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Abstract—Studies in the intact dog revealed that the intravenous administration of
60 mg/kg of 1-(o-chlorophenyl)-1-(p-chlorophenyl)-2,2-dichloroethane (o,p’-DDD) in-
hibited ACTH-induced steroid production by greater than 90 per cent within 2 hr.
Similar results were noted in perfused adrenals and adrenal slices obtained from
o,p’-DDD-treated dogs in vivo. In these preparations, baseline steroid production was
unaffected by o,p’-DDD treatment. Incubation of adrenal slices from control dogs in
either Krebs-Ringer bicarbonate-glucose buffer (KRBG) of plasma containing o,p’-
DDD for as long as 16 hr did not block the adrenal responsiveness to ACTH. Ligation of
the blood supply to the liver or gastrointestinal tract had no effect on the ACTH-
inhibitory actions of the drug when administered in vivo. A 2-hr retrograde perfusion of
adrenals with KRBG or plasma containing 0,p-DDD almost completely abolished the
response to ACTH. In adrenals perfused with plasma containing both a maximally stimu-
lating concentration of ACTH and o,p’-DDD, steroid production fell at approximately
the same rate as was observed in the intact dog. Thus, o,p’-DDD was found to be
effective in an adrenal preparation in vitro. The drug is not effective in the adrenal slice,
probably because it does not penetrate to the interior of the slice. These studies suggest
that either o0,p-DDD per se is the active principle in inhibiting ACTH-induced
steroidogenesis or the active principle is formed within the adrenal gland.

1-(o-Chlorophenyl)-1-(p-chlorophenyl)-2,2-dichloroethanef (o,p’-DDD) has been
shown to exert three adrenal-related actions in man: two direct effects on the adrenal
cortex to inhibit ACTH-induced steroid production!~* and to cause atrophy of its
inner zones,?'5 and a peripheral extra-adrenal action to increase cortisol metabol-
ism.®7 Because of the nonavailability of human specimens, studies of the direct
effects of 0,p’-DDD on the human adrenal cortex are lacking. o,p’-DDD possesses
similar adrenocorticolytic effects in the dog.®®* However, initial studies by Carzola
and Moncloa!© revealed that the drug had no effect on ACTH-induced steroidogenesis
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when added in vifro to dog adrenal slice preparations, yet when the drug was adminis-
tered in vivo, ACTH-induced steroid production in slices obtained 2 hr after drug
administration was completely inhibited. This observation cast some doubt on the
assumption that o,p’-DDD is the active principle in causing the direct adrenal effects.
The experiments described in this paper were designed to explore the possibilities
that: (1) ACTH-induced steroid production is inhibited in the preparation in vivo
because o,p’-DDD is metabolized to an active metabolite which then inhibits steroido-
genesis; or (2) ACTH-induced steroid production is not inhibited when the drug is
added in vitro to adrenal slice preparations because only a small percentage of the
adrenal cells come into contact with the drug, i.e. those on the outside of the slice.

MATERIALS AND METHODS

Animals. Male, mongrel dogs (5-13 kg) obtained from Zartman Farms were main-
tained on standard Purina dog chow. Animals were fasted overnight before an experi-
ment, but received water ad lib. Anesthesia was induced by a slow intravenous injection
of 30 mg/kg of pentobarbital sodium (Abbott). Control animals received 1 mi/kg of
drug solvent (1:1 propylene glycol-95 9 ethanol) intravenously, and drug-treated dogs
in vivo received 60 mg/kg of ¢,p’-DDD in a similar amount of solvent.

Steroid extraction and determination. Steroid concentrations in plasma and Krebs—
Ringer bicarbonate-glucose (KRBG) buffer were determined by the acid fluorescence
assay of Zenker and Bernstein.!! Development of maximal steroid-dependent fluores-
cence was measured in an Aminco fluoro-microphotometer (primary filter 472X and
secondary filter 522X). Under these conditions cortisol (F) and corticosterone (B) are
the only two steroids produced in the dog adrenal cortex which fluoresce to any signi-
ficant extent.'? The fluorescence of B is about 10 times greater than that of F. How-
ever, the dog adrenal produces primarily F and the ratio of B to F remains constant
after ACTH stimulation. Consequently, total fluorescence calculated as F was used as
a measure of response to ACTH.

Sampling of adrenal venous blood. Samples of adrenal venous blood from a cannula
installed in the right lumboadrenal vein were collected!® during a 2- to 3-hr period
after the intravenous injection of 60 mg/kg of 0,p"-DDD. Maximal stimulation of
steroidogenesis was maintained by a constant intravenous infusion of ACTH (Cortico-
tropin injection U.S.P.) at a rate of 0-05 units/min. The rate of steroid production
{ng/min) was calculated as the product of right adrenal blood flow (ml/min) and steroid
concentration (ug/ml).

Adrenal slice preparation in vitro. At a specific time after intravenous drug adminis-
tration, the adrenal glands were surgically removed, cleaned, sliced, preincubated and
incubated as described previously.’* Incubation of slices from control dogs was carried
out for various periods of time {I1-16 hr) in 3 ml of one of the following media:
(1) XRBG; (2) KRBG plus 0-1 unit/ml of ACTH*; (3) KRBG plus 0,p-DDD
(10~2? M) in suspension; (4) plasma from control dogs; (5) plasma obtained from dogs
2 hr after receiving o,p’-DDD in vivo.

o,p’-DDD was added to the incubation medium by forceful injection of the drug in
1:1 propylene glycol-959%; ethanol. After incubation in media 3-6, the slices were
washed with KRBG and reincubated for 1 hr in either medium 1 or 2.

* U.S.P. Corticotropin reference standard.
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Slices of adrenal cortex from o,p’-DDD-treated dogs in vivo were preincubated for
1 hr in Krebs—Ringer bicarbonate (KRB) and for another hour in either medium 1 or 2.

Reactions were terminated by placing the flasks on ice and removing the incubation
medium which was stored at 0° for later steroid analysis. Steroid production rates
during incubation were calculated as micrograms of fluorescent steroids (as F) per
100 mg wet weight of adrenal per hour of incubation.

Liver-bypassed and eviscerated dogs. A bypass of the blood circulation of the liver
was accomplished in a three-step procedure. First, one end of a 2-ft long, clamped
polyethylene cannula (PE 360) filled with heparinized saline was inserted into the left
external jugular vein. The portal vein was ligated immediately adjacent to its entrance
into the liver; then, in less than 2 min, it was cannulated at a point distal to the ligature
but proximal to the point of convergence of the smaller abdominal veins.

Evisceration of the dog was performed by placing ligatures at both ends of the
gastrointestinal tract. The first closed off the esophagus adjacent to the esophageal-
stomach sphincter, and the second occluded the rectum about 4 in. from the anal
sphincter. All branches of the arterial and venous blood supply to the tied-off segment
of the gastrointestinal tract were ligated. The blood supply to the liver and spleen was
occluded, but these organs were not removed.

Immediately after completion of surgical procedures, drug-treated animals received
0,p’-DDD intravenously, while control animals received only drug solvent. After a
2-hr waiting period, adrenal slices were prepared and incubated in either medium 1 or 2
above.

Isolated perfused adrenal. Adrenals from control dogs were surgically removed under
pentobarbital anesthesia. After cannulation of the lumboadrenal vein, each adrenal
was retrogradely perfused!s with either KRBG or plasma by a constant flow model
600-930 quadruple syringe infusion/withdrawal pump (Harvard Apparatus Company).
The rate of perfusion (0-8 ml/min) was found to be sufficient, since the adrenals were
responsive to ACTH for as long as 5 hr. The temperature of the perfusion fluid was
maintained at 37° by looping the cannula through a constant temperature, recirculating
water bath which surrounded the glass tube containing the suspended adrenal. To
oxygenate and maintain the pH of the perfusion medium, 95% oxygen-59%, carbon
dioxide was bubbled into the perfusion fluid and water bath.

After a 60-min equilibration period (perfusion with KRBG), fluid samples were
serially collected. The experiment began with a 30-min control perfusion with KRBG
to measure baseline steroid production. A 3- to 5-min perfusion with ACTH
(1-5-2-0 mU) was followed by another 30-min control perfusion with KRBG during
which the steroid response to ACTH was monitored. Then the gland was perfused for
2 hr with either KRBG or control plasma containing either drug solvent or o,p’-DDD
(5 x 1073 M). After washing out the gland for 20 min with KRBG, the gland was
rechallenged with ACTH and steroid production was monitored for the next 60 min
of perfusion with KRBG.

Steroid production rates (ug/min) were calculated as the product of the flow rate
(ml/min) and steroid concentration (ug/mi).

Before and after each experiment, the extent of adrenal perfusion was checked by
examining the pattern of distribution of perfused heparinized blood or a green ink.
Results from glands not shown to be completely perfused were discarded.
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RESULTS AND DISCUSSION

Time course of action of o,p’-DDD in the intact dog. Samples of adrenal venous
blood from a cannula in the right lumboadrenal vein were collected during the 2- to
3-hr period after the intravenous injection of o,p’-DDD. The patterns of steroid
production in typical contrul and o,p’-DDD-treated dogs are shown in Fig. 1. During
the first 40 min, the adrenal blood flow and steroid production stabilized. When
ACTH infusion was begun, there was no change in adrenal blood flow and usually
no noticeable increase in steroid production. This was not unexpected, as the dog was
under surgical stress. When the solvent was injected into the control dog, both adrenal
blood flow and steroid production remained at control levels. However, when o,p’-
DDD was injected, the adrenal blood flow dropped immediately, concomitant with a
drop in systemic blood pressure, but returned to normal within 40 min. Steroid
production, on the other hand, began to fall slowly and reached one-half of the control
level 51 min after finishing drug injection. Within 88 min, steroid production was
90 per cent inhibited.

In four o,p’-DDD-treated dogs the slight, transient decrease in systemic blood
pressure (36:3 mm Hg) and adrenal blood flow (1-0 ml/min) disappeared within 20 + 6
{mean + 1 S.E.M.) and 35 -- 9 min respectively. ACTH-induced steroid production
decreased slowly and reached one-half control levels within 58 -+ 11 min after injection.
Greater than 90 per cent inhibition occurred within 106 4- 9 min. It appears, therefore,
that the inhibition of steroid production following o,p’-DDD administration is not
due to any effects of the drug on systemic blood pressure or adrenal blood flow.
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Fic. 1. Effect of 0,p’-DDD (60 mg/kg, i.v.) on adrenal blood flow and on steroid levels in dog right
lumboadrenal venous plasma. The solid line represents a typical control dog and the broken line a
typical o, p’-DDD-treated dog.
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Since ACTH-induced steroid production was greater than 90 per cent inhibited
within 2 hr, subsequent studies were carried out in adrenals from dogs pretreated with
0,p'-DDD for 2 hr.

Effect of 0,p’-DDD in vivo and in vitro on ACTH-induced steroidogenesis in adrenal
slices. The ability of 0,p’-DDD to block ACTH-induced steroidogenesis was tested in
two adrenal slice preparations: (1) adrenal slices from dogs pretreated in vivo with
0,p’-DDD 2 hr prior to adrenalectomy; and (2) adrenal slices from control dogs which
were then incubated for varying periods of time with 0,p’-DDD in the medium.
Results of 1-hr steroid production in these experiments are shown in Fig. 2. In control
slices, ACTH caused a 3-fold increase in steroid production. When anesthetized dogs
were given 0,p’-DDD in vivo and their adrenals were incubated 2 hr later, ACTH did
not stimulate steroidogenesis. These results are in agreement with those seen in the
intact dog.
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FiG. 2. Effect of 0,p’-DDD in vive and in vitro on ACTH-induced steroidogenesis in slices of dog

adrenal cortex. The number of dogs is shown in parentheses. Vertical lines represent one standard

error of the mean. The triangle (W) indicates a significant difference between with and without
ACTH (P < 005) using the t-test by the method of paired comparisons.

If it is assumed that the injected o,p’-DDD is initially distributed only to the plasma,
then the maximal concentration of the drug passing through the adrenal is 4 x
102 M. When adrenal slices from control dogs were incubated in KRBG containing
1072 M 0,p’-DDD (in suspension) for up to 4 hr and then reincubated for 1 hr in
KRBG, there was the same 3- to 4-fold increase in ACTH-induced steroidogenesis as
was seen in control slices. In other words, o,p-DDD (10~2 M) in vitro was not
effective in inhibiting steroid production in this slice preparation, even when incubated
twice as long as was necessary for 90 per cent inhibition in the o,p’-DDD-treated
animal in vivo.

It seemed possible that the inhibitory action of 0,p’-DDD in vivo might be due to the
ability of plasma to either (1) increase the solubility of the compound, or (2) metabolize
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the drug to an active metabolite. Plasma does, in fact, result in the solubilization of
various chlorinated hydrocarbons.¢ 0,p’-DDD is soluble in plasma at a concentration
of 10=2 M and is almost completely insoluble in KRBG.

Control adrenal slices were incubated for 2 hr in plasma containing 5 x 1073 M
0,p"-DDD. As can be seen in Fig. 2, 0,p-DDD added in plasma had no effect on the
response to ACTH. Only one animal was used in the above experiment; however, two
pairs of flasks were incubated for each condition shown in Fig. 2, and confirmation of
this observation was obtained in another experiment (Table 1). Incubation of adrenal
slices for 16 hr in control plasma slightly decreased the ability of the slices to respond
to ACTH. However, incubation in slices in plasma containing 5 X 1073 M o,p’-DDD
did not result in any inhibition of the remaining ACTH-inducible steroid production.

Evidence presented in Fig. 2 and Table 1 appears to have eliminated the plasma and
adrenal as primary metabolizing systems for o,p’-DDD. The possibility still existed
that the drug was metabolized to an active compound by other tissues and transported
in the bloodstream to the adrenal, thus accounting for the lack of activity in vitro.
Control adrenal slices were incubated for 16 hr in plasma obtained from dogs 2 hr after
receiving o,p’-DDD intravenously. Steroid production in these slices showed the usual
increase with ACTH (Table 1). This experiment does not support the possibility that
the plasma carries an active metabolite of 0,p"-DDD to the adrenal cortex.

TABLE 1. EFFECT OF o,p-DDD ON STEROID PRODUCTION BY ADRENAL SLICES
INCUBATED FOR 16 hr IN PLASMA*

Adrenal steroid production
(pg/100 mg adrenal)

Incubation Time Without With Increase
medium (hr) ACTH ACTH (%)
KRB 1 313 10-80 240
Control plasma 16 4-94 8-21 70
Control plasma -+ 16 4-69 862 80
0,p-DDD (5 x 1073 M)
Plasma from o,p’-DDD- 16 3-60 11-90 230

treated dog (2 hr)

* At the end of each incubation period, the slices were washed and reincubated
in KRBG for 1 hr. One of each set of paired flasks had 0-1 unit/m! of ACTH.

Effect of o,p’-DDD in vivo on ACTH-induced steroidogenesis in control, liver-
bypassed and eviscerated dogs. Based on work by other investigators, it appeared that
the most likely tissues in which o,p’-DDD metabolism might occur were the liver'’
and gastrointestinal tract.'® Figure 3 shows the effect of ACTH on the steroid
production by adrenal slices prepared from normal, liver-bypassed, and eviscerated
dogs 2 hr after they had received an intravenous injection of solvent or o,p’-DDD.
In normal dogs o,p’-DDD completely blocked the usual 3-fold increase in steroid
production with ACTH. A similar response to o,p’-DDD was seen in both the liver-
bypassed and eviscerated animals. These data suggest that o,p’-DDD does not act
through a metabolite formed in either of these tissues.
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Effect of o,p’-DDD in vitro on ACTH-induced steroid production in the isolated
perfused dog adrenal. Thus far, none of the evidence supported the hypothesis that
0,p’-DDD is metabolized to an active compound in the intact dog. Therefore, the
possibility was entertained that the absence of activity in vitro was due to lack of
penetration of o,p’-DDD into the adrenal slices, A system was developed which pro-
vided a greater contact between the drug and the individual adrenal cortical cells.
Steroid production by retrograde, KRBG-perfused adrenal glands is shown in Fig. 4.
The control gland responded to both doses of ACTH, but the treated gland was no
longer responsive to ACTH after perfusion with KRBG containing o,p’-DDD
(5§ x 1073 M in suspension).

TABLE 2. EFFECT OF 0,p’-DDD in vitro IN KRBG ON STEROID PRODUCTION IN PERFUSED DOG ADRENALS

Steroid production (ug/min)

Control period After treatment period
Peak Increase Peak Increase
Baseline ACTH with Baseline ACTH with
steroids  steroids ACTH steroids  steroids ACTH
Drug solvent 1 0-59 5-19 460 0-52 302 2:50
2 0-54 2-48 1-94 0-76 2-84 2-08
3 0-72 5-33 4-61 0-78 3-49 2-71
Av. 0-62 4-33 3-71* 0:69 312 2:43*
S.E.M. 0-05 093 0-88 0-08 0-19 019
0,p-DDD1 4 0-31 3-81 3-50 046 0-79 033
5 0-55 3-78 3-23 0-75 1-23 0-48
Av. 043 3-80 3.37* 061 1-01 0-40
S.E.M. 012 0-02 0-14 0-15 0-22 0-08

* Significant difference between before and after ACTH values (P < 0-05).
t5%x1073M.

The results of three KRBG control and two o,p’-DDD-perfused adrenals are shown
in Table 2. A 3-71 + 0-88 pg/min increase in ACTH-induced steroid production was
seen during the control period. ACTH still stimulated steroid production by 2-43 4
0-19 pg/min in those adrenals perfused with KRBG containing solvent only, but no
statistically significant stimulation was observed in adrenals perfused with KRBG
containing 5 X 1073 M 0,p’-DDD.

In another series of experiments, basically the same experimental procedure was
followed except that plasma from control dogs was used as the perfusate instead of
KRBG. There are two reasons for repeating the above perfusion experiment using a
different perfusion medium. (1) Since the plasma used for perfusion contained large
quantities of endogenous ACTH, the effect of 0,p’-DDD on the time necessary for
steroid production levels to fall to half of control levels (T,,) could be measured. A
comparison could then be made between the effects of 0,p’-DDD in the systems in vivo
and in vitro. (2) Because of the insolubility of the 0,p-DDD in KRBG, there was some
question as to whether the decreased response to ACTH seen in the perfused gland was
due to a direct effect of the drug on the cells of the adrenal cortex or to a capillary
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TABLE 3. EFFECT OF 0,p’-DDD in vitro IN PLASMA ON STEROID PRODUCTION IN PERFUSED DOG ADRENALS

Control period (ug/min) After treatment period (ug/min)

Peak Increase Treatment Peak  Increase

Baseline ACTH with period Baseline ACTH with
steroids steroids ACTH (Ty;2) steroids steroids ACTH

Drug solvent

2,p-DDD

M2 a -

%OO'\!O\M

S.E.M.

¢-18 276 2-58 0-83 3:37 2:25
074 3-56 282 0-59 428 3-69
013 1-30 1-17 0-57 1-40 0-83
048 4-39 391 0-87 4-06 319
038 3-00 2:62% 072 327 2-55*
014 0-66 0-56 008 0-65 063
018 1-97 179 49 021 0-35 0-14
0-50 309 2-59 49 0-54 071 017
035 300 2+65 89 0-94 1-45 0-51
0-27 4-19 392 45 0-84 110 026
033 306 2-73* 58 0-63 090 027
0-07 045 0-44 10 016 0-24 0-30

* Statistically significant difference between before and after ACTH values (P < 0-05).
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clogging effect of the precipitated drug, thus preventing proper perfusion. This
possibility was excluded by solubilizing the 0,p-DDD in plasma.

Data from two typical plasma perfusion experiments are shown in Fig. 5. In the
control gland, steroid production increased immediately and remained high through-
out the 2-hr plasma perfusion because of the endogenous plasma ACTH. The same
initial increase occurred in the o,p’-DDD-treated gland, but then the level began to fall
off slowly. Table 3 shows that the time necessary for steroid levels to fall to half of the
initial peak steroid level in four animals was 58 4 10 min. This value in vitro for Ty,
is roughly an approximation of that seen in the situation in vivo, 68 4 11 min. In four
control adrenals, the average increase with ACTH before plasma perfusion was
2-62 + 0-56 pg/min and afterwards was 2-55 4 0-63 pg/min. There is no statistical
difference between these two values. After perfusion with plasma containing 0,p’-DDD,
the gland was no longer responsive to ACTH.

The data presented in this paper strongly suggest that o,p’-DDD is itself the active
compound in causing inhibition of ACTH-induced steroidogenesis in the adrenal
cortex of the dog. However, the possibility that the drug is metabolized to another
active compound within the adrenal gland itself has not been conclusively excluded.

The most likely explanation for the lack of activity in vitro of o,p’-DDD in the
adrenal slice preparation appears to be that the drug does not easily penetrate to the
interior of the slice and cannot inhibit the action of ACTH. In the perfused gland, the
drug comes into intimate contact with individual cells through the extensive circulatory
system of the organ. Confirmation of this hypothesis might be obtained if it could be
demonstrated that o,p’-DDD inhibited ACTH-stimulated steroid production in an
adrenal cell suspension. This work is now in progress.

REFERENCES

. J. H. U. BrownN, J. R. K. Preepy, C. H. BRowN and B. L. HALLMAN, Lancer 1, 1208 (1959).

. D. M. BERGENSTAL, R. HErTZ, M. B. LipseTT and R. H. Moy, Ann. intern. Med. 53, 672 (1960).

. S. WeisenrELD and M. G. GOLDNER, Cancer Chemother. Rep. 16, 335 (1962).

. A. L. SOUTHREN, S. TocHiMOTO, L. STROM, A. RALuscuNI, H. Ross and G. GORDON, J. clin.

Endocr. Metab. 26, 268 (1966).

A. M. Hutter and D. E. KAYHOE, Am. J. Med. 41, 572 (1966).

T. BLEDSOE, D. P. IsLAND, R. L. NEY and R. W. LIDDLE, J. clin. Endocr. Metab. 24, 1303 (1964).

. A. L. SoutHreN, T. Satoru, K. Isurci, G. G. GorpoN, E. KrixuN and W. STYPULKOWSKI,
Steroid 7, 11 (1966).

8. J. NicHoLs, in The Adrenal Cortex, Int. Acad. Path. Monograph. Harper, New York (1961).

9. N. KaMINSKY, S. Luse and P. HARTROFT, J. natn. Cancer Inst. 29, 127 (1962).

10. A. CarzoLra and F. MONCLOA, Science, N.Y. 136, 47 (1962).

11. N. Zenker and D. E. BERNSTEIN, J. biol. Chem. 231, 695 (1958).

12. M. M. Hart and J. A. STRAW, in preparation.

13. D. M. HuME and D. H. NEeLson, Surg. Forum 5, 568 (1954).

14. M. M. HART and J. A. STRAW, Biochem. Pharmac. 20, 257 (1971).

15. R. L. ROBINSON, J. Pharmac. exp. Ther. 157, 55 (1966).

16. J. A. Moss and D. E. HATHAWAY, Biochem. J. 91, 384 (1964).

17. J. E. PeTERsON and W. H. RoBIsON, Toxic. appl. Pharmac. 6, 321 (1964).

18. J. L. MENDEL and M. S. WALTON, Science, N.Y. 151, 1527 (1966).

W -

Now



