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by Diplock et al.,* but confirming previous
findings!"¥~%* we were unable to find any
detectable a-tocopherylquinone in rat or pig
livers It is possible that a-tocopherylqui-
none might be formed in the intestine® or
in tissues under pathologic conditions,? al-
though Mervyn and Morton did not find it in
all nephritic kidneys. Uncontrolled tissue sa-
ponification leads to the partial destruction of
a-tocopherol and to the formation of a-toco-
pherylquinone and other unidentified artifacts.
Our studies have shown that whenever one has
to rely upon paper chromatographic methods
for identification of extremely small amounts of
structurally very similar compounds, several
systems must be used. It has been found that
by the oxidation of ubichromenol or ubichro-
manol compounds analogous to a-tocopheryl-
quinone are formed, which show in some re-
verse-phase chromatographic systems the same
R¢ values as a-tocopherylquinone.!?

It has been shown that neither Simon’s me-
tabolites nor trimethylphytylbenzoquinone are
present in liver tissue and thus cannot be con-
sidered as functional forms of vitamin E. The
major metabolite, compound F, is neither a
quinone nor a hydroquinone, and contains a
long saturated carbon chain, a carbonyl group,
and possibly a benzene ring in its molecular
structure. It can be readily reduced to two
different Emmerie-Engel-positive compounds,
depending on the reduction method, neither
compound being a-tocopherol.

Preliminary studies on the distribution of the
a-tocopherol metabolites in subcellular frac-
tions** have indicated the presence of compound
F and a-tocopherol in liver mitochondria.
Although it has been shown that a-tocopherol
does not form a redox pair with compound F
and does not participate as a carrier in an
electron transport system, one may speculate
that possibly compound F and its reduction
product function as a redox pair either in an
electron transport system or in some other
biological system. In such a case one might
explain the role of a-tocopherol in acting as a
physiologic antioxidant and as the starting
material for the formation of compound F,
which then participates with its reduction
product in a specific reaction. Absence of
phosphorus in compounds F and O does not
support the suggestions for a possible partici-

pation of a-tocopherol or its metabolites in
oxidative phosphorylation.!' On the basis of
our results it is somewhat difficult to visualize
the role of a-tocopherol as only that of an
unspecific antioxidant because of the absence
of such typical oxidation products as a-to-
copheryl-quinone or tocored or tocopurple
in animal tissues. These should have been
formed had a-tocopherol only been protecting
the cellular units from the accumulation of lipid
peroxides. Inglett and Mattill** and Harrison
et al.'” have demonstrated that the oxidation
of a-tocopherol by benzoyl peroxide, cyto-
chrome C or hydrogen peroxide results pri-
marily in the formation of a-tocopherylqui-
none.

It is hoped that further characterizations
of the metabolites (compound F and O) fol-
lowing their isolation in sufficient quantities will
throw more light on the in vivo function of vita-
min E.

THE ISOLATION OF A NEW REDUCING COMPOUND
FROM ANIMAL TISSUES

It has been shown that the synthetic anti-
oxidants N,N’-diphenyl-p-phenylene-diamine
(DPPD)** and methylene blue (MB)* can
prevent and cure the reproductive failure of
vitamin E deficiency in female rats.

In further extension of these studies it has
been found that rats carried through resorp-
tion-gestation on a vitamin E-deficient diet
will respond in subsequent reproductive cycles
to the antioxidants DPPD and 1,2-dihydro-
6 - ethoxy - 2,2,4 - trimethylquinoline (Ethoxy-
quin)¥ bearing live young. The antioxidants
prevented the resorption-gestation symptoms
of vitamin E deficiency when fed from the
beginning of the experiment to rats in E-free
rations, and this protective effect was carried
through at least two generations when DPPD
was continuously included in the diet at
levels similar to those required for vitamin
E.#%.47.4%  Gince rats could be maintained and
carried through two generations on a vitamin
E free diet supplemented with synthetic
antioxidants, it became important to determine
whether the antioxidant was itself responsible
for the cure, or whether it was merely function-
ing to preserve minimal amounts of vitamin E
or its metabolites which might be left in the
body tissues.
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TABLE 1v

R¢ Values of Emmerie-Engel-Reactive Compound
Present in Liver Extracts

Eggitt and Ward®|
Tre: R _____|Silicone??
Diet reat- | n-PrOH
ment | E(OH | n-PrOH (80%;)
(3% | B80%)
Vitamin E None 0.00* , 0.53% | 0.77
free i
Vitamin E a-Tocoph-| 0.00* © 0.53* | 0.78
free erol 0.25 | 0.8 | 0.84
Vitamin E DPPD | 0.00*: 0.53* | 0.77
free ‘ 0.8 | 0.87 0.84
Vitamin E BHT [ 0.00*, 0.53*| 0.77
free ‘ | 0.95 0.95
Vitamin E Ethoxy- | 0.60* | 0.53*
free | quin | 0.8¢ | 0.90 | ...
Checkers ‘ None | 0.00* ! 0.53*1 0.74
|

* These are initial values. Final values after
repeated chromatography and purification are 0.79 and
0.90.

Female rats maintained on the vitamin E free
synthetic diet'? were killed at the end of each
experiment, and the livers were removed and
analyzed for vitamin E.¥# Homogenized
livers were extracted with foaming solvent in
the presence of pyrogallol. The extract was
not saponified, because of the destructive
action of alkali on a-tocopherol and its metab-
olites and also because of possible formation
of ubichromenol or some other reducing
artifacts which could be formed from ubiqui-
none in boiling alkaline ethanol solution. ¢3!
The residue was dissolved in absolute ethanol,
and the neutral fats were precipitated by cool-
ing the solution in dry ice-acetone. The fil-
trate was purified by subsequent reverse phase
paper chromatography, using the systems of
Eggitt and Ward?® and Lester and Rama-
sarma.” The R values of the Emmerie-Engel
reactive compounds found in liver are pre-
sented in Table 1v. It was found that animals
on vitamin E free dietsor even on a low E diet
(Checkers) contained no detectable a-to-
copherol in their livers and carcasses. If a-
tocopherol were added to the diet it could be
found and quantitatively determined in the
animal tissues. Synthetic  antioxidants,
DPPD, Ethoxyquin (EMQ), and BHT (2,6-
di-tert-butyl-4-methyl-phenol) occurred in the
liver tissues and could be quantitatively de-
termined when given to the animals. It was

found that, in addition to these administered
antioxidants, all rats contained an additional
Emmerie-Engel-positive material (compound
X), whether or not vitamin E or any antioxi-
dant was fed. Furthermore, it was found that
the level of compound X in rat liver tissue
appeared to be related to the level of a-to-
copherol fed.*® The concentration of compound
X in vitamin E deficient rat liver was 9.0
ug./gm. of fresh tissue calculated as vitamin E.

Hines and Mattill,¥ using the Emmerie-
Engel assay method for vitamin E in rat and
rabbit liver and muscle tissue, showed that the
level of vitamin E so determined was related
to the level of vitamin E in the diet. The con-
centrations of total ‘“‘vitamin E” (total Em-
merie-Engel-reactive material) in liver tissues
of animals fed high vitamin E, normal, and
vitamin E deficient diets were: for the rabbit,
86.8, 9.2 and 9.4; and for the rat, 42.3, 22.1
and 22.6 ug. gm., respectively. These authors
assumed that their figures represented only
tocopherols. Hickman, Kaley and Harris?
observed the presence of a substance with
reducing properties in extracts of rat and human
feces which gave “‘apparent’’ tocopherol values
when assayed by the Emmerie-Engel method.
They found that when the subjects were given
higher doses of a-tocopherol the excretion of
a-tocopherol and of the other reducing sub-
stance increased proportionally to the amount
of a-tocopherol administered. Without any
further studies on the identification of this
substance, they concluded that it was a labile
substance spared by the tocopherol in the ali-
mentary tract. Rosenkrantz, Milhorat and
Farber?* confirmed the presence of a heat-
labile, alcohol-soluble reducing substance in
human stools but attempts to identify this
material were unsuccessful. Bolliger and Bol-
liger-Quaife®® reported that chromatography
of various tissue extracts gave two Emmerie-
Engel-reactive compounds of which only one
was a-tocopherol. Very recently, Bieri and
his co-workers® % have found that liver and
heart tissues of chickens raised on vitamin
E free diets contained Emmerie-Engel-reactive
material which did not chromatograph as a-
tocopherol.

Slater and his co-workers!! have shown that
the increase in apparent a-tocopherol content
of tissues analyzed by the method of Bouman
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TABLE v
R¢ Values of Emmerie-Engel-Reactive Compounds

Eggitt and Ward??
Silicone?”
Compounds n-PrOH | Green3
EtOH | n-PrOH | (g0¢;)
(75%) | (80%)
a-Tocopherol 0.25 0.85 0.85 0.75
DPPD* 0.83 0.95 0.84 0.82
Ethoxyquint 0.84 0.90 0.91
BHT 0.95 0.95 0.80
Ubichromenol- 0.00 0.40
50
Ubichromanol- 0.00 0.34 0.62 0.73
50
Ubiquinol-50 0.00 A o 0.73
Compound X 0.00 0.53 0.80- | 0.78
(initial) | (initial) | 0.90
1 0.79 0.90
| (final) (final)

* N,N’-diphenyl-p-phenylenediamine.
t 1,2-dihydro-6-ethoxy-2,2,4-trimethylquinoline
(Santoquin).

et al.,* which employs a preliminary treatment
of the tissue extract with ascorbic acid in HCI,
was due to the formation of acid-reduced
ubiquinone, an Emmerie-Engel-positive cycli-
zation product of ubiquinone. The same com-
pound was found to be present in all extracts
which were passed through the Florex XXS
column.*% Laidman et al.® have isolated
and identified an Emmerie-Engel-reactive com-
pound, present in the unsaponifiable matter of
kidney and other tissues of many species as a
cyclic isomeride of ubiquinone 50 (ubichro-
menol) which contains a chromene ring
and a side chain consisting of nine isoprenoid
units. Diplock et al.®® have found that the
mixture of ubiquinones 5(), 45, 40 and 33 in
rat tissues is accompanied by a similar mixture
of ubichromenols. They observed that ubi-
chromenol is present only if the preparation
contains the corresponding ubiquinone. Ubi-
hydroquinones (ubiquinols),® ubichromenols.
ubichromanols, vitamin A and carotenoids are
so far the only well characterized nonto-
copherol reducing compounds possibly present
in animal tissues. The natural occurrence of
ubichromenols is still unsolved,**—%! and ubi-
chromanols if present in extracts must be con-
sidered as artifacts. The R; values of these
reducing compounds are given in Table v.
The new unknown reducing substance,

Crude extract
Foaming solvent evaporated in vacuo. Residue
dissolved in ethanol. Neutral fats precipitated
in dry ice-acetone bath
|
Filtrate
Concentrated filtrate applied on paraffin
coated paper (Eggitt and Ward)
|
Chromatogram
¢ developed with
! 759 EtOH
Origin spot
Origin spot eluted with EtOH and put
back on paraffin-coated paper

i Chromatogram
’ developed with
80¢, n-PrOH

R¢ 0.90
R 0.90—spot eluted with EtOH and put
back on paraffin-coated paper

Chromatogram
| developed with
| 75 EtOH

R 0.79
R¢ 0.79—spot eluted with EtOH. Paraffin
precipitated in dry ice-acetone bath

Filtrate containing compound X
Ethanol evaporated in vacuo and the residue
dissolved in petroleum ether. Chroma-
tography on acid-washed alumina

Petroleum ether Ether fractions

fractions o~
— T~

Discarded Compound X

The residue, after evaporation of ether,
treated with acectonitrile

Filtration
in racuo

Filtrate containing
compound X

F1G. 10. Flowsheet for the isolation of compound X.

compound X, differs distinctly from ubi-
chromenol, ubichromanol and tocopherols in
reverse phase paper chromatographic systems.
This compound has been found in rat, pork,
beef and chicken liver and beef heart mito-
chondria. The isolation procedure is outlined
in Figure 10. It does not include alkaline
saponification, excessive heat or column chro-
matography on Florex XXS, avoiding thus the
conditions for the possible formation of ubi-
chromanol or other artifacts. The neutral
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fats, cholesterol and cholesterol esters are
separated by precipitation from ethanol solu-
tion in dry ice-acetone, and vitamin A, carot-
enoids and ubichromenol are then separated
from compound X on paper. The final puri-
fication is achieved by chromatography on a
deactivated (100 per cent) alumina column.
Compound X is a pale yellow oily substance
characterized by: an inflexion at 271 mu.
and Ry values of .79 and 0.90 in Eggitt and
Ward system chromatograms (developed with
75 per cent EtOH and S0 per cent n-propanol,
respectively); (.80 on silicone-treated paper
(developed with 80 per cent n-propanol);
and 0.78 in the Green system. Its infrared
spectrum shows the presence of a hydroxyl
group (3400 cm.~!) and a strong C==0O band
(1735 em.~'). Green et al.’' suggested that
compound X may be ubichromenol 45 or 50.
The presence of a strong carbonyl band, dif-
ferent R; values and a different ultraviolet
absorption differentiate compound X from
the ubichromenols. Very recently, Brand,
Dahl and Mabhler®! reported the presence of a
rapidly migrating component with an Rg
value 0.90 — 0.93 on the paper system of
Lester and Ramac<arma, developed with 80
per cent n-propanol.  This material, which was
not reduced by KBH,; but was capable of
interacting with neotetrazolium chloride, may
be similar to or identical with compound X.
The authors considered their compound to be
ubichromenol or a derivative of it, such as
phosphate ester. It has been found that
compound X does not contain phosphorus.

There is no precursor product relationship
between compound X and a-tocopherol, since
compound X is not labeled following adminis-
tration of C!-a-tocopherol. It may be
possible that compound X is an important
functional compound in the body and that
vitamin E and other active antioxidants
function in the reduction of this compound to
this active form or in the protection of this
compound, which is formed by the animal
body.

SUMMARY

It has been demonstrated that a-tocopherol-
5-methyl-C!* was converted in rats and pigs into
three metabolites: compound F and compounds
Oi and Os. These compounds are oils, and

they were isolated and separated from liver
extracts by a combination of column and paper
chromatographic methods. Compound F,
which is the main metabolite, can be reduced
readily to an Emmerie- Engel-positive material.
Neither compound is a quinone or hydroqui-
none, and neither contains phosphorus in its
molecule. It has been shown that the com-
pounds a-tocopherylquinone, a-tocopheryl-
hydroquinone, a-tocopheroxide, trimethyl-
phytylbenzoquinone and Simon’s metabolites,
which have been suggested as possible meta-
bolic or degradation products of a-tocopherol,
are not present in rat and pig liver under
conditions used in these experiments. The
importance of these compounds in studying
the function of vitamin E has been discussed.

The isolation of a new reducing compound
from rat, chicken, and beef liver and from beef
heart mitochondria has been described and its
possible relationship with a-tocopherol and
other antioxidants discussed.
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