSA): 3144 ~3i2¢ =017 05n
Cu(5-EtSA). 841 -1 =01 1
Cu(5-ProSA). 4.83 -171 - 013 130
Cu(5-BuSA), 17: —27® —020 168
Cu(DMSA). 10.57 ~248 —024 106
Cu(DIPS), .64 ~342 -—024 265
Cu(DTBS). 3.23 —~55 -030 336

¢ Adapted from ref. 83

?Adapted from ref. 82 and calculated with respec
to the carboxyl grougp.

¢The Hansch-Fujitz n constant was estimated by the
additive principle of Lien ef al%8

should enter EGs by a passive transpoit me-
chanism, which depends mainly on the iipc-
philicity of copper complex<s.

The linear combination of the three para-
meters, > m, E, and 2 o. dia not give a signi-

Table V1—Equations Correlating Protective Effect to Their Physigochemical Properties:

Equation Adjusted-r~ SD F ratio

(1) —iog ICx»=0.00(= 0.234)Y n—1.56( 0.469) 0.6018 0.933¢ 17.624

2) —log ICx=1.07(x 0.958)2 n+0.35(+ 0.625)E,— 1.49.= 0.476) 0.6254 0.905¢ 10188

(3) —log IC»=040( 0.460)> n+1.22( 4.829)) o — 149+ 0.555) 0573 3.9667 8.383

@) —log ICs=1.09(+ 1.071)) n—0.38( 0.824)E,—0.33(= 5.962)E, 0.5795 09594 6.050
—1.50( 0.564)

(5) —log ICs=1.32( 0.426)(Y )+ 1.87(+ 0.677) n+C.11{£ 0.454)E, 0.8830 0.4950 22815
—0.75(z 3.189)) 6 —2.13(+ 0.426)

(6) —log IC5=0.32(% 0.146) > nY’+ 1.88(+ 0.635)) n—0.20(0.344)E, 08577 04731 33.18¢
—2.14(+ 0.394)

(7) —log ICs=0.33(x 0.142)Q n¥+ 1.77(+ 0.535) > n 0.8971 0.4745 32575
+1.22(% 2.423)Y 6—2.15(* 0.393)

(8) —log ICs=0.33(+ 0.142)Q mP+ 1.69(+ 0.505)2 n~2.21{x 0.371)  0.8821 0.4837 46.965

2 Statistical analyses were performed with the SAS program.
*Values in parentheses are the 95% confidence intervals.
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and D

ficant improvement, with adjusted-r? values
less than 0.63 (Table VI). However, addition
of the (Qm)? markedly increased adjusted-r?
suggesting that a significant improvement is
obtained with a parabolic equation. We also
found electronic effects to be clearly unimpo-
rtant since no significant improvement was
obtained by addition of this term. However,
the addition of the E, term of Eq. (8) in Ta-
ble VI resulted in slightly better correlation
as shown by Eq. (6). Judging from the statis-
tics in Table VI, Eq. (6) appears to be the
best fit equation with a parabolic dependent
on Y. This observation is consistent with
the assumption that hydrophobic properties
of copper complexes play a prominent role
in penetrating into the EGs. It can be said
from the above results that the ability of co-
pper complexes for scavenging superoxide
anion, as measured by protection of EGs
from oxidative attack, can be reasonably pre-
dicted from structural features such as lipid
solubility.

In summary, hydrophobicity appears to be
the most important factor, whereas steric fac-
tor seems to be of secondary importance and

J. Kor. Pharm. Sci, Vol. 22, Supplement (1992)

electronic factor is of little importance.

REFERENCES

1) Fridovich, L, Science, 201, 875 (1978).

2) Bulkely, G.B., Surgery, 94, 407 (1983).

3) Marklund, S.L., Free Radicals, Aging and De-
generative Diseases (eds. Johnson, J.E., Wolford,
R., Harman, D. and Miquel, J.), p. 509-520,
Alan, R. Liss, New York, 1980.

4) Michelson, AM., Free Radicals, Aging and De-
generative Diseases (eds. Johnson, J.E., Walford,
R, Harman, D. and Miquel, J.), p. 352-353,
Elsevier, New York, 1986.

5) McCord, J.M., Enzymes as Drugs (eds. Holcen-
berg J.M. and Roberts J.), pp. 353-365, Wiley,
New York, 1981.

6) Wilsmann, KM., Superoxide and Superoxide
Dismutase in Chemistry, Biology and Medicine
(ed. Rotilio G.), pp. 550-507, Elsevier, New
York, 1986.

7) Petkau, A. and Chelank, W.S, Radiai. Phys.
Chem., 24, 307 (1984).

8) Rosati, D., Stortoni, F., Fillingeri, V., Svegliati,
F., Cervelli, V. and Casciani, C.U., Transplant.
Proc, 20, 928 (1988). .

9) McCord, J. M., Adv. Free Rad. Biol. Med. 2, 325
(1986).

10) Hernandez, L.A. and Granger, D.N., Crit. Care
Med, 16, 543 (1988).

11) Atalla, S.L., Toledo-Pereyra, L.H. McKenzie,
O.H. and Caderna, J.P., Transplant. 40., 584
(1985).

12) Thaete, L.G. Crouch, RK, Buse, M.G. and
Spicer, S.S., Diabetologia, 28, 677 (1985).

13) Gandy, S.E., Buse, M.G. and Crouch, RK, J.
Clin. Invest, 70, 650 (1982). '

14) Petkau, A., Chelack, W.S,, Kelly, K, Barefoot,
C. and Monasterski, L., Res. Comm. Chem.
Path. Pharm., 17, 125 (1977).

15) Lund-Olesen, K. and Menander, KB, Curr.
Ther. Res., 16, 706 (1974).

16) Turrens, J.F., Crapo, J.D. and Freeman, B.A,
J Clin. Invest, 73, 87 (1984).

17) Bagley, A.C.,, Krall, J. and Lynch, R.E, Proc.
Natl. Acad. Sci. US.A, 83, 3189 (1986).



SOD Mimetic Activity of Cu(I)-Salicylic Acid Analogs S75

18) Beckman, ].S., Minor, R.L]Jr., White, CW., Pe-
pine, J.E.,, Rosen, GM. and Freeman, B.A, J.
Biol. Chem., 263, 6884 (1988). '

19) Ogino, T. Inoue, M. Ando, Y., Awai, M.,
Maeda, H. and Morino, Y., Int. J. Peptide Pro-
tern Res., 32, 163 (1988).

20) Keele, B.B. Jr., McCord, J.M. and Fridovich,
1, J Biol. Chem., 245, 6176 (1970).

21) Yost, F.}Jr. and Fridovioh, 1., ibid. 348, 4905
(1973). '

22) Sorenson, J.R.]., Comprehensive Ther, 11, 49
(1985).

23) Sorenson, J.RJ., Prog Med. Chem. 26, 437
(1989).

24) Dauschle, U. and Weser, U., Proc. Clin. Bio-
chem. Med., 2, 97 (1985).

25) Brown, D.H., Smith, W.E. and Teape, JW.,, /.
Med. Chem., 23, 729 (1980).

26) Roberts, N.A. and Robinson, P.A., Br. ] Rheu-
matol., 24, 128 (1985).

27) Willingham, WM. and Sorenson, J.R.J., Trace
Elements Med, 3, 139 (1986).

28) Reiners, J.J.Jr. and Colby, A.B., Carcinogenesis,
9, 829 (1988).

29) Dollwet, H.A.H., McNicholas, ].B. Pezeshki,
A. and Sorenson, J.R.J., Trace Elements Med.,
4, 13 (1987).

30) Okuyama, S., Hashimoto, S., Aihara, H., Willi-
ngham, WM. and Sorenson, J.R.]J., Agents Ac-
tions, 21, 130 (1987).

31) Hayden, L.J.,, Thomas, G. and West, G.B,, J.
Pharm. Pharmacol., 30, 244 (1978).

32) Sorenson, J.R.J. and Hangarter, W., Inflamma-
tion, 2, 217 (1977).

33) Hangarter, W., Biology of Copper Complexes
(ed. Sorenson, J.RJ.), p. 439-451, Humana
Press, Clifton, N.J., 1987.

34) Oberley, LW, Leuthauser, SW.C,, Oberley, T.
D., Sorenson, J.R.J. and Pasternack, R.F., Bio-
logy of Copper Complexes (ed. Sorenson, JRJ.),
p. 423-433, Humana Press, Clifton, N.J., 1987.

35) Gandy, S.E. Buse, M.G., Sorenson, JR.J. and
Crouch, R.K., diabetologia, 24, 437 (1983).

36) Solanki, V., Yotti, L., Logani, M.K. and Slaga,
T.J.. Carcinogenesis, 5, 129 (1984)..

37) Salari, H., Baker, M.L., Barnett. ].B., Soder-

berg, L.S.F., Willingham, W.M. and Sorenson,
JR.J., Biology of Copper Complexes (ed. Soren-
son J.R].), pp. 437-453, Humana Press, Clifton,
NJ., 1987. '

38) Weser, U, Schubotz, LM. and Younes, M.,
Copper in the Environment. Fart Il : Health Ef-
fects (ed. Nriagu, J.O.), p. 197-239, Wiley, New
York, 1979.

39) Sorenson, J.RJ. (ed.), Inflammatory Diseases
and Copper, Humana Press, Clifton, N.J., 19
82. ’

40) Beyer, W.F.Jr. and Fridovich, L, Arch. Biochem.
Biophys., 271, 149 (1989).

41) Yamaguchi, K.S., Spencer, L. and Sawyer, D.
T., FEBS. Lett. 197, 249 (1986).

42) O'Young, C.-L. and Lippard, S.J., J. Am. Chem.
Soc., 102, 4920 (1980).

43) Carlin, G., Jursater, RD. and Gerdin, B., Acta.
Physiol. Scand., 124 (suppl. 542), 414 (1985).

44) Gerdin, B, Carlin, G. and Jursater, R.D., Supe-
roxide and Superoxide Dismutase in Chemistry,
Biology and Medicine (ed. Retilio, G.), p. 69-
71, Elsevier, Armsterdam, 1986.

45) Kubota, S. and Yang, 1.T., Proc. Natl. Acad.
Sci. USA, 81, 3283 (1984).

46) Jouini, M. Laplaye, G., Huit, ]J., Julien, R. and
Ferradini, C, J. Inorg. Biochem., 26, 269 (1986).

47) Pasternack, R.F, Banth, A, Pasternack, J.M.
and Johnson, C.S., J Inorg. Biochem., 11, 261
(1981).

48) Amar, C. and Vilkas, E., /. Inorg. Biochem.,
17, 313 (1982).

49) Kimura, K., Sakonaka, A. and Nakamoto, M.,
Biochim. Biophys. Acta, 678, 172 (1981).

50) Kimura, E., Yatsunami, A., Watanabe, A., Ma-
chida, R., Koike, T., Fugiota, H., Kuramoto,
Y., Sumonogi, M., Kunimatsu, K. and Yama-
shita, A. Biochim. Biophys. Acta, 745, 37
(1983).

51) Bijiloo, G.J., Goot, H., Bast, A. and Timmer-
man, H., ] Inorg. Biochem., 40, 237 (1990).

52) Lines, M. and Weser, U, Inorg. Chim. Acta,
138, 175 (1987).

53) Huber, K.R., Sridhar, R., Griffith, E.H., Amma,
E.L. and Roberts, J., Biochim. Biophys. Acta,
915, 267 (1987).

J. Kor. Pharm. Sci, Vol. 22, Supplement (1992)



§76 Chul Soon Yong

54) Schmitt, G., An, ND., Poupelin, J.-P., Vebrel,
J. and Laude, B., Synthesis, 758 (1984).

55) Foye, W.0. and Turcotte, J.G., J. Pharm. Sci.,
51, 329 (1962).

56) Sorenson, J.RJ., /. Med. Chem., 19, 135 (1976).

57) Bradford, M.M., Anal. Biochem., 72, 248 (1976).

58) Crapo, J.D., McCord, }JM. and Fridovich, I,

" Meth. Enzyme., 53, 382 (1978).

59) Davies, CW., | Chem. Soc., 2093 (1938).

60) CRC Handbook of Chemistry and Physics (ed.
Lide, D.R.), 71st ed., p. 8-38, CRC Press, Boca
Raton, 1990.

61) Perrin, D.D. and Stunzi, H., Computational
Methods for the Determination of Formation
Constants (ed. Leggett, D.J.), p. 71-98, Plenum
Press, New York, 1985.

62) Steck, T.L. and Kant, J.A., Meth. Enzyme, 31,
173 (1974).

63) Steck, T.L., Methods in Membrane Biology (ed.
Korn, E.D.), Vol. 2, pp. 245-281, Plenum Press,
New York, 1974.

64) Kelley, W.N. and Beardmore, T.D., Science,
169, 388 (1970).

65) Hansch, C., International Encyclopedia of Phar-
macology and Therapeutics : Structure-Activity
Relationships (ed. Cavallito, C.J.), Vol. 1, p. 75-
165, Pergamon Press, New York, 1973.

66) Hansch, C. and Fujita, T., J. Am. Chem. Soc.,
86, 1616 (1964).

67) Taft, RW.Jr.,, Steric Effects in Organic Chemis-
try (ed. Newman, M.S), p. 556-675, Wiley,
New York, 1956.

68) Chapman, N.B. and Shorter, J., (eds.), Advan-
ces in Free Energy Relatiohships, Plenum, New
York, 1972.

69) Hansch, C. and Anderson, SM., /. Med. Chem.,

J. Kor. Pharm. Sci, Vol. 22, Supplement (1992)

10, 745 (1967).

70) Hansch, C., Drug Design (ed., Ariens, EJ.), p.
271-342, Academic Press, New York, 1971.
71) Miesel, R., Hartmann, H. Li, Y. and Weser,

U., Inflammation, 14, 409 (1990).

72) Tien, M., Svingen, BA. and Aust, S.D., FASEB
J, 40, 179 (1981). : )

73) Bus, J.S. and Gibson, J.E., Reviews in Bioche:
mical Toxicology (eds. Hodgson, E., Bend, J.R.
and Philpot, RM.), Vol. 1, p. 125-149, Eisevier,
New York, 1979.

74) Watanabe, H., Kobayashi, A, Yamamoto, T.,
Suzuki, S., Hayashi, H. and Yamazaki, N., Free
Rad. Biol. Med., 9, 507 (1990).

‘75) Yamamoto, Y., Niki, E., Eguchi, J., Kamiya, Y.
and Shimasaki, H. Biochtm. Biophys. Acta,
819, 29 (1985).

76) Niki, E., Komuro, E., Takahashi, M., Urano,
S, Ito, E. and Terao, K., J Biol. Chem. 263,
19809 (1988).

77) Rosen, G.M,, Barber, M.J. and Rauckman, E.J.,
J. Biol. Chem., 258, 2225 (1963).

78) Lynch, RE. and Fridovich, L, /. Biol. Chem.,
253, 1838 (1978).

79) James, B.R. and Williams, RJ.P., J Chem. Soc.,
2007 (1961). )

80) Lien, EJ., Yang, G.Z. and Guo, ZR., Quant
Struct. Act. Relat. 5, 12 (1986).

81) Lien, E.J. and Kennon, L., Remington’s Phar-
maceutical Sciences (ed. Osol, A), p. 161-185,
17th ed., Mack, Pa, 1985.

82) Charton, M., Prog. Phys. Org. Chem. 13, 119
(1981).

83) Unger, S.H. and Hansch, C., Prog. Phys. Org.
Chem., 12, 91 (1976).



