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Coenzyme Q (ubiquinone) has vitamin- 
like activity in laboratory animals under cer- 
tain experimental conditions. This vitamin- 
like activity was first demonstrated for a 
chromanol of the coenzyme Q group; how- 
ever, a chromanol has not yet been identified 
as a naturally occurring form of coenzyme 
Q. Vitamin-like activity for the naturally oc- 
curring quinone forms of coenzyme Q was 
first demonstrated in the dystrophic rabbit 
(1,2,3). The data on the vitamin-like activ- 
ity of the quinone forms have been extended. 

Hexahydrocoenzyme Q4 cured rabbits of 
the nutritionally induced dystrophy, and pre- 
vented appearance of the dystrophy by pro- 
phylactic therapy; this new finding is equiva- 
lent to a vitamin-like activity in vivo for co- 
enzyme Q. This nutritional dystrophy in the 
rabbit is the syndrome which has been 
known for years to respond to vit. E. In the 
anemic and dystrophic rhesus monkey, coen- 
zyme Qlo therapy caused a reticulocytosis, 
and a complete hematologic remission oc- 
curred after therapy with a compound of 
lower molecular weight, hexahydrocoenzyme 
Q4(4) .  It is apparent that the quinone mem- 
bers of CoQ deserve new emphasis since they 
are the compounds of the group which have 
been identified to date in nature. 

It is evident that the biological activities, 
in vuivo, of the 6-chromanol of hexahydroco- 
enzyme Q4 and vit E are very similar in the 
rat(5,6), chicken(6), rooster sperm( 7,8), 
rabbit(6), monkey(9), and man( l0 , l l ) .  Al- 
though the similarity exists, it is becoming 
increasingly apparent that there are biochemi- 
cal differences in the responses to coenzyme 
Q and vit E(12,13). This current study is 
also concerned with further elucidation of 
such differences. 

Methods. Nutritional muscular dystrophy 
was produced in New Zealand white rabbits 
of mixed sex essentially as described ( 1,6). 

*This work was supported in par t  by Muscular 
Dystrophy Assn. of America, Inc., and Vitamin Foun- 

The vit E-deficient diet( 14) consisted of su- 
crose, starch, vitamin-free test casein; t cod 
liver oil and stripped lardt were the lipids. 
Under these conditions, animals weighing 
from 0.6 to 1.1 kg would become dystrophic 
within 4 to 6 weeks. The progression of the 
muscular dystrophy was measured by loss of 
the righting reflex and other physical re- 
sponses, such as incoordination and loss of 
weight, and the ratio of excretion of creatine 
to creatinine. A positive physical criterion to 
guide therapy of the muscular dystrophy was 
when the animal could no longer right itself 
after being placed on its right side 20 times. 
The rabbit usually exhibited severe incoordi- 
nation of either or both front and hind ex- 
tremities. Weight losses usually preceded the 
appearance of the other physical signs. 

Creatine and creatinine excretion was de- 
termined ( 15) on periodic 24-hour urine Sam- 
ples. 

The  compounds were administered, on fail- 
ure of righting, after 201 falls( 1,6) were ob- 
served (unless otherwise noted), either intra- 
venously in a 5% dimethylacetamide and 
2.5% Emulfor EL 620 in pyrogen-free water 
solution, or orally dissolved in stripped corn 
oil.+ Administration of compounds for pro- 
phylactic experiments was started the same 
day the animals were placed on the experi- 
mental diet. 

The therapeutic response of the treated 
animals was determined by the return of the 
righting reflex and loss of the incoordination 
and a normalization of the creatine-creatinine 
excretion. Both of these physical and bio- 
chemical responses were required for decla- 
ration of activity for a test substance. If 
only one response was observed, a t re- 
sponse was recorded, and if neither response 
was observed, the result was considered nega- 
tive. These criteria for judging responses of 
the animals to compounds, administered at 
the same dose level, do not permit precise 
quantitative measurement of activities, but 
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TABLE I. Administration of Coenzyme Q,, to 
Rabbits Having Nutritional Muscular Dystrophy. 

-____ 
Avg days 

of survival 
Avg clay after ap- 

No. of signs penranee 
animals observed of signs 

None 6 28 5 
Coenzyme Qlo- 2 37 5 

Coenzyme Ql0- 2 30 5 

Avg of all experi- 60 33 

40 mg/clay orally 

80 mg/day orally 

meiital animals 
- 

do serve to assign relative activities of the 
compounds. 

The regaining of weight by the animals 
does not necessarily parallel the increase in 
physical capacity and the biochemical re- 
sponse, but usually a regain of weight or a t  
least a slowing of the rate of losses accom- 
panies the other criteria of therapeutic re- 
sponse. 

Results. Control rabbits. In each experi- 
ment, positive and negative control animals 
were used. Two or more rabbits out of each 
group of 24 animals were either not treated 
or were treated with the vehicle alone; there 
was no difference in the behavior of these 
two types of controls. Table I shows results 
obtained for 6 such control animals. The 
control animals developed physical signs 
after an average of 28 days; the over-all 
average of all animals was 33 days. The 
negative control animals survived for an av- 
erage of 5 days after the appearance of se- 
vere physical signs of dystrophy. None of 
the controls showed spontaneous recovery ; 
however, in some rare instances, an animal 
lingered for many days. 

Positive control animals were treated both 
prophylactically and curatively. Prophylactic 
controls were given 10. mg of a-tocopherol 
orally 3 times a week. This amount 0f.a- 
tocopherol was more than sufficient to pre- 
vent the appearance of either physical signs 
of dystrophy or an  increase of creatine ex- 
cretion during the experimental period. Three 
to four weeks were required for the animals 
to develop signs of dystrophy after the a- 
tocopherol was removed. On a curative basis, 
an animal which had shown physical signs of 

dystrophy by failure of righting was injected 
intravenously with a single dose of 20 mg of 
a-tocopherol. After about 3 days, response 
was noted with a return of the righting reflex 
and the normalization of the creatine excre- 
tion. Seven to ten days were required for 
dystrophic signs to reappear and for the crea- 
tine excretion to be elevated again, after the 
single dose of a-tocopherol was administered. 

Hexahydrocoenzyme Q,,. The results of 
treating 7 rabbits with hexahydrocoenzyme 
Q4 a t  a level of 20 mg/kg/day are shown in 
Table 11. For each rabbit, the creatine- 
creatinine ratio was decreased below 1 .O and 
usually well below. In  2 rabbits, the animal 
did not exhibit physical response to the treat- 
ment a t  this dose level and died. In general, 
recovery was noted after 5-8 days of treat- 
ment. Weight was not always recovered as 
when the animals were treated with a single 
dose of a-tocopherol, but full weight re- 
sponses were noted in 5 of the 7 animals 
treated, and a partial weight response was 
noted in the other 2 animals. 

Coenzyme Qlo. The results of prophylactic 
administration of coenzyme Qlo are shown in 
Table I. Physical signs were observed on the 
37th and 30th day for the animals receiving 
40 and 801 mg/day orally, respectively. In  
the average of 6 negative control animals 
signs were observed on the 28th day, and in 
the average for all animals used in curative- 
type experiments signs appeared by the 33rd 
day. There was no significant beneficial ef- 
fect in prophylactic administration of coen- 
zyme Qlo in these tests. 

2,3,5-Trimet h yl-6-ph yt yl benzoquinovte. Data 
obtained by treating 9 rabbits with trimeth- 
ylphytylbenzoquinone are summarized in Ta- 
ble 11. All of the animals except 2 were 
treated after the onset of signs. These 2 ani- 
mals were treated after having been on the 
deficient diet for 28 days. By this time, crea- 
tine excretion was elevated, but the animals 
had not yet developed physical signs. In 
neither case was there observed any decrease 
in creatine excretion or change in time of 
onset of the physical signs. 

One animal responded to the quinone of 
vit E. Complete response of both the nor- 
malization of the creatine excretion and re- 
covery of the righting reflex was observed in 
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TABLE 11. Biological activity of Quiiioiies in Rabbits Having Nutritional Muscular Dystrophy. 

Weight Total mg inj Creatine/ 
(kg) (20 mg/kg/day) Creatinirie Mortality Response* 

Hexi 1 I y d ro c ocii z y in c Q4 1 .0 

1.2 160 (8) 

1.4 1210 (6) 

140 (5)t  
.B 90 ( 5 )  

1.1 140 (7)  

1.3 200 (9)  
1 .o 100 ( 5 )  

2,3,5-Tri1netiiy1-6-phytyl- 1.1 120 (6)  
beiizoquirioiie 1.0 83 ( 5 )  

1.0 100 ( 5 )  

s Ulll111:l ry 

1 .-I 135 (6) 
1.0 127 ( 7 )  

. 7  125 ( 7 )  
1 .3  340 (17) 
1 .t1 120 (6)  
.8 40 (2) 

s U l l l  llln ry 

< l . O  ,, 
9 9  

9 9  

9 9  

7 9  

9 1  

>2.0 
19  

1 9  

< 1.0 
> L O  

9 9  

Survived 

Died 
Survive cl 

9 Y  

Y Y  

9 9  

Died 

Died 
? 7  

9 9  

Survived t 
Died 
Survived: 
Survived 
Died 

9 )  

+ + 
t + + + 
f 

5 + , 2 f  

8-,1+ 
* +,.Activity if both tltc creatinc a n d   physic^ signs were normalized; f, if only response 

to one sign WIS observed; -, if 110 response to both criteria was observed. 
t Days. 
t Treated before appearance of signs. 

about 5 days after beginning the treatment. 
Injections were continued for a total of 1 7  
days to see if dystrophic signs would reap- 
pear during treatment, but none were seen. 
After the treatment was discontinued, the 
animal again developed dystrophic signs. 
This time, it did not respond to treatment 
with trimethylphytylbenzoquinone. Eight of 
the nine animals treated with trimethylphy- 
tylbenzoquinone did not respond in any way; 
one did respond. 

n QH 

I, R = CHI& 111, R = Ma0- ; IV, R = M a -  

V, R = M a  :b CH, 

R '  = (CH,MJ%,),H Iv, C ~ \ ~ H , ( M , M , L M ~ ~ ~ H  

Discussion. Hexahydrocoenzyme Q4 ( I )  
has vitamin-like activity which was exhibited 
when this quinone was administered to the 
dystrophic rabbit. The activity was evidenced 
by normalization of the creatine excretion, 
and by general physical recovery. The varia- 
tions in the individual responses of the rabbits 

are believed to be due to the nature of the 
experimentation; the inherent vitamin-like ac- 
tivity of the quinone is clearly observed. 
These data extend and confirm the previous 
finding( 1-3) that hexahydrocoenzyme Q4 is 
active, both curatively and prophylactically, 
for the nutritional dystrophy in the rabbit. 

Hexahydrocoenzyme Q4 does not occur 
naturally in the tissue of the rabbit; it  is a 
synthetic quinone closely analogous in struc- 
ture to coenzyme Qlo (11) which is in the 
tissue of the rabbit ( 16). Hexahydrocoenzyme 
Q4 has about one-half the molecular weight 
of coenzyme Qlo which is 862. I t  is well rec- 
ognized that the unique CoQlo, although natu- 
rally occurring widespread in mammalian 
tissue, is a substance which is difficult to 
disperse in in vitro systems and to administer 
to animals in such a manner that inherent 
biological reactivity can occur. Since it is now 
demonstrated that hexahydrocoenzyme Q4 has 
vitamin-like activity in the dystrophic rabbit, 
it  is reasonable to predict that coenzyme Qlo 
would exhibit the same activity in the dys- 
trophic rabbit if adequate absorption and 
transport occurred after administration. The 
prophylactic administration of coenzyme Q l o  
a t  an equal and double molar dose level of 
that used for hexahydrocoenzyme Q 4  did not 
result in a significant therapeutic response 
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of the rabbit. This negative result in the 
rabbit is apparently due to failure of the ad- 
ministered CoQlo to reach its mitochondrial 
and microsomal sites as demonstrated in the 
monkey. The response of the dystrophic rab- 
bit to hexahydrocoenzyme Q4 and the lack 
of a response to CoQlo are analogous to the 
results of the administration of these same 
two quinones to the anemic and dystrophic 
rhesus monkey(4). Administration of CoQlo 
to the deficient monkey did elicit a reticulo- 
cytosis, but otherwise the hematological re- 
sponse was incomplete; obviously, some of 
the administered compound reached its active 
sites. An inadequate dose level of hexahydro- 
coenzyme Q4 in the deficient monkey likewise 
elicited only a reticulocytosis, but an increased 
dose of hexahydrocoenzyme 4 4  elicited a 
complete hematological response. 

The CoQ4-chromanol (111) and a-tocoph- 
erol (IV) are both 6-chromanols, and both 
elicit similar therapeutic responses in the dys- 
trophic rabbit. As yet, no significant differ- 
entiation of the responses in the rabbit to 
CoQ4-chromanol and a-tocopherol is evident. 
I t  is reasonable to believe, however, on the 
basis of the known mitochondrial biochemis- 
try of CoQ that there may be some funda- 
mental difference in the requirement of the 
rabbit for vit E and CoQ. In considering 
interpretations of sparing effects, it is not yet 
clear whether CoQ is sparing vit E or vice 
versa, or whether both CoQ and vit E are 
intrinsically required. 

In the interest of fundamentals, it was de- 
sirable to compare quinone forms of both the 
CoQ and vit E groups in the dystrophic 
rabbit. 2,3,5-Trimethyl-6-phytylbenzoquinone 
(V) is related as a quinone to a-tocopherol 
as hexahydrocoenzyme Q4 is related to its 
corresponding 6-chromanol; further, these re- 
spective 2 quinones and 2 chromanols are 
differentiated only by 2 methyl groups vs 2 
methoxy groups. The isoprenoid side chain 
and all other structural features of the 2 pairs 
of compounds are identical. Hence, these 2 
pairs of compounds are appropriately struc- 
turally related for meaningful comparison of 
their biological activities. 2,3 ,5-Trimethyl-6- 
phytylbenzoquinone should not be confused 
with the oxidation product of a-tocopherol 
which is a,-tocopherylquinone ( V I )  . 

2,3,5-Trymethyl- 6-phy tylbenzoquinone ex- 
hibited very low activity in the dystrophic 
rabbit as compared with the activity of a-to- 
copherol and hexahydrocoenzyme Q4. In only 
one of 9 rabbits treated with 2,3,5-trimethyl- 
6-phytylbenzoquinone was a significant re- 
sponse observed. For 2 quinones ( I  and v) 
of such similar structure, i t  is understandable, 
on the basis of classic structure-activity rela- 
tionships, that 2,3,5-trimethyl-6-phytylbenzo- 
quinone can have a low degree of activity as 
compared to that of hexahydrocoenzyme Q4. 
A substance of low activity could give such 
variable response by gross criteria. 

The purity of the 2,3,5-trimethyl-6-phytyl- 
benzoquinone was examined to detect any 
contamination of undesirable a-tocopherol. 
The quinone contained less than 0.05% of 
a-tocopherol as judged by the absence of any 
easily oxidizable material when a thin layer 
chromatogram (silica gel G) of the newly 
synthesized sample was sprayed with Em- 
merie-Engel reagent. 

2,3 ,5-Trimethyl-6-phytylbenzoquinone was 
previously found to be inactive for preventing 
the resorption-gestation syndrome in rats ( 1 7 )  
and for preventing encephalomalacia in chicks 
(6).  However, it has been reported that 2,3,5- 
trimethyl-6-phytylbenzoquinone ( 18) a t  a 
single dose level of 50 mg elicited a positive 
response in 4 dystrophic rabbits; this dosage 
is considerably less than that which we have 
used (Table 11) and which gave very low 
activity. 

Summary. Vitamin-like activity for hexa- 
hydrocoenzyme Q4 in the dystrophic rabbit 
is demonstrated. This activity for a quinone 
member of the CoQ group is comparable to 
the activity of a-tocopherol and CoQ4-chroma- 
no1 which has previously been demonstrated. 
By contrast, a sample of 2,3,5-trimethyl-6- 
phytylbenzoquinone, which was free of con- 
tamination with a-tocopherol, exhibited only 
a low order of activity in the dystrophic rab- 
bit. The dystrophic rabbit failed to recover 
when coenzyme Qlo was administered orally ; 
it is apparent that the administered CoQlo 
failed to reach its mitochondrial and micro- 
soma1 sites since a lower homolog, hexahydro- 
coenzyme Q4, exhibits activity in the dys- 
trophic rabbit. I t  is considered that CoQlo, 
which is normally present in rabbit tissue, 
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does inherently have this vitamin-like activity. 

1. Wagner, A. F., Stopkie, R., Folkers, K., Arch. 
Biochem. Biophys., 1964, v107, 184. 

2 .  Smith, J.  L., Moore, H. W., Schwab, D. E., 
Folkers, K., Fed. Proc., 1964, v23, 395. 

3. Folkers, K., Smith, J. L., Moore, H. W., ibid., 
1965, v24, 79. 

4. Fitch, C. D., Dinning, J. S., Porter, F. S., 
Folkers, K., Moore, H. W., Smith, J .  L., J .  Clin. 
Invest., 1965, in press. 

5. Johnson, B. Connor, Crider, Q., Shunk, C. H., 
Linn, B. O., Wong, E. L., Folkers, K., Biochem. 
Biophys. Res. Commun., 1961, v5, 309. 

6. Smith, J. L., Bhagavan, H. N., Bleiler Hill, R., 
Gaetani, S., Rama Rao, P. B., Crider, Q. E., John- 
son, B. Connor, Shunk, C. H., Wagner, -4. F., 
Folkers, K., Arch. Biochem. Biophys., 1963, ~ 1 0 1 ,  
388. 

7. Page, A. C., Jr., Smith, M. C., Gale, P.  H., 
Polin, D., Folkers, K., Biochem. Biophys. Rcs. Com- 
mun., 1961, v6, 141. 

8. ~ , Arch. Biochem. Biophys., 1963, v101, 
204. 

9. Dinning, J. S., Fitch, C. D., Shunk, C. H., 
Folkers, K., J. Am. Chem. SOC., 1962, v84, 2007. 

10. Miajaj, A. S., Dinning, J. S., Folkers, K., 9th 
Congress of Euiropean Society of Hematology, Lisbon, 

11. Dinning, J. S., Majaj, A. S., Azzam, S. A,, 
Darby, W. J., Shunk, C. H., Folkers, K., Am. J. 
Clin. Nutr., 1963, v13, 169. 

12. Crane, F .  L., Widmer, C., Lester, R. L., Hatefi, 
Y., Biochim. Biophys. Acta, 1959, v31, 476. 

13. Olson, R. E., Fed. Proc., 1965, v24, 85. 
14. Draper, H. H., Proc. SOC. Exp. Biol. Med., 

15. Hare, R. S., ibid., 1950, v74, 148. 
16. Linn, B. O., Page, A. C., Jr., Wong, E. L., 

Gale, P .  H., Shunk, C. H., Folkers, K., J. Am. Chem. 
SOC., 1959, v81, 4007. 

17. Tishler, M., Evans, H. M., J.  Biol. Chem., 
1941, v139, 241. 

18. Farber, M.  C., Milman, A. E., Milhorat, A. T., 
2. Physiol. Chem., 1953, v295, 318. 

A u ~ .  26-31, 1963, (Abst.). 

1959, v102, 737. 

Received November 2,  1964. P.S.E.B.M., 1965, v118. 
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Antisera that are prepared in rabbits against 
the purified fertilizin of sea urchin eggs have 
been previously shown( 1-6) to have cytotoxic 
effects. When added to unfertilized eggs such 
antisera inhibit fertilization and, after pro- 
longed treatment, cause visible blistering and 
cytolysis. When added to fertilized eggs, in 
various stages of development, the antisera 
can block cleavage abruptly, nuclear as well 
as cytoplasmic division being inhibited. Visi- 
ble cytolysis follows some time later. 

According to present evidence ( 5) fertilizin 
is a primary constituent of the plasma mem- 
brane of the egg and extends through the 
overlying vitelline membrane in the form of 
attenuated micelles that constitute the gela- 
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tinous coat of the egg. Antisera that are pre- 
pared against purified fertilizin, derived from 
the gelatinous coat, may be expected to react 
with the plasma membrane of the fertilized 
(deprived of vitelline membrane) as well as 
the unfertilized egg. I t  is, then, understand- 
able that such antisera can block development 
of the fertilized egg. In  fact the evidence(5) 
shows that antibodies directed against internal 
constituents of the egg ( e g . ,  prepared by 
absorbing antiwhole egg antisera) exert very 
little if any cytotoxic action on the intact 
unfertilized, or fertilized, egg. 

Tn the previously reported( 1-3) studies 
there was evidence that the heat-labile com- 
ponents (C'l and C'2) of complement are 
not needed for the cleavage-blocking action 
of the antisera 'us fertilizin since such sera 
remained active after being heated to 56°C 
for hour. Since, however, complement has 


