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Abstraet--A study of the effects in vitro of 1-(1-phenylcyclohexyl)piperidine'HCl 
(Sernyl) has shown that with succinate, a-ketoglutarate, fl-hydroxybutyrate, or citrate 
as the substrate, the oxygen uptake by homogenates of rat liver was stimulated by 
0.2 and 0.5 mM concentrations of the drug. Experiments with mitochondria gave similar 
results with succinate and a-ketoglutarate. Using the first three substrates or ferro- 
cytochrome c, oxidative phosphorylation was uncoupled slightly by 0.1 mM and more 
markedly by 0"5 mM Sernyl. Mitochondrial swelling in 0.125 M KC1-0.02 M Tris'HCl 
buffer, pH 7"4, was enhanced by 0"1 mM Senayl. 

A comparison of the effects of some analogs of the drug on the oxidation of succinate 
by liver homogenates showed that N-ethyl-l-cyclohexylcyclohexylamine.HC1 and 
N-ethyl-l-phenylcyclohexylamine'HC1 also had a stimulatory effect but less than that 
of Sernyl. No significant effect was shown by N-ethylcyclohexylamine.HCl, N-ethyl- 
piperidine'HCl, or N-cyclohexylpiperidine.HCl. 

RECENT reports indicate that Sernyl (1-(1-phenylcyclohexyl)piperidine mono-  
hydrochloride),  an anesthetic, 1 has psychotomimetic effects in humans. 2-a In  con- 
junct ion with these studies, the biochemical effects of  the drug were of  interest. This 
investigation o f  the effects in vitro of  the drug on respiration was prompted  by the 
observation of  Domino  5 that  the injection of  Sernyl into rats increased oxygen con- 
sumption. 

MATERIALS AND METHODS 

a-Ketoglutaric and L-malic acids and the sodium salt of  DL-fl-hydroxybutyrate were 
obtained f rom the California Corporat ion for  Biochemical Research; A T P  as the 
sodium salt, cy tochrome c (type III),  and hexokinase (type III)  f rom the Sigma Chemi- 
cal Company ;  and N-ethylpiperidine f rom Eastman Organic Chemicals. Parke, 
Davis and C o m p a n y  donated 1-(1-phenylcyclohexyl)piperidine.HC1, N-ethyl-l-cyclo- 
hexylcyclohexylamine.HC1, N-ethyl-l-phenylcyclohexylamine.HC1, and N-ethyl- 
cyclohexylamine.HCl. N-Cyclohexylpiperidine.HC1 was kindly prepared by Irwin 
Klundt  (Wayne State University). 

Succinate and malate were neutralized with K O H  to p H  7.4, citrate to p H  7-2; a- 
ketoglutarate was neutralized with equimolar K~COz. 

* A preliminary report of this work appeared in Fed. Proc. 20, 306 (1961). 
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Male Holtzman rats, 2 to 3 months old, were fasted overnight and sacrificed by a 
blow on the head. The excised liver was homogenized in 9 volumes of ice-cold 0.25 M 
sucrose with a loosely-fitting Potter-Elvehjem glass homogenizer. 

For studies on oxygen uptake, homogenates were centrifuged briefly to remove red 
cells and connective tissue, and 0.5 ml of supernatant was added to each flask. When 
mitochondria were used, they were prepared according to the procedure described by 
Schneider, 6 washed twice with 0-25 M sucrose and resuspended so that the amount 
obtained from 200 mg of liver in a volume of 0.5 ml was added to each flask. 

Oxygen uptake was determined by conventional Warburg technique using duplicate 
reaction vessels. Flask contents are described in the tables. The center wells con- 
tained 0.2 ml of 3 N KOH and filter paper. Unless otherwise indicated, the temperature 
was 38 ° and the equilibration period was 10 rain. All results reported here are typical of 
at least three experiments. 

For P :O ratios, each flask contained the mitochondria obtained from 500 mg of 
liver suspended in 0.5 ml of 0.25 M sucrose. The side arms contained 0.5 ml of 20% 
trichloroacetic acid. After an equilibration period of 7 or 8 min, the measurement of 
oxygen uptake was begun and the initial phosphorus values were obtained. Final 
values were determined 15 min later. Phosphorus was measured by the method of 
Fiske and Subbarow, 7 slightly modified. 

Mitochondrial swelling was studied essentially as described by Lehninger. s Mito- 
chondria were prepared in 0.25 M sucrose and resuspended in this medium so that 1 ml 
contained the mitochondria obtained from 500 mg of liver. One-tenth ml of mito- 
chondrial suspension was added to 3.1 ml of  0.125 M KCI-0.02 M Tris.HCl buffer, 
pH 7.4, both with and without 0.1 mM Sernyl added. Swelling was measured at room 
temperature in 1-cm Beckman cuvets by following the change in optical density at 
520 m/z with a Beckman model DU spectrophotometer. In some experiments 0.016 M 
succinate was added to stimulate swelling. 

TABLE 1. THE EFFECT OF SERNYL ON OXIDATION BY RAT LIVER HOMOGENATES 

0.2 mM 0.5 mM 
Substrate Control Sernyl Sernyl 

(td 02 uptake in 20 min) 

Succinate 117 149 132 
a-Ketoglutarate 73 81 91 
/3-Hydroxybutyrate 63 76 77 
Citrate 67 74 88 
Malate 64 61 56 

Each flask contained 108 t~moles KC1, 30 t~moles potassium phosphate 
buffer, pH 7.4; 15 ~moles MgC12; 3 t~rnoles ATP; Sernyl as shown; and 
0.5 ml 10% rat liver homogenate in 0.25 M sucrose. Substrates: 50 
t~moles succinate; 56 /~moles OL-/~-hydroxybutyrate; 28 t~moles a- 
ketoglutarate, citrate, or L-malate. The volume was 2.5 ml. 

RESULTS AND DISCUSSION 

The effects of Sernyl on the oxidation of various substrates by rat liver homogenates 
are shown in Table 1. With succinate as the substrate, oxygen uptake over a 20-rain 
period in 0.2 mM Sernyl was 25 per cent greater than the control value; in a 0.5 mM 
concentration the increase was less marked. When the substrate was ~-ketoglutarate, 
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the stimulation of oxygen uptake was 11 per cent and 25 per cent in concentrations of 
0.2 and 0.5 mM Sernyl, respectively. Similar results were obtained for citrate. The 
oxidation of fl-hydroxybutyrate was increased approximately 20 per cent by both 
concentrations of the drug. Malate was not significantly affected by 0.2 mM Sernyl 
but was somewhat inhibited at the 0.5 mM level.' 

The results of these experiments on homogenates using succinate and a-ketoglutar- 
ate as substrates are shown graphically in Fig. 1. Both concentrations of Sernyl in- 
creased the oxidation of a-ketoglutarate throughout the 30-min period; the higher 
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FiG. 1. The effects of Sernyl on the oxidation of succinate and a-ketoglutarate by liver homogenates 

concentration was more effective. Initially the oxidation of succinate was stimulated 
more by 0.5 than by 0-2 mM Sernyl, but after 15 rain the higher concentration had less 
effect than the lower one, although the values continued to be greater than those of 
the control flasks. 

The effects of the drug on the oxidation of succinate and a-ketoglutarate by liver 
mitochondria are shown in Fig. 2. As the concentration of Sernyl was increased, 
oxygen consumption (20-min reading) was increased, reaching a maximum at about 
0.8 mM for a-ketoglutarate and 0.5 mM for succinate, and dropping off at a concen- 
tration of 1 raM. Thus there is an optimum concentration for the stimulatory effect. 
It was also noted that, in higher concentrations of the drug, the longer the time of 
incubation of the mitochondria the less the stimulatory effect. For example, in the 
experiment using succinate as the substrate, oxygen uptake with 0.1 mM Sernyl 
during the 20 to 40-min period of incubation was 99 per cent of the value for the 
0 to 20-rain time interval. However, at concentrations of 0.2, 0.5, and 1.0 mM Sernyl, 
the 20 to 40,min values were 89, 73, and 68 per cent of the corresponding 0 to 20-min 
results, respectively. Similar results were obtained with homogenates. 
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Whether the drug acts by altering mitochondrial structure or through some other 
physical or ionic effect is not certain. I f  the increase in oxygen uptake is due to (or 
results in) an alteration of mitochondrial structure, a further change in structure, as 
might conceivably occur in higher concentrations of Sernyl, especially over a longer 
period of time, could cause a lessening of the stimulatory effect. The drug does seem 
to have an inhibitory effect on mitochondria which presumably already have an altered 
structure. When homogenates were prepared with a homogenizer with a tightly fitting 
Teflon pestle, concentrations of 0.2 and 0.5 mM Sernyl gave.only 88.and 89 per cent-~f 
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FIG. 2, The effects of Sernyl on the oxidation of succinate and a-ketoglutarate by mitochondria. 

the control values (20-rain reading), respectively--an inhibition. That the mitochondria 
in such preparations are damaged is suggested by the finding that P :O ratios for these 
were quite low (e.g. 0.8 for succinate). Aldridge 9 has stressed the importance of 
undamaged mitochondria in the measurement of a stimulatory effect. Although the 
stimulatory and inhibitory effects of the drug are not necessarily evoked through the 
same mechanism of action, it is probable that inhibition is due simply to a further 
exaggeration of whatever change produces stimulation. 

The observation of these changes in oxidation prompted a study of the effects of the 
drug on P:O ratios which is reported in Table 2. Similar results were obtained with 
succinate, a-ketoglutarate, and/3-hydroxybutyrate as substrates. A concentration of 
0-1 m M  Sernyl caused a slight decrease in P:O ratios and 0.5 m M  produced a more 
marked decrease. The degree of uncoupling of oxidative phosphorylation was the 
same for the DPN-linked substrates as for succinate. So uncoupling does occur at or 
below the level of the flavoprotein in the respiratory chain. However, this is not suffi- 
cient absolutely to rule out uncoupling at the substrate level for a-ketoglutarate or 
fi-hydroxybutyrate. Uncoupling also occurred when the substrate was ferrocytochrome 
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c (Table 3). These effects, though less marked, are very similar to those of chlor- 

promazine  on liver mi tochondr ia  reported by several workers. Berger e t  al.  1° found  
that  chlorpromazine inhibited phosphorylat ion coupled to the oxidation of cytochrome 
c. Dawkins  e t  aL ~1 also observed uncoupl ing  when the substrate was succinate, /3- 
hydroxybutyrate,  or ferrocytochrome c. 

TABLE 2, THE EFFECTS OF SERNYL ON PHOSPHORYLATION COUPLED TO THE OXIDATION 
OF SUCCINATE, a-KETOGLUTARATE AND fl-HYDROXYBUTYRATE 

Concentration 
Experiment Substrate of Sernyl --Ap~ AO P : O 

(mM) (t~molc) (/~atom) 

1 Succinate none 7'3 4.6 1.6 
0.1 6-0 4.5 1.3 
0"5 4"0 3.6 1.1 

none 9.9 5-9 1.7 
0.1 9.9 7"3 1.4 
0.5 6.0 5-7 1.1 

none 9.5 5'6 1.7 
0.1 7.9 5-5 1.4 
0"5 4.5 4-6 1.0 

4 a-Ketoglutarate none 8'3 3'6 2.3 
0.1 7.4 3.5 2.l 
0.5 6.3 3'2 2.0 

none 6.1 2-1 2.9 
0.1 5'7 2-3 2.5 
0.5 3-6 1.6 2.2 

none 8.8 3.2 2.7 
0-1 8.0 3.1 2.6 
0.5 5.9 3'0 2.0 

7 fl-Hydroxybutyrate none 6.8 3'1 2.2 
0.1 6.6 3.2 2-1 
0.5 6-2 4.1 1-5 

none 6.9 3"3 2.1 
0.1 6.8 3.6 1.9 
0.5 5.3 3.8 1.4 

Flask contents in 2-5 mr: 30 /~mole phosphate buffer, pH 7-4; 40 t~mole Tris-HC1 buffer, 
pH 7.4; 100 /~mole KC1; 50/~mole glucose; 15 /~mole KF; 15 p.mole MgCI2; 0.020 /~mole 
cytochrome c; 6 t~mole ATP; 0'6 mg of hexokinase. Substrate: 30/~mole succinate, 21 /~mole 
a-ketoglutarate, or 42 ~mole DL-/3-hydroxybutyrate. When the last two substrates were used, 
2 p.mole DPN were also added. Sernyl concentrations are shown. Mitochondria from 500 mg 
of liver suspended in 0'5 ml of 0-25 M sucrose were added. The side arm contained 0.5 ml of 
20 7oo TCA. The temperature was 30 °. 

Changes in oxidation and mitochondrial  swelling appear to be related, therefore a 
few experiments on swelling were performed. A n  ionic medium was chosen as being 
closer in  equivalence to the medium used for the oxidation studies. Spontaneous  
swelling in KC1-Tris buffer (Fig. 3) increased in the presence of 0.1 m M  Sernyl. The 
s t imulat ion of  swelling obtained by the addi t ion of succinate to the medium was en- 
hanced by Sernyl. Al though the effects in this medium might be related to that  of  KCI 
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(which causes a clumping of mitochondria), these results are compatible with the 
frequent finding that compounds which uncouple oxidative phosphorylation may 
stimulate oxygen uptake and increase mitochondrial swelling. 

There is a question as to whether these changes in oxidation in vitro may be pro- 
duced in vivo. Some experiments were performed to determine whether an injection of 
the drug could alter the oxidation of succinate by liver homogenates. Rats were given 
intraperitoneally 10 mg of Sernyl/kg of body weight and sacrificed 30 rain later. The 
results were inconclusive. However, Domino did observe an increase in oxygen con- 
sumption by rats after the injection of Sernyl. 5 

TABLE 3. THE EFFECT OF SERNYL ON PHOSPHORYLATION COUPLED TO THE OXIDATION 

OF FERROCYTOCHROME C 

Conc.  of  
Experiment Sernyl -- A P~ A O P :O 

(mM)  (/zmole) (t~atom) 

none  1.50 3.6 0.42 
0.1 1.10 2.6 0.42 
0.5 0-88 3.2 0.28 

none  1-70 5.9 0.29 
0.1 1-50 6.3 0.24 
0.5 0.60 5.7 0.11 

none  1.41 4.7 0.30 
0.1 1.00 4.7 0.21 
0.5 0.89 5.1 0.17 

Flask contents:  same as for Table 2 except that 0'9 t~mole of  E D T A  was 
added and the substrate was  0'120 p.mole cy tochrome e plus 30/~moles  L- 
ascorbic acid (neutralized with N a O H  just before use). Mitochondria from 
700 to 800 mg of liver were added in experiments 2 and 3. The equilibration 
time was 7 rain and the temperature was 30 °. 
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FIG. 3. The effects of  Sernyl on mitochondrial  swelling. 
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Many analogs of the drug were available for comparison. The structures of some of 
these are shown in Fig. 4. The effects of the compounds on the oxidation of succinate 
by liver homogenates are compared in Table 4. Both N-ethyl-l-cyclohexylcyclo- 
hexylamine.HC1 and N-ethyl-l-phenylcyclohexylamine.HC1, at a concentration of 
0.2 mM, were effective in stimulating oxygen uptake but less so than Sernyl. No sig- 
nificant effect was seen with N-cyclohexylpiperidine.HC1, N-ethylcyclohexylamine. 

C7 
HCI 

I- (I-phenylcyclohexyl) 
piperidine hydrochloride 

H 
N-CH2CH 3 

HCI 

N- efhyl-l- phenylcyclohexyl 
amine hydrochloride 

~ ' H  
N-CH2CH 

HCI 

N-ethyl- I- cyclohexylcyclohexyl 
amine hydrochloride 

FIG. 4. The structural formulas of Sernyl and two analogs. 

TABLE 4. A COMPARISON OF THE EFFECTS OF SERNYL AND ITS ANALOG ON THE 

OXIDATION OF SUCCINATE BY LIVER HOMOGENATES 

Compound Experiment 1 Experiment 2 
(/~l 02 uptake in 20 min) 

None 91 123 
1-(1-Phenylcyclohexyl)piperidine-HCl 120 154 
N-Ethyl- 1-cyclohexylcyclohexylamine'HC1 109 146 
N-Ethyl- 1-phenylcyclohexylamine.HCl 102 140 
N-Ethylcyclohexylamine-HC1 92 
N-Ethylpiperidine'HCl 90 
N-Cyclohexylpiperidine,HC1 127 

Flask contents are described in Table 1. Substrate: 50/~mole succinate. The 
concentration of Sernyl or analogs was 0.2 raM. 
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HCI, oJ N-ethylpiperidine'HCl. F r o m  this it is clear that  a phenyl or cyclohexyl group 
attached to the 1-cyclohexyl position of  N-ethylcyclohexylamine is essential for the 
stimulation of  oxidation in this system and that  the substitution o f  piperidine for the 
ethyl amine group (Sernyl) significantly enhances this effect. At  physiologic p H  these 
compounds  are probably  present mainly as the amine salts and have a positive charge. 
The presence of  the nonpolar  groups may  change the physical properties sufficiently 
to allow a closer association of  these ions with the mitochondrial  lipids. Quaste112 ha~ 
suggested that  narcotics may disturb electron t ransport  because of  specific association 
with lipid or  lipoprotein. Sernyl may  alter the mitochondrial  structure or its permea- 
bility and thus affect electron t ransport  or enzyme-substrate kinetics, or it may  have a 
direct effect on these. 

With respect to the question o f  how these effects on mitochondria  may  relate to those 
on the central nervous system, it is of  interest that  Levy et  al. la reported that  the 
psychological effects of  N-ethyl- 1-phenylcyclohexylamine. HC1 administered to humans  
were milder than those elicited by Sernyl; in our  experiments the former stimulated 
oxidation less than the latter. Certainly many  compounds  which do affect the nervous 
system also alter mitochondrial  respiration. This may simply be related to the physi- 
cal properties of  these compounds  which allow a close association with materials 
rich in lipids, a criterion satisfied by both  mi tochondr ia  and the tissues of  the nervous 
system. 
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