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Abstract—The disposition of the new anti-inflammatory agent, cis-5-fluoro-2-methyl-1-[p-(methy-
lenesulfinyl)-benzylidene]-indene-3-acetic acid [sulindac] and its sulfide and sulfone metabolites was
studied in five laboratory species. In each, oxidative biotransformation of the parent sulfoxide (sulindac)
to sulfone is irreversible, while reduction to sulfide is reversible. The areas under the plasma
concentration curves [AUC) of each redox form vary within each species as a function of the form which
is administered and, because of differences in the reversible biotransformations and in enterohepatic
circulation, vary widely among species for any glven redox form administered. Corresponding
variations in anti-inflammatory responses, within species, is a monotonic function of the AUC of sulfide,
but not of that for sulfoxide or sulfone. A similar correlation is apparent between intestinal toxicity, to
the extent that it occurs, and cumulative biliary secretion of the sulfide. Thus, additional evidence is
provided for the putative role of the sulfide metabolite as the biologically active form of sulindac.

Sulindac,* cis-5-fluoro-2-methyl-1-[p-(methylene-
sulfinyl)-benzylidene]-indene-3-acetic acid, is a
new nonsteroid with a broad spectrum of anti-
inflammatory activities in animal models{1] and in
man{2, 3].

The only major biotransformations undergone
by sulindac in laboratory species[4] and in man{5]
are changes in the oxidation state of the sulfinyl
group, i.e. oxidation of the parent sulfoxide to
sulfone, and reduction to the corresponding
sulfide. Several lines of evidence presented
elsewhere[1, 6] suggest that the therapeutically
relevant responses to sulindac are attributable
predominantly, and perhaps exclusively, to the
sulfide metabolite. It alone, among the three redox
forms of the drug, possesses prostaglandin
synthetase inhibitory activity[1], which, according
to current consensus, is a common mechanism of
activation involved in both the pharmacological
responses[7-10] and toxic responses{11] to
nonsteroid anti-inflammatory agents.

In the absence of a definitive identification of
the anti-inflammatory receptor(s), systemic plasma
levels may be assumed to be valid indices of
bioavailability =~ with respect to therapeutic
response. The most prominent side effects of
nonsteroids, in general, is gastrointestinal in-
tolerance. It has been demonstrated in the case of
indomethacin that toxicity varies widely among
species and is a quantitative function of the total
exposure of the intestinal mucosa to the active
form of the drug via enteroheptatic recycling[12].
The same causal relationship between biliary
secretion and toxicity is implied for flufenamic
acid{13].

The present report examines correlations of two
aspects of disposition of sulindac and metabolites

*Sulindac was formerly designated as MK-231 (see
Ref. 4).

with appropriate biological responses, viz. anti-
inflammatory response with systemic bioavailabil-
ities, and intestinal toxicity with cumulative biliary
secretion. The 2-fold purpose is to provide ad-
ditional evidence for: (1) identification of the
biologically active form of sulindac, and (2) a
common biochemical mechanism of action for
anti-inflammatory response and toxicity.

MATERIALS AND METHOD

Sulindac and its sulfide and suifone, all labeled
in the methylene group with tritium, were prepared
by exchange procedures previously described[14]
and diluted with unlabeled carrier to a specific
activity of 10uCi/mg equivalent. Specified
dosages and reported concentrations for the
sulfide and sulfone metabolites are based upon
molar equivalents of parent sulindac.

Sulindac, sulfide and sulfone were determined in
plasma, bile and urine by reverse isotope dilution,
details of which are presented elsewhere[S, 14]. In
the case of urine and bile, samples were pretreated
by addition of one-fifth volume of 1 M NaOH
which, after 30 min at room temperature, effects
complete hydrolysis of the acyl glucuronides of
each redox form. Thus, no distinction between
free and conjugated forms of drug or metabolites
was made in calculations of renal and biliary
clearances, nor was any adjustment made for
binding to plasma protein. In all samples, radioac-
tivity not accounted for by the sum of sulindac,
sulfide and sulfone is designated ‘“unknown
metabolite(s)”. At the specific activities employed
in the present studies, the precision of measure-
ment at the level of 1.0 ug equivalent/sample is =2
per cent for each redox form.

Calculations of pharmacokinetic parameters
were by standard procedures. Areas under plasma
concentration vs time curves, [AUC], for the in-
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crement actually sampled were calculatyed by log-
linear trapezoidal summation, and from the last
sampling point to infinity from terminal elimination
rates. Plasma clearances, Vi, were calculated
from dose=[AUC];. For material balance cal-
culations, f. and fuue, the fractions of dosage ex-
creted through infinity in urine and bile, respec-
tively, were calculated by extrapolation of double-
reciprocal plots of cumulative recovery vs time.
Renal (Vo) and biliary (Vapee) clearances were
determined incrementally, Le. [total excreted]? +
[AUC]Z, and/or integrally Veip X fus Ve » X fb,,e)
Conversely, plasma clearances were calculated in
shorter term experiments from incremental renal
and/or biliary clearances, ie. Ve .+f, and
Veisie + fote. Sime represents cumulative biliary
secretion through infinity in the intact animal, ex-
pressed as per cent of dose. Details of its deriva-
tion and usage are presented elsewhere[12).

In the case of rabbits, dogs and monkeys,
crossover experiments were performed in which
each redox form was given to at least iwo animals
intact, and subsequently with enterchepatic
recycling interrupted as a consequence of total
collection of bile. This was via cannulation of the
common bile duct with the gall bladder isolated.
Simultaneously, renal and biliary clearances of
each redox form were determined incrementally
and that of the injected redox form, integrally as
well.

In rats and guinea pigs, three separate groups of
animals were used for determinations of plasma,
renal and biliary clearances, respectively—the
former after injection of each redox form, and the
latter after injection of sulindac only. Mean
plasma clearances were calculated from composite
plasma profiles for groups of animals sampled
alternatively via the ocular sinus, and at sacrifice
via the heart and portal vein. Biliary clearances
were determined incrementally in conscious rats
with bile collected through 3hr, and in anes-
thetized guinea pigs for various intervals through
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6hr. Specific experimental conditions

described in the next section.

are

RESULTS

Rats. A group of fourteen male Sprague-Dawley
rats (170-200 g) received sulindac-{’H] at 10 mg/kg,
i.v. Animals were sampled three times at various
intervals through 72 hr; there were 18 peripheral
plasma samples in duplicate and 14 single portal
samples (the latter collected at sacrifice) for con-
struction of composite plasma profiles for parent
drug and metabolites (Fig. 1). [AUC]Z? values for
sulindac, sulfide and sulfone were 19,700, 8,190 and
44500 ug-min-ml™', respectively, with no
significant difference between peripheral and portal
blood for any redox form. The sum of the three
redox forms accounted, within experimental error
(%8 per cent), for all radioactivity in plasma. Based
upon the sum of the incremental [AUC])?? value and
[AUC]3, estimated from the terminal elimination
rate, plasma clearance was 0.5 ml-min™'- kg™

To determine whether the oxidative and reduc-
tive biotransformations to sulfone and sulfide were
reversible, each was administered as such, and
composite plasma profiles for all redox forms were
determined as described above for dosage with
sulindac. After sulfone treatment, it was the only
redox form detectable in plasma (Fig. 1, right
panel), from which it was slowly eliminated
(Ver, = 0.150 mt - min~" - kg™"). Sulfide, on the other
hand, was rapidly oxidized to sulindac and sulfone
(Fig. 1, center panel), and was cleared from plasma
at a slightly greater rate than sulindac (Vg =
0.73ml- min"" - kg™"). The ratio of [AUCI; for
sulindac : sulfide : sulfone, which was 1:0.4:2.4
after i.v. sulindac, was 1:1.6:6.8 after i.v. sulfide
{see Table 6).

Biliary clearances were determined in three
separate animals (250-270g) cannulated via the
common bile duct under pentobarbital anesthesia
and placed in Bollman restraint devices im-
mediately upon recovery. Bile was collected

#g Equivalents per ml plasma
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Fig. 1. Composite plasma profiles for sulindac and metabolites in rats after dosage with sulindac at
10 mg/kg (left panel), sulfide at 5 mg/kg (center panel) and sulfone at 5 mg/kg (right panel). Key: sulindac
(O}, sulfide () and sulfone (A).



Disposition of sulindac and metabolites

every 60min through 4hr, and plasma was
sampled at 90 and 150 min (ocular sinus) and
240 min (heart). For each animal, incremental bili-
ary clearances were reasonably constant over the
last 3 hr, and with small interindividual variations
in sulindac and sulfide clearances which averaged
1.18+0.18 and 0.47+0.11 ml- min™" - kg™" respec-
tively (Table 1). For each redox form, 5. values
calculated from these mean biliary clearances and
appropriate [AUC], values for each treatment are
included in Table 6. After dosage with sulindac
itself, the sum of all drug derived material ex-
creted in bile through infinity is equivalent to 643
per cent of the dose, but with only 39.5 per cent as
the pharmacologically active sulfide metabolite.
With respect to each redox form, their cumulative
biliary secretions in the rat are by far the highest
of any species examined.

Dogs. Plasma kinetics after injection of sulin-
dac-[’H] and sulfide-[’H] were determined in
purebred female beagles prepared with chronic
portal fistulas, enabling simultaneous collection of
both systemic and portal blood for extended
periods without anesthesia.

Typical plasma profiles for the three known
redox forms and for unknown metabolite(s) after
injection of sulindac are depicted in Fig. 2. Disap-
pearance of the parent drug from the systemic
circulation was very rapid (Va, = 13.0 ml - min™" -
kg™") and a portal : systemic gradient of about 10:1
became established in 3 hr. Sulfone attained a still
higher portal:systemic gradient. Sulfide was
detectable in the earliest (10-min) plasma sample,
rapidly disappearing below the limit of detection,
and reappearing concomitantly with the re-entry of
sulindac between 4 and 8 hr, but never attaining a
portal : systemic gradient of the magnitude obser-
ved for sulindac and sulfone. The relative abun-
dance of unknown metabolites increased steadily
with time, accounting for 75 per cent of the circu-
lating radioactivity by 24 hr and 88 per cent by
72 hr. Like the sulfide, unknown metabolites did
not appear to be extensively enterohepatically
recycled. The dog is the only species examined,
including man([5], in which unknown metabolites
constitute a significant fraction of the circulating
radioactivity.

After sulfide-[’H] treatment, plasma profiles
were, after the initial distributive phase, quan-
titatively similar to those resulting from dosage
with suifoxide. A summary of the areas under the
plasma curves for dogs receiving both redox forms
is included in Table 6.

Biliary clearances were determined in two dogs
after bolus injections of sulindac-[*H]. Detailed
data for one are presented in Table 2. Ex-
trapolations of 0-4-hr recoveries to infinity in-
dicated that 20.3 per cent of the dose is ultimately
excreted as sulindac, 3.3 per cent as sulfide, 39.4
per cent as sulfone, and 40.5 per cent as uni-
dentified metabolites, thus accounting for 100 per
cent of the dose and confirming indirectly the
negligible contribution of urinary excretion to the
elimination of drug and metabolites in the dog[4].
The means for all incremental biliary clearances of
sulindac, sulfide and sulfore in both dogs averaged
9.2+2.0, 50+15 and 39.0+6.5 ml- min~'- kg™
respectively.

Table 1. Biliary clearances in rats*

Rat No. 2 (270 g) Rat No. 3 260 g)

Rat No. 1 (255g)

Sulfone Sulfide Sulindac Sulfone Sulfide Sulindac Su}fone Sulfide
(ml- min~' - kg™") (ml- min~' - kg™") (ml- min™* - kg™")

Sulindac

Time
(min)

0.56
0.51
0.70

0.45 1.42 1.76 0.41 1.29 0.55
0.34 1.23 1.67 0.42 1.02 0.52
0.35 1.50 0.63 0.54 1.26 0.58
1.38+0.14 1.35+0.63 0.46+0.088 1.13+0.044 0.55+0.044 0.60x0.11

0.46
0.43
0.41

1.11
0.97
1.02
1.03+0.070 0.43+0.028 0.37*0.064

120-180
180-240
Meanz=S.D.

60-120

*Each rat received sulindac-[*H], 1.0 mg/kg i.v., at zero time.
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Fig. 2. Plasma profiles of sulindac and metabolites in the dog. A pure bred female beagle (9.6 kg)
received sulindac-[’H] at 3 mg/kg i.v. Solid lines represent systemic plasma (femoral vein) and broken
lines portal plasma.

Monkeys. Each of three male rhesus monkeys
(2.8 to 3.1kg) received a total of four intravenous
treatments with sulindac, sulfide and sulfone ac-
cording to a crossover design over a total interval
of 10 weeks. In the first three treatments, the
animals were not anesthetized, and plasma and
urine were sampled through 24 hr; in the fourth
(terminal) treatmeént, bile was collected in-
crementally for varying periods up to 7 hr under
phencyclidene-pentobarbital anesthesia.

In Table 3 the plasma, urinary and biliary values
are summarized for all twelve treatments. In
general, metabolism in the monkey, as evidenced
both by the areas under plasma curves and the
urinary recoveries of biotransformed products, is
not nearly as extensive as in other animal species
(see below) and in man(5]. This is especially strik-
ing in regard to oxidative metabolism, urinary
recoveries of sulfone extrapolated to infinity
averaging only 0.57 per cent of the dose after
injection of sulfide and 1.12 per cent after sulfox-
ide. These data reflect both an apparent limited
formation of sulfone as well as an unusually low
renal clearance in this species. The mean value for
Vs, in three experiments in which sulfone was
injected as such and in which observed renal
clearance calculations are thus not complicated by
possible metabolism within the Kkidney, varied

considerably but averaged only 0.47 ml- min~*-

kg~'. Apparent renal clearance for sulfoxide
averaged 5.8 ml- min~' - kg™’ (mean of six experi-
ments). For sulfide, as in other species[4], renal
clearance was negligible.

Comparisons of the [AUC] for each redox form
after injection of sulfide confirm the impression
that, compared to other species, the capacity for
oxidative metabolism is uniquely low in the
monkey with respect to the conversion sulfide »
sulfoxide, as well as sulfoxide - sulfone.

Biliary clearances varied considerably among
the three animals, but in each, sulfoxide clearance
exceeded that of sulfide, as seen in other species.
The mean values for sulfoxide, sulfide and sulfone
were 21.1x173, 065060 and 58x18
ml - min~* - kg™ respectively.

Guinea pigs. Three groups of five or six female
guinea pigs (350-460 g) received one of the follow-
ing treatments: (a) 1.0 mg/kg of sulfoxide, with
plasma sampled through 48 hr; (b) 1.0 mg equiv. of
sulfide-[’H], with sampling of plasma through
24 hr: and (c) 1.0 mg/kg of sulfoxide-[’H] in ani-
mals provided with bile cannulas for 30-min
collections of bile through 5hr, and concurrent
sampling of plasma. [AUC] values were deter-
mined trapezoidally for all experiments.

Plasma and biliary data for guinea pigs are
prsented in Fig. 3 and Table 4 respectively. After
sulfoxide treatment, [AUC]3 values for sulfoxide,



2315

f sulindac and metabolites

sposition o

Di

‘o 019z 18 [H,]-oepuljns Jo 3y/3w (¢ paAlaDal 10NP IJIQ HOWLIOD BIA PIjE[nUULd (8 p'1) olBeog,

$8¢ T 002 &€ €, . o)
AL >
ol6z $9¢ Z10¥ Y9 § along)
09°L 9¢°91 10z 1'pE (- Jw - v . 37)
welonvl
006 — — StL — - — 05,8 — - — oy — - ©
e O¥E 0P00 199 $'8 &3 0700 078§ Ol 0L  ¥90°0 08Z¢  vU1 9T 6800 v
0i€ 09 8500 69 080 199  6£0°0 OpeEs 08 €5 8900 0g1E  8S1 07 z1o 081
WL 08L  vp00 ¥19 79¢ 97§ 890°0 oIy Wv 6 8600 0567 0L £ ¥1°0 0zl
7981 OIL  0£0°0 £L§ SIL (86 €10 06Ty  S06  S¢ $1°0 §9LC  9ST T 610 001
I 019 vTo0 a4 i€t 981 12°0 0SEE 0Pl 1L 170 S8bC  §TE LE o 08
€S 00T 8000 967 081 YL 6E0 8081 001 OF 0£'0 ST 006 08 99°0 09
(433 08¢ N b6 99 € 190 89¢ £87 99 9b'0 SPIL OvL 292 Ll o
43 49 IN ¢ $'€ 661 8L0 SO0T 891 L€ 190 9p1 601 st 19 0T
oy (8v) (w/3d) oy (8v) (8v) (uBd) oy (87) @) (wEd)  mor @) @) (qusn) (upur)
Wy rwse(dq ‘wnoy ._.EOU 331 ewsejq ‘wa) ..EOU 33k vwseld ‘wmpy) .MQOU 931 ewse| g UE_P
$3foqeIaW umouyuy uﬁc_:m uoJng Jdepuiing

#30P 94} Ul SINOQRISW PUB JEPUINS JO UONIIS LIy T 3qe]

¢

BP. 27119



D. E. DUGGAN et al.

2316

‘sasauared Ut STUIPLIY UWN[OD ISpUn PaJBIIPU 31 £1 - {7 JO] SanfeA [BNPIAIDUI ‘(] SIUAWIRIN) JOY (Y $70="1-11
[BAIIUL ‘ D~y SIUSWIIBAL] IO, 'PoIDS|[00 OIq YHM JUSWLISAXD [BUIIIS] B 35BD YDOBD Ul SBm (] JUSWIESN Wic 988sOp $31R0IpuUl ((J—V) SIUSWIEL] ISpUN PIIBIPUL WIOY XOPaY

911 - — - Lsy - - — 00l - — - WA+ MDA (€)
— - 68 6C - - 6Ll LL - i€ 01z - W N (4]
— 971 86 9 - T 'Ll 69 - 1€ 0T 96T Aonvl+9soq (1)

A9 (Ajuo wioy afesop Jo) ‘° A
018 66 SE'y apixojmg
ovl €2 LEl - - - suoyng (- . o)
K7 IS0 w apying DA
959 169 6L6 apixojing
197 - — - $°0€ 867 - — - auojng ('Ambs 37)
86L 0oL £ apyng Hleng]
S1°T il 09 8pl SUy oLy — or'e apixojIng
61°0 #$°0 ob'0 50y SLE $8°C 90 V4 wo'o v$0 suojng (,-uur . )
— e - - - — — - — - spying A
38 0 86 P01 0 165 126 98¢ 0 L'86 sprxojng
oY |9A1 1z ¥9 Z19 Ll 6’78 L9t LS ¥¢ auojng (- amba g1/}
N 0 N IIN ] -— N N 0 N 3pyng dleuun]
'8 gt 0 98 0L Ll 0 14 €T 006 0 67 apixojing
(43 19174 91¢ £ £1 g6l £91 09 81¢ oL LE1 01 suopng  (;.jw - up . 37)
161 1374 0 24 8€1 0gl 0 (43 8'E¢ Lig 0 601 apying 4lonvl
0 90 (L-0)
«OPYINS  SpYg  SUOJNE  SPIXOJNS  LOPYMS  IPYNS  AUOYHNS  IPIXOJNG  ,PIXOJNS  IPIXOJNS UG  IPY[NS  paimsesw
a o) d A a o) d A a o) g v o} xopay

81 1°¢) € 'ON Aaquopy

(84 8'7) T "ON Asquol (348°7) 1 "ON Aoquolp

SA9YUOW SASIYX U SON[OGRIAW Pue depuyns Jo uonisodsiq ¢ 2jqeL



Disposition of sulindac and metabolites

2317

bk

0.01 4

#g Equivalents per ml plasma

N W

v

0.00! L L L Ay
2 4 6 8

Hr

24

48

72 2 4 & 8
Hr

Fig. 3. Composite plasma profiles for sulindac and metabolites in guinea pigs after dosage with sulindac
{left panel) and sulfide (right panel}, each at 1.0 mg equiv./kg. Key: sulindac (O}, sulfide () and sulfone
(A).

Table 4. Biliary recovery of sulindac and metabolites in
guinea pigs*

Total ug equivalents/animal

Hr N Sulfide  Sulfone Sulindac
0.25 5 0.72 2.93 63.4
0.5 5 0.83 7.4 57.2
0.75 5 0.60 5.6 23.6
1 5 0.50 4.8 16.4
1.5 4 Q.55 7.1 13.7
2 4 0.45 7.2 14.0
25 3 0.30 5.5 7.4
3 3 0.10 3.1 6.6
35 2 0.10 37 2.6
4 2 0.11 34 2.0
4.5 1 0.05 34 1.8
s 1 0.08 2.1 1.2
[Bilel; (n2) 4.29 55.9 209.3
[Bile]g (ng) 9.0 2.0 229
Foie 0.02 0.23 0.51
[AUCK ug- min-ml™") 11.2 46 52
Veisie (ml- min™' - kg™')  0.85 2.7 8.9
Ve 0Y Vaie + foie) - 17.4

*A group of five female guinea pigs, average body
weight 450 g, received sulfoxide-[’H] at 1.0 mgfkg. Ani-
mals were sacrificed at intervals through 5 hr at 60, 120,
180 and 300min so that all incremental recoveries
represent mean for those animals sampled through the
period indicated. Each animal was sampled for plasma
three times (twice by ocular series, once by heart at
sacrifice) for construction of composite plasma profile
for calculation of [AUCI.

sulfide and sulfone were 146, 68 and 282 ug - min -
ml™' respectively. Collection of bile resulted in
approximately 50 per cent decrease in the in-
cremental [AUC] relative to the intact animal
(Table 4). Thus, as a consequence of interruption
of the enterohepatic cycle, plasma clearance of the
parent sulfoxide increased from 6.85 to 17.4mil-
min~' - kg™', a change of a magnitude previously
seen only in dogs. The high biliary clearance
required for this result was confirmed directly;
Versiue =89ml- min™' - kg™' for sulfoxide; mean

biliary clearances for sulfide and sulfone were 0.85
and 2.7 ml - min™"' - kg™' respectively.

After treatment with sulfide-[’H], [AUC]s
values were in the expected order—sulfide >
suifoxide > sulfone, i.e. 182, 111 and 68 ug/min

ml™', respectively, for a dosage of 1.0mg
equivalent/kg (Fig. 3, right panel). Plasma
clearance of sulfide, 5.5mlmin™" kg~'. was

comparable to that of sulfoxide.

Rabbits. Each of four male New Zealand rabbits
(3.6 to 4.0 kg) received either sulindac-[’H] or
sulfide-[’H] at 1.0 mg/kg i.v., and plasma and urine
were sampled through 48 hr. After a 10-day inter-
val, those receiving sulindac were prepared with
bile duct cannulas, injected as before, and bile was
collected in 30-min aliquots through 6 hr under
halothane anesthesia with concomitant sampling of
plasma via cannulation of the marginal ear vein.

Plasma, urine and bile data for all rabbits are
summarized in Table 5. Plasma clearance for
sulfoxide averaged 4.07 ml/min~' kg™'. Irreversible
collection of bile resulted in only about a 10 per
cent increase in plasma clearance (4.4 ml - min~' -
kg "), consistent with the low biliary clearance
value of 0.60 ml - min~" - kg~*. Mean values for bili-
ary clearance of sulfide and sulfone were 0.97 and
0.56 ml - min~" - kg~" respectively. The rabbit is thus
the only species in which the order of apparent
biliary clearances is other than sulfoxide >
suilfone > sulfide. The unusually low value of
[AUC]; for sulfide in the rabbit, however, results in
a low value for X5 (Table 6).

After sulfide-[’H] treatment, its mean plasma
clearance in two intact animals was considerably

higher than that of sulfoxide, averaging
10.6 ml- min' - kg~'. Since its renal clearance is
negligible, and its biliary clearance only

0.97 ml- min' - kg™', metabolic clearance should
account for the predominant fraction of sulfide
elimination. This is confirmed by material balance,
an average of 60 per cent of the dose being reco-
vered as sulfoxide plus sulfone in urine alone (bile
and/or feces weie not analyzed). Furthermore, the
rabbit is the only one of five species in which the
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Table 5. Disposition of sulindac and sulfide in rabbits*

Sulfoxide-[*H] Sulfide-[*H}

Rabbit No. 1 Rabbit No. 2 Rabbit No. 3 Rabbit No. 4
Redox form Intact  Bile collected Intact  Bile collected
measured (0-48)t (0-6) (0-48) (0-5) (0-48) (0-48)

[AUCIR Sulfide 13.8 27 16.5 14.0 68.5 112
(zg- min~' - ml™") Sulfoxide 275 262 189 179 246 243

Sulfone 490 100 188 120 272 139
{Urine]? Sulfide 14.1 10 13.2 45 44 16.2

(ug equiv.) Sulfoxide 745 1203 1970 1260 2756 460

Sulfone 1203 251 715 775 1090 185
Veir Sulfide 0.27 0.10 0.21 0.08 0.16 0.04
(ml-min~' - kg™ Sulfoxide 0.71 1.21 2.76 1.85 2.78 0.53

Sulfone 0.65 0.66 1.00 1.70 1.0 0.37
[Bile]2 Sulfide 116 47

(g equiv.) Sulfoxide 520 500

Sulfone 193 288
V cisite Sulfide 1.1 0.85
(ml-min~' - kg™  Sulfoxide 0.50 0.70

Sulfone 0.48 0.62
Vot by Vi Ky 2.87 3.20 5.28 5.60 126 8.7
(ml-min” kg by Ve, +fa 3.36 4.05 4.60 4.40

bY Veisie + foie 3.412 5.00

*Weight of individual rabbits: rabbit No. 1, 3.0 kg; rabbit No. 2, 4.0kg; rabbit No. 3, 4.0kg; and rabbit No. 4, 3.6 kg.

tValues for ¢, — .
iV, for injected redox form.

[AUC] for sulfide is less than those for sulfoxide
and sulfone after i.v. administration of sulfide,
implying that its oxidative metabolism is unusually
high.

Biogenic sulindac was isolated from the pooled
urines of rabbits recetving a higher dosage of
sulfide (20 mg/kg) by preparative thin-layer
chromatobraphy (t.l.c.) using the same solvent
system employed in the isotope dilution proce-
dure. It had an [al of +11°, compared to a value
of +21° determined for the chemically resolved
enantiomers.* Thus, biogenic sulindac is about 66
per cent enriched with respect to the dex-
trorotatory sulfoxide. Whether this results from
absolute or partial stereospecificity with respect to
any or all of the three biotransformations, sulfide =
sulindac — sulfone, is not apparent.

DISCUSSION

The material balance in the present studies, in
which sulindac is the dosage form, confirms those
reported earlier[4]. In addition, it has been
demonstrated in all five species that reductive
biotransformation to the putative active metabolite
is reversible. Oxidation to sulfone, on the other
hand, is irreversible and it is a biologically inactive
end-product of metabolism.

In Table 6 are summarized two aspects of the
foregoing disposition data as they relate to ap-
propriate . biological responses, viz. systemic
plasma profiles as determinants of the anti-
inflammagory response, and cumulative biliary
secretions as determinants of intestinal toxicity.

With respect to the anti-inflammatory response,
the systemic bioavailability data, [AUC]s, are
subject to the reservation that they represent total
plasma profiles through infinity, while the various

*Dr. M. Jones, personal communication.

responses|[1, 15] are measured over intervals cor-
responding to varying segments of the overall time
vs plasma concentration curve. Further, the
assumption is included that circulating levels of
each redox form are valid indices of their concen-
trations at the receptor site(s). Given these reser-
vations, it is apparent that, within each species for
which the respective anti-inflammatory activities
of sulindac and sulfide have been determined,
responses are direct functions of {AUCLugge, but
not of [AUCLuingac. Detailed regression analyses
of response vs concentrations of sulindac and
sulfide in appropriate biological fluids provide ad-
ditional evidence for the same conclusion{6].
Quantitative correlations of availabilities of either
redox form among species is precluded, in that
different responses are measured in each species.

Interspecies correlations of gastrointestinal
toxicity with appropriate disposition parameters
are less subject to the reservations stated above, in
that a common response can be measured in all,
and the temporal relationship between dose and
response is such that [AUCIS, and derived
parameters including this term, are most ap-
propriate. Cumulative biliary secretion, 3%, is the
product of [AUC]; and biliary clearance. This
parameter has been demonstrated to be a quan-
titative correlate of indomethacin-related in-
testinal toxicity which varies over a 40-fold range
among five species[12], i.e. toxicity is a function of
total exposure of the intestinal mucosa to the
active form(s) of the drug as a consequence of
enterohepatic recycling.

Values of X7 for sulfide vary widely among
species, as do those for indomethacin {[12]. In
absolute terms, values for the sulfide metabolite
are lower than those for indomethacin in each of
the five species in which both drugs have been
examined and, consequently, intestinal toxicity of
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sulindac is markedly less. In each species, 2 4. for
sulindac is at least 5-fold higher than that for the
sulfide metabolite and, on the average, is 16-fold
higher (Table 6). Thus, it is apparent that the
contribution of enterohepatic recycling to the
maintenance of sustained systemic levels of active
sulfide is achieved predominantly at the level of
the inactive precursor, i.e. with a dis-
proportionately lesser exposure of the gut to the
active form of the drug.

In the rat, which is the only species for which
detailed EDso values for sulindac and sulfide have
been determined, toxicity is a direct function of
3% for sulfide, and an inverse one of 3%. for
parent sulindac. The respective values for X%, for
sulfide in five species dosed with sulindac predicts
that sensitivity will be in the order: rat> guinea
pig > dog > monkey > rabbit. The toxicity data
currently available are consistent with this ex-
trapolation. o

The present correlations of biological responses
with appropriate availability values for sulfide, but
not with those for parent sulindac, provide ad-
ditional evidence for the hypothesis developed
from other lines of evidence [1, 6] that the biolo-
gical effects of sulindac are mediated solely via its
sulfide metabolite. Thus sulindac is
“latentiated’ [16] or a “‘pro-drug”[17], itself devoid
of intrinsic pharmacological activity.

It has been suggested that the biochemical mode
of action common to non-steroid anti-inflam-
matory agents (NSAIDs) is inhibition of pros-
taglandin (PG) synthetase[7-10], and that this
same intrinsic property is responsible for the in-
testinal toxicity characteristic of NSAID's as a
group[8, 11]. The present resuits, considered in the
light of the earlier demonstration that sulfide is a
potent inhibitor of PG synthetase while sulindac
itself is devoid of such activity[18], support both
contentions.
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