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I . INTRODUCTION 

Since vitamins A, D, E, and Κ were first found to be essential nutri
tional factors for vertebrates (1-4) and their structures were determined 
(5-8), many procedures have been devised to determine the amount of 
these vitamins present in various materials and to ascertain their biologi
cal effects. Simple bioassay procedures were first used, and later, as the 
structure and properties of the vitamins became better known, rapid and 
sensitive physical and chemical procedures were developed. In contrast 
to the long and rather costly bioassay techniques, physical and chemical 
methods were rapid and inexpensive, but often lacked specificity and 
were affected by other substances present in biological extracts. 
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Unfortunately, these disadvantages of physical and chemical methods 
are extremely important. Since only small quantities of the fat-soluble 
vitamins are required to support growth and to allow optimal life ex
pectancy in animals, the physiological levels of these vitamins are often 
low, and large amounts of interfering substances are present in biological 
extracts. In addition, these vitamins, and particularly vitamins A and E, 
are easily oxidized or destroyed, and the artifacts produced from them 
not only do not assay as the parent compound, but also interfere in other 
analyses. Hence, long and complex procedures for purifying a given vita
min before analysis have been devised. As interest has grown in their 
molecular function and metabolism, the need for accurate and highly 
specific methods for these vitamins and their metabolic derivatives has 
become painfully clear. 

In the last few years, considerable effort has been given to the devel
opment of new methods for the analysis of the fat-soluble vitamins. The 
synthesis of pure radioactive substrates with known labeling patterns 
has allowed the metabolic transformations of these compounds to be 
studied more effectively. The application of modern techniques of chro
matography, particularly gas-liquid chromatography and thin-layer 
chromatography, has been avidly pursued. The physical-chemical proper
ties of these substances have been better defined and new colorimetric 
tests devised, but the increase in knowledge about each of these vitamins 
has brought complexity as well as clarity. Each biologically active vita
min is really a group of isomers, homologs, and derivatives rather than a 
single substance, and hence, the analyst must have methods for the 
detection of specific components of a class as well as the total amount of 
a given factor. 

In the present chapter, I wish to define briefly the physical properties 
of the major compounds in each class of fat-soluble vitamins and their 
use in assay or characterization, to discuss new and currently used 
colorimetric methods, to point out the use of gas-liquid chromatography 
and thin-layer chromatography as well as the more common adsorbent 
and partition systems, and to mention recent developments in the syn
thesis and analysis of radioactive fat-soluble vitamins. Hopefully, a 
better methodology for studying these substances will lead to a more 
rapici elucidation of their metabolic pathways and specific functions. 

I I . THE VITAMIN A GROUP AND ITS DERIVATIVES 

A. Nomenclature and Structure 

In 1957 the Commission on the Nomenclature of Biological Chemistry 
of the International Union of Pure and Applied Chemistry recommended 
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changes in the naming and numbering of vitamin A and its derivatives 
(9). The parent compound, vitamin Ai, was designated "retinol," and 
the corresponding aldehyde and acid were termed "retinal" and "retinoic 
acid," respectively. In addition, the numbering systems for carotenoids 
and retinol were brought into line, with number 1 assigned to the gem-
dimethyl carbon of the β-ionone ring and number 15 to the terminal 

TABLE I 
NOMENCLATURE OF RETINOL DERIVATIVES 

Present designation Other names 

Retinol Vitamin Ai 
Retinal Vitamin Ai aldehyde 
Retinoic acid Vitamin Ai acid 
3-Dehydroretinol Vitamin A 2 

Anhydroretinol Anhydrovitamin Ai 
Retroretinol Rehydrovitamin Ai 
3-Ethoxyretroretinol Rehydrovitamin A 2 

carbon of the side chain. The new designations and previous names are 
given in Table I. In addition to the sill-trans isomer of retinol and its 
derivatives, a number of cis isomers exist. Of the thirty-two theoretically 
possible isomers which might form with five unhindered double bonds, 
only six exist naturally or have been synthesized. These are given in 
Fig. 1. All of the cis isomers of retinol have biological activity, although 
the all-trans isomer is most active. Corresponding isomers of retinal and 
retinoic acid exist. 

1 1 , 1 3 - d i —cis ( n e o c ) 

FIG. 1. Isomers of retinol. 
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B. Analytical Methods 

1. Physical Measurements 
a. Ultraviolet Spectra. Since Morton called attention to the intense 

ultraviolet absorption band of retinol over 35 years ago (10), many 
investigators have been attracted to the use of this physical property of 
retinol for its quantitative measurement. A summary of the absorption 
maxima and extinction coefficients for various isomers of retinol and its 
derivatives is given in Table II. These values are taken largely from the 

T A B L E II 
ULTRAVIOLET ABSORPTION SPECTRA OF RETINOL DERIVATIVES IN ETHANOL 

13-cis ll-cis 11,13-cis 9-cis 9,13-a's 
Compound 2>X\rtrans (neo a) (neo b) (neo c) (iso a) (iso b) 

Retinol 
Xmax ( Π ΐ μ ) 325 328 319 311 323 324 
Ει cm1 % 1,832 1,686 1,220 908 1,477 1,379 
e 52,480 48,300 34,900 26,000 42,300 39,500 

Retinol acetate 
Xmax (ηΐμ) 325-26 328 320-21 310-11 323 324 
E1 cm!% 1,560 1,430 973 859 1,200 1,100 
£ 51,180 47,000 31,960 28,220 39,400 36,500 

Retinal 
Xmax (ni/i) 381 375 376 373 373 368 
E, e m i% 1,530 1,250 878 700 1,270 1,140 

43,400 35,600 24,900 19,900 36,100 32,400 
Retinoic acid 

Xmax (ηΐμ) 350 354 — — 345 346 
Ei c m i % 1,500 1,320 — — 1,230 1,150 
6 45,200 39,800 — — 36,900 34,500 

3-Dehydroretinol 
Xmax (ηΐμ) 351 352 — — 348 350 
# 1 c m 1 % 1,450 1,376 — — 1,143 1,030 
6 41,250 39,150 — — 35,520 29,300 

3-Dehydroretinoic acid 
Xmax (ηΐμ) 370 372 — — 369 366 

1,395 1,300 — — 1,240 1,107 
€ 41,640 38,800 — — 37,010 33,040 

work of Robeson and of Schweiter (11-13) and have been reviewed by 
Kofler and Rubin (14). The esters of retinoic acid absorb maximally 
4-6 m/x toward the red with respect to the free acids. The molecular 
extinction coefficients of retinol derivatives are high, approximately 
50,000 for the all-trans compounds, and their peak absorption occurs at 
wavelengths which are somewhat removed from the large ultraviolet-end 
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absorption which is characteristic of many lipid extracts. Hence, the 
ultraviolet spectrum has been useful in detecting and characterizing 
retinol and its derivatives in biological materials. As seen in Table II , 
the cis isomers are hypochromic with respect to the sM-trans compounds, 
and in general they have maximum absorption peaks at shorter wave
lengths. An exception is the 13-os derivative which is hypochromic, but 
has a higher A m a x than the εΛΙ-trans isomer. Robeson has pointed out 
that this bathochromatic shift is also characteristic of other compounds 
in which the cis double bond is ally lie to an alcohol group (11). In the 
carotenoid series as well, cis isomers generally have absorption maxima 
at shorter wavelengths than the all-irans isomer (15). Upon treatment 
of retinol with dilute hydrochloric acid, retinol is dehydrated to form a 
hexaene with three peaks, the largest of which occurs at 371 τημ (Table 
I I I ) . Anhydroretinol has a retro structure (16, 17) in which a double 

T A B L E I I I 
ULTRAVIOLET ABSORPTION SPECTRA OF ANHYDRORETINOL 

AND ITS DERIVATIVES IN ETHANOL 

Compound Maxima 

Anhydroretinol 
Xmax (m/x) 351 371 392 

2,500 3,650 3,180 
6 67,000 97,800 85,200 

Retroretinol methyl ether 
Xmax (m/x) 332 348 366 
#1 c m 1 % 1,400 1,790 1,320 
€ 42,100 53,700 39,600 

3-Ethoxyretroanhydroretinol 
Xmax (m/i) 352 370 391 

2,040 3,040 2,740 
€ 63,800 95,000 85,600 

bond is inserted at the 14,15-position, and the remaining conjugated 
system shifts into conjugation with it. The retro system, once formed, 
does not shift back to the normal conjugated system of vitamin A, al
though hydration of the terminal double bond may take place. The ab
sorption maxima and molecular extinction coefficients for retroretinol 
methyl ether and 3-ethoxyretroanhydroretinol, derived from vitamin A 2, 
are also given in Table I I I (14). 

The most immediate use of these absorption spectra is the assay of 
fairly pure preparations of retinol and its derivatives. Since the inter
national unit of retinol is equal to 0.300 μg, 1 gm of retinol would contain 
3,333,333 I.U. Since the Ex c m

1 % of a\\-trans retinol at 325 τημ in ethanol 
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is 1832, a factor which relates the international units to the ultraviolet 
absorption measurement is defined by the following formula: 

ρ — I-U- P^r gram 
~ E i c m 1 % at Xmax 

For ail-trans retinol, F = 1820. Naturally, the value of the conversion 
factor in any instance depends on the given isomer, the solvent used, and 
the temperature, as well as the resolution of the spectrophotometer 
employed. 

Since most lipid extracts of biological material contain ultraviolet-
absorbing materials in addition to retinol, correction factors must be em
ployed in order to obtain a reasonable estimate of the retinol present. The 
best-known method for correcting for so-called "irrelevant absorption" 
is that of Morton and Stubbs (18, 19). By the selection of wavelengths 
on either side of the peak wavelength and by assuming that irrelevant 
absorption is linear over this span of wavelengths, suitable values for 
the absorbancy due to retinol may be obtained. Obviously, this correction 
system becomes less useful as the irrelevant absorption increases. In 
tissues in which the retinol content is low or in which the ultraviolet 
absorption of other substances is great, this correction procedure is not 
applicable, and purification of retinol prior to spectral analysis or the 
use of other methods is necessary. 

Two other aspects of the ultraviolet spectra might be mentioned. Cis-
Isomers generally have a more or less distinct peak in the ultraviolet 
region (250 to 290 m^) which is absent in the all-trans compound (20). 
In addition, the main absorption peak shifts toward longer wavelengths 
at very low temperatures, and the extinction value distinctly increases 
(21). 

b. Infrared Spectra. Five isomers of retinol and retinal have been 
studied by infrared spectroscopy (11, 12). Partially on the basis of 
infrared studies with carotenoid pigments, the assignments of certain 
absorption bands to specific structures may be made: unmethylated cis 
double bonds = 12.84 to 12.95 μ, unmethylated trans double bonds = 
10.35 μ, methylated cis double bonds = 7.25 μ, and the carbonyl-stretch-
ing band = 5.99 to 6.01 μ (22). However, differences among the various 
cis isomers are small, and specific structural assignments are difficult on 
the basis of infrared data alone. 

c. Polarography. Since conjugated hydrocarbons are known to be 
reduced at the dropping-mercury electrode (23), the reduction of retinol 
during polarography might be expected. Although early work was some
what uncertain, the production of half -wave potentials for retinol and 
retinol acetate in an acetonitrile-benzene mixture was clearly demon-
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strated by Takahashi (24). Kuta has extended this work by analyzing 
various isomers of retinol (25). In a solution of 10% aqueous dioxane 
containing either 0.1 Ν tetrabutyl ammonium hydroxide or chloride, a 
number of half-wave potentials were produced during the analysis of 
retinol derivatives and ^-carotene. A minimum of three double bonds in 
conjugation was needed before a reduction wave could be observed, 
however, and the half-wave potential was lower when many conjugated 
double bonds were present in the molecule. The 13-cis isomer was reduced 
somewhat more readily than the all-ircms compound. 

d. Fluorescent Measurements. The yellowish-green fluorescence of 
vitamin A and its esters, which appears when the compound is illumi
nated with light of less than 395 ιημ, has been used to show qualitatively 
the presence of retinol in various tissues. In a careful quantitative study 
of retinol fluorescence, Sobotka (26, 27) found that the fluorescent optical 
density was proportional to the concentration of retinol ester in the range 
from 0.03 to 1.5 ,/xg per ml when the solvent was ethyl alcohol. The 
fluorescence reached a peak in 5 to 10 minutes and then rapidly faded. 
The palmitate ester faded least rapidly, whereas the acetate ester faded 
most quickly. Removal of oxygen from the system decreased the rate of 
fading, but did not entirely eliminate it. In these early experiments, 
vitamin A alcohol had very little fluorescence in alcohol. In applying 
fluorescent measurements to biological extracts, Sobotka found that the 
method worked quite well for extracts of rat liver, but was less useful for 
analyzing vitamin A in serum. In the latter case, carotenoids and other 
chromophores interfered. With the development of more elegant instru
mentation for spectrophotofluorometry, the possibility of measuring 
retinol to a sensitivity of 0.01 jug per ml was reported (28). In this 
survey, the activation wavelength for retinol was 325 τημ and the fluores
cence maximum was found to be 470 m/x when the reaction was carried 
out in 99% ethyl alcohol. Recently fluorometric analyses for retinol and 
retinol ester have been employed in the analysis of extracts of the retina 
(29). The excitation wavelength was 325 πΐμ,, and the emission wave
length was 470 τημ. Vitamin A palmitate was employed as a standard. 
Care was taken to use only reagents and solvents that were sufficiently 
free of fluorescent impurities. 3-Dehydroretinol is not estimated by this 
procedure. Although precise details for carrying out this assay were not 
given, it apparently is a rapid and effective method of analysis (29). 
Further studies on the fluorometric analysis of retinol compounds would 
be welcome. 

e. Other Physical Methods. Proton resonance spectra were obtained 
with five isomers of retinol at an oscillator frequency of 56.4 megacycles 
per second with tetramethylsilane as an internal standard (14). Various 
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protons of the different isomers were assigned specific resonance values. 
In the same paper, X-ray powder diagrams of various retinol isomers 
were given (14). 

2. Chemical Analyses 
a. The Carr-Price Reaction. The polyenes, which include the carote-

noids and vitamin A group, react with acids, metal halides, and other 
substances to form transiently colored products. The most common reac
tion employed for the analysis of retinol is the Carr-Price reaction, in 
which antimony trichloride and vitamin A form a complex which gives a 
transient, but intense, blue color (30). In all probability, the blue color 
which appears is a result of the resonating positive ion which is formed 
from the polyene and the Lewis acid, antimony trichloride (31). Other 
metal halides, such as arsenic trichloride and stannous chloride, also give 
colored reaction products with retinol, β-carotene, and many other poly
enes. These colored complexes are all of the charge-resonance type (32, 
33). In spite of the generality of this reaction among polyenes, some 
specificity for a given compound does exist in a precise absorption maxi
mum and the rate of formation and fading. The Carr-Price reaction has 
been immensely valuable in nutritional studies because of its high sensi
tivity and its relative freedom from disturbance by nonpolyenic contami
nants in the lipid extract. Caution must be exercised, however, in presum
ing that the Carr-Price color obtained with solutions containing little 
retinol and appreciable quantities of other polyenic substances is truly a 
measure of the retinol present. A summary of the characteristics of the 
Carr-Price reaction for various retinol derivatives is given in Table IV. 
Different values of Ex c m

1 % found for the same compound by various in-

T A B L E IV 
EXTINCTION COEFFICIENTS OF RETINOL DERIVATIVES IN THE CARR-PRICE REACTION 

Compound 
Acetic 

anhydride Time (sec) Xmax (ηΐμ) # l c m 1 % Reference 

Retinol + 15-30 620 5000 34, 35 
Retinal - 20-80 666 4150 35 

+ ca. 15 666 3780 36 
+ 90-120 664 3820 37 
— 30 664 3470 12 

Retinoic acid + 60-80 572 ca. 1000 38 
3-Dehydroretinol + 15-30 693 3520 35 

+ — 693 4400 39 
3-Dehydroretinal - 30-45 741 4200 40 

+ — Variable — 40 
+ — 730 ->705 3750 39 
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vestigators are probably due to variations in procedure rather than to the 
purity of samples of retinol and its derivatives (34-40). Hence, the 
individual investigator should standardize his method against good prep
arations of known compounds. 

In addition to low specificity, the Carr-Price reaction has other dis
advantages. In the presence of water the insoluble SbOCl forms, which 
causes turbidity as well as opaque films on the glass. Acetic anhydride is 
added to act as a scavenger for water, but it may also influence the 
nature of the retinol complex. For example, when acetic anhydride is 
present, 3-dehydroretinal gives a variable peak between 700 and 740 τημ 
which is not linear with the amount of dehydroretinal present (40). 
Turbidity is particularly difficult to handle in microscale determinations, 
and hence a microspectrophotometric method (41) has been widely used, 
but also severely criticized (42). In addition, the antimony trichloride 
color for a given amount of retinol may vary from tissue to tissue (43). 
A belated advantage of the low specificity of the reaction is that various 
isomers of retinol or retinal give the same complex as the all-trans com
pound (36, 44, 45). In spite of these considerations, the Carr-Price reac
tion has remained the method of choice for most nutritional investiga
tions. 

b. Trifluoroacetic Acid. In studying the complexes which formed be
tween retinol and a number of Lewis acids, Dugan and Frigerio found 
that trifluoroacetic acid (TFA) gave complexes of vitamin A which were 
identical in spectra and extinction coefficient to those produced by SbCl 3 

(46, 47). The procedure employed was similar to that used in the Carr-
Price reaction: 1.5 ml of a chloroform solution of retinol or its deriva
tives in the concentration range of 3 to 12 χ Ι Ο 6 Μ are placed in a test 
tube, and an equal volume of trifluoroacetic acid is added by syringe or 
rapid-delivery pipette. The absorbancy is measured 10 seconds after 
delivery of the reagent at 616 τημ in a Spectronic 20 or other suitable 
colorimeter. A calibration curve is prepared, and samples of biological 
materials are assayed in the usual manner. The properties of complexes 
formed by this procedure are given in Table V. The wavelength of peak 
absorption is indeed identical with that of the Carr-Price complex, but 
the reported extinction coefficients for retinal and retinoic acid are some
what different. /^-Carotene, which is often present in lipid extracts, reacts 
with trifluoroacetic acid as well as with SbCl 3 to give a peak at 585 τημ. 
The absorption maximum, however, is at 780 τημ with e > 120,000 after 
a 30-minute incubation period. Both the Carr-Price and TFA methods 
give similar results for extracts of saponified and nonsaponified oils. 
With nonsaponified oils, however, both methods gave low values. 

Technical problems, such as turbidity, toxicity, and cleansing glass-
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ware, are less distressing with TFA than with antimony trichloride, with 
the possible exception that chloroform solutions of TFA decay over a 
period of days and become useless. The stability of the blue color depends 
on the method of analysis; in the absence of oxygen it was relatively 
stable, whereas in test tubes containing large surfaces, it was quickly 
transformed to a pink species. In all probability, the positively charged 

T A B L E V 
EXTINCTION COEFFICIENTS OF RETINOL DERIVATIVES 

IN THE TRIFLUOROACETIC ACID REACTION 

Compound Xmax (m/z) e (liter-mole per cm) 

Retinol 616 5070 145,000 
Retinol acetate 616 4420 145,000 
Retinol palmitate 616 2760 145,000 
Retinal 664 3340 95,000 
Retinoic acid 574 1770 53,000 

complex attracts oxygen avidly which leads to the formation of peroxides 
and disrupts the conjugated system. These workers also explored the use 
of trifluoroacetic anhydride, which is relatively specific for the alcohol 
and its esters, and reacts less well with retinal, retinoic acid, and 
β-carotene. The molecular extinction coefficient for these species is about 
two-thirds that of the trifluoroacetic acid complex. 

Trifluoroacetic acid has also been used for the analysis of retinol in 
plasma at a microlevel (48). The procedure is similar to that already 
described, except that readings were taken at 30 seconds. Since carotene 
complexes also absorb at 620 τημ, suitable correction factors must be 
employed in sera containing reasonable quantities of carotene. Indeed, 
when large amounts of carotene are present, as in bovine plasma, TFA 
values were appreciably higher than those obtained with antimony tri
chloride. In other respects, however, the two methods gave similar results 
for the plasma and serum of several species. The authors feel that the 
TFA method is most advantageous for microlevel studies and discuss the 
difficulties and disadvantages of the Bessey microspectrophotometric pro
cedure (41). I t seems likely that trifluoroacetic acid will be extensively 
used in the future in the analysis of biological materials. 

c. Other Colorimetric Tests. Various other procedures have been de
vised over the last 40 years for the measurement of retinol and its deriv
atives. One of the earliest procedures, which depended on the reaction 
of sulfuric acid with retinol (49), has recently appeared in new garb (50). 
Glycerol dichlorohydrin (51), particularly after activation with strong 
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Lewis acids (52), has often been used, and ferrous sulfate in glacial 
acetic acid, which yields a color with cholesterol, also reacts with retinol 
(53). The complexes formed with these reagents are more stable than the 
TFA or SbCl3 complexes, but they absorb at shorter wavelengths and 
have much lower molecular extinction coefficients. Indeed, they closely 
resemble the pink colors which result in these latter assays after the 
fading of the blue color (47). 

d. Dehydration of Retinol to Anhydroretinol. In the presence of alco
holic hydrogen chloride, retinol is rapidly dehydrated to form retro-
anhydroretinol (54). Anhydroretinol has a spectrum with three peaks 
and with maximal intense absorption at 371 τημ in ethanol (Table I I I ) . 
The production of this compound has served as a basis of a test (55) 
which has recently been modified (56). In the latter paper, tissue extracts 
were saponified in ethanolic KOH in the presence of hydroquinone. 
Retinol was extracted by shaking with benzene, and the benzene extract 
was washed and dried. After measurement of carotene at 465 τημ, equal 
volumes of the benzene extract and of 10% HC1 in ethanol were mixed 
in a dark-colored test tube and kept at 15°C for 15 minutes. Thereafter, 
the solution was neutralized with NaOH, extracted with benzene, and 
the absorbancy was determined at 377 τημ, the absorption maximum of 
anhydroretinol in benzene. Small corrections were necessary for the 
carotene present. The method was successfully applied to the analysis of 
retinol in rat-liver extracts. A semimicroscale procedure is also described. 
Both the esters of retinol and free retinol react to completion under 
proper conditions of assay. This method, which has not been extensively 
used in the past, may become of greater utility in view of the ready 
isolation of anhydroretinol by gas chromatography (57). 

e. Thiobarbituric Acid. Thiobarbituric acid has recently been em
ployed for the measurement of retinal in the retina (58). This pyrimidine 
derivative has been extensively used for the measurement of malonic 
aldehyde which arises from the oxidation of unsaturated fat or of deoxy 
sugars, but has not been generally employed for the measurement of 
other allylic aldehydes. The procedure consists of treating a 90% etha
nolic solution of a tissue extract with 4% thiourea in glacial acetic acid 
and with 0.6% thiobarbituric acid in absolute ethanol. After mixing, the 
solution is left in the dark for 30 minutes, and the absorbancy is meas
ured at 530 τημ. All isomers tested, namely the all-frans-, 9-cis-, and 
13-cis-retinal gave molecular extinction coefficients of 58,000 at 530 τημ. 
All-irans-retinol and ^-carotene, for all practical purposes, did not inter
fere with the reaction. The presence of excess water in the solution re
tards color development and shifts the absorption maximum. The method 
is particularly useful for the analysis of retinal in the retina, where its 
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concentration is high. In other tissues, prior chromatographic separation 
of retinal from retinol and carotenoid pigments may be necessary. 

f. Maleic Anhydride Adducts. Maleic anhydride reacts with conju
gated diene systems by a classical Diels-Alder reaction to give adducts 
with a cyclohexene ring (59). In the case of retinol, both the 11- and 13-
double bonds must be trans for maximal reactivity. Thus, as studied by 
Robeson and Baxter (11, 45), the four isomers containing 11- or 13-as 
double bonds react very slowly, whereas the two isomers, the all-trans 
and the 9-cis, react rapidly. Under proper conditions, the fast-reacting 
species can quantitatively form adducts, whereas the slow-reacting iso
mers are essentially unchanged (60). In general, the amount of 11- and 
13-cis isomers in a mixture is determined by measuring either the ultra
violet spectrum of the isomer mixture before and after reaction with 
maleic anhydride or the disappearance in Carr-Price reactivity. 

g. Opsin Test. The 9-cis-, 11-as-, and 9,13-di-cis-retinals, under 
proper conditions, will react with opsin isolated from the retina to yield 
rhodopsin, with an absorption maximum at 500 τημ, or isorhodopsin, with 
an absorption maximum at 487 ταμ. This method was first proposed by 
Hubbard et al. in 1953 (36), described further in 1959 (61), and further 
modified for the 9-cis- and 9,13-di-cis-retinals in 1962 (62). The proce
dure given in the last paper is somewhat complex and must be followed 
with care. In essence, however, tissues are extracted with diethyl ether, 
and the extract is concentrated, saponified, and freed of most sterols in a 
dry ice-acetone bath. The supernatant solution in hexane is chromato-
graphed on water-deactivated alumina, and the retinol fraction is oxi
dized by activated M n 0 2 to retinal. The retinal is suspended in aqueous 
digitonin, opsin solution is added, and the solution is incubated in the 
dark at room temperature. Two hours are required for 11-cis- and 9-cis-
retinal, whereas 6 hours are needed for 9,13-di-cis-retinal. The amount 
of rhodopsin or isorhodopsin formed is determined by spectrophotometry, 
and the amount of 9-cis- or 9,13-di-cis-retinal in the mixture is calcu
lated from suitable equations. The sll-trans- and 13-cis-retinals do not 
react to an appreciable degree under these conditions, and little or no 
isomerization occurred during the analysis. The total amount of 9-cis 
isomers in a group of liver oils varied from 1 to 30% of the total vitamin 
A content, and hence, the importance of having suitable methods for the 
detection of individual isomers in vitamin A extracts was clearly demon
strated. 

3. Biological Assay 
Biological tests have a utility and practicality which cannot be re

placed by specific chemical or physical methods. The physiological re-



8. THE DETERMINATION OF THE FAT-SOLUBLE VITAMINS 357 

sponse of a species to various provitamins, metabolites, isomers, and 
synthetic compounds which are present in various foodstuffs can only be 
assessed by over-all physiological response. In addition, the complexities 
of absorption, inactivation, metabolism, and storage in a given species, 
all of which affect the relative biological activity of a compound, cannot 
be predicted by simple chemical tests. Hence, biological assay procedures 
and chemical or physical methods abet rather than replace each other. 
The most commonly used biological methods for retinol are growth-
response tests, liver-storage assays in rats and chicks, and the vaginal 
smear technique. These methods have been reviewed thoroughly by 
Harris (63) and will not be discussed here. An interesting new procedure 
termed the electroretinogram technique has been devised to measure the 
visual threshold of animals (64). By this technique the minimal lumi
nance of a one-fiftieth second flash which just produces a detectable 
potential from the retina of an experimental animal is measured. Since 
animals fed diets which are deficient in retinol or are supplemented with 
retinoic acid quickly show an increase in visual thresholds (65), this 
procedure is particularly useful in studying the early stages of retinol 
deficiency. 

C. Purification Procedures 

1. Extraction Methods 
In tissues, lipids are usually present in a conjugated form with pro

tein, carbohydrate, or other cellular elements. For the isolation of intact 
lipoproteins, which contain retinol and its derivatives, serum or plasma 
may be fractionated by sedimentation-flotation procedures (66) or sub
mitted to electrophoresis (67). For intracellular retinol derivatives, cells 
must be ruptured by mild means and various organelles may be frac
tionated by the classical procedures of Hogeboom and Schneider (68). 
Further analysis involves isolation of the lipid from other cellular com
ponents by the use of extraction procedures. A number of these proce
dures have been reviewed by Alfin-Slater and Shull in the first volume of 
this series (69). A commonly used procedure for the extraction of total 
lipids from a tissue is the chloroform-methanol method of Folch (70, 71). 
For the extraction of carotenoids and retinol from serum or plasma, 
light petroleum-ethanol (2:1) is generally used (48, 72). In conjunction 
with ethanol, other solvents such as dichloroethane, ethyl acetate, and 
ether have also been used for the extraction of retinol and its derivatives. 
Direct analysis of these extracts by spectrophotometric and colorimetric 
means is possible, but often saponification with methanolic KOH is ad
visable to remove interfering substances. Recently benzene and cyclo-
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hexane have been employed for extraction by Japanese workers (73, 74). 
Retinoic acid is not extracted from neutral or alkaline solutions by 
nonpolar solvents, but is extracted by acetone (38). After acidification 
of neutral or alkaline solutions, ether, chloroform, or a variety of other 
solvents may be used for the quantitative extraction of retinoic acid 
(38). In general, the extraction and isolation of retinol and carotenoids 
should be conducted rapidly and with care; dim light, nitrogen, peroxide-
free solvents, and added antioxidants all help to reduce the ever present 
problems of oxidative destruction and isomerization. 

2. Adsorption Chromatography 
Columns. Since lipid extracts invariably contain hosts of materials, 

purification of retinol prior to analysis is often preferable, if not ab
solutely necessary. A large array of adsorbents have been employed for 
this purpose, which include alumina, calcium carbonate, calcium phos
phate, magnesium oxide, magnesium carbonate, magnesium hydroxide, 
sodium carbonate, silicic acid, Kieselguhr, bone meal, and calcium hy
droxide (75). Alumina and dicalcium phosphate have been most exten
sively employed for the separation of various carotene classes and of 
various isomers of retinol, respectively. In the case of alumina, deactiva
tion with water yields the most suitable adsorbent. In general, the sepa
ration of hydrocarbons, retinol ester, retinal, and retinol is best when the 
alumina is greatly deactivated and hexane and other nonpolar solvents 
are employed. Alumina may be deactivated in many ways (75). A useful 
procedure consists of shaking commercial chromatographic alumina 
(grade 2) with a suitable portion of water, usually 10% by weight, 
which is suspended in a large volume of hexane. After 2 hours of shaking, 
the alumina is filtered and spread on brown paper for evaporation of the 
organic solvent. The drying time is rather critical, and the alumina 
should be bottled when it runs freely, but is not completely free of 
organic solvent (76). On 6% water-deactivated alumina, ^-carotene is 
eluted with hexane, vitamin A ester with additional hexane, retinal with 
1 to 2% acetone in hexane, retinol with 3 to 5% acetone in hexane, and 
other polar compounds with acetone or more polar solvents (76). Yields 
from this column are above 80%, which is increased to almost 100% by 
the addition of γ-tocopherol to the column (62, 77). 

Columns of dicalcium phosphate were introduced largely by Hjarde 
and have been used extensively by his group for the separation of various 
isomers of retinol and retinol ester (78-81). Satisfactory preparations of 
dicalcium phosphate would retain retinol from hexane solution, but would 
release it in the presence of 2 to 7% ether in hexane. In addition, the 
granulation size must be carefully selected to allow adequate solvent 
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flow. The activity of the dicalcium phosphate can be reduced by ex
posure to air at room temperature, or it can be increased by heating at 
100° to 110°C. The yield of retinol from the column was nearly 100%. 
Isomers of both retinol and 3-dehydroretinol could be separated by this 
column. The elution of retinol isomers occurs in the following order: 
11,13-di-as; 11-cis; 13-as; 9,13-di-as; and all-trans. Similarly, the 
ll-c£s-3-dehydroretinol is eluted before the all-trans isomer. 

As might be expected, thin-layer chromatography is also useful for 
the separation of retinol derivatives. Planta et al. (82) have used plates 
of silica gel G developed with light petroleum-methylheptenone (11:2) 
for the separation of various isomers of retinol and 3-dehydroretinol. 
Alumina may also be spread on glass plates and developed with a series 
of organic solvents (83). In the latter case, Brockman Grade 3 to 4 
alumina was employed, and samples of various fat-soluble vitamins were 
visualized after development by treatment with H 2 S0 4 or HC104. 

3. Partition Chromatography 
Several systems have been devised for the separation of retinol from 

other components by partition chromatography. Polyethylene granules, 
Fluoropak 80 and Celite 545 which were impregnated with petroleum 
ether, isoctane, or polyethylene glycol have been used as the stationary 
phase (84r-86). Sharp peaks were eluted with little destruction. Paper, 
impregnated with silicone fluid, paraffin, or Vaseline, has also been em
ployed for the isolation of retinol esters and various oxidized derivatives 
(87-89). Relatively polar solvents are used to develop these columns 
and chromatograms. Retinol and 3-dehydroretinol derivatives could also 
be separated by this procedure (89). Various retinol esters could also be 
separated by conventional paper chromatography (90). 

4. Gas-Liquid Chromatography 
Early attempts to isolate retinol and its derivatives by gas-liquid 

chromatography were unsuccessful, largely due to the formation of an
hydroretinol (91). Under proper conditions, however, methyl retinoate 
and retinal can be isolated with little destruction, and retinol and retinol 
acetate are eluted with only minimal conversion to the anhydro form 
(57). The most suitable column is 1% SE-30 on silanized 60 to 80 mesh 
Gaschrom Ρ which has been conditioned at 250° C and treated with β-
carotene or some other antioxidant. The column temperature is 150°C 
and the argon flow rate is about 150 ml per minute. Anhydroretinol and 
methyl retinoate are quite stable and can be studied at higher tempera
tures with more efficient columns, whereas retinol and retinol acetate 
must be handled carefully at 150°C and with high flow rates. Different 
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retention times were observed for various derivatives of retinol. Certainly 
this tool will be used extensively in the future in studying retinol and its 
derivatives. 

5. Other Methods 
For the isolation of retinoic acid, ion-exchange resins such as DEAE-

cellulose and Biorad AG2-X8 have been employed (87, 92). Nonionic 
derivatives pass quickly through the column, whereas retinoic acid is 
only eluted by acidic solvents. 

D. Isotopically Labeled Compounds 
Elegant methods for the synthesis of labeled retinol have been devel

oped in the Hoffman-LaRoche Laboratories and are reviewed by Isler 
(93). The most commonly used labeled retinol derivatives contain C 1 4 

in the 6,7-positions, or in the 15-position. ^-Carotene labeled with C 1 4 in 
the 6- and 6'-positions or in the 15- and 15'-positions has also been syn
thesized, and many other C 1 4 - and tritium-labeled carotenoids and β-
apocarotenals might be produced by established routes of synthesis (93). 
Although labeled retinol cannot readily be prepared by biological means, 
its most effective precursor in mammalian systems, β-carotene, can easily 
be biosynthesized from simple radioactive precursors. Uniformly labeled 
β-carotene has been synthesized from C 1 4 0 2 by a photosynthetic blue-
green alga (94), by Chlorella (76), and by barley seedlings (95). /?-Caro-
tene has also been synthesized from carbon-labeled and tritiated acetate 
by cultures of Phycomyces blakesleeanus (96, 97). These latter materials 
are purified from lipid extracts by chromatography, removal of sterols, 
and crystallization of the carotene to constant specific activity. In 
general, the conversion of radioactivity in acetate to carotene is approxi
mately 0.5 to 1%. Obviously, the presence of a radioactive label in a 
compound provides a new dimension in following its metabolism, as well 
as in making chromatographic separations more rigorous. Indeed, the 
combination of radioactivity measurements with column chromatography, 
the preparation of derivatives, and gas-liquid chromatography has al
ready been employed (57, 76). Since retinol derivatives are colored, care 
must be taken in counting them in liquid scintillation systems (98). 
Oxidation of the chromophore to colorless substances is often advisable 
before counting. 

III. THE VITAMIN D GROUP 

A. Nomenclature and Structure 

A prototype of biologically active compounds in the vitamin D group 
is given in Fig. 2, and the side-chain structures of the six major vita-
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mins D are defined in Table VI. All contain a triene system in a specific 
configuration and differ only in the nature of the substituent at C-17. 
Since the provitamins all contain a 3/?-hydroxy 5-6, 7-8 diene system, 
the resultant D vitamins derive their nomenclature from the parent 
sterols. To denote the opening of ring Β between C-9 and C-10, the 
prefix 9,10-seco is employed, and the position of the hydrogen at C-6 

21 22 

FIG. 2. The basic structure of the vitamin D group. 

is given to define the geometrical isomerism of the 5,6 double bond. In 
natural vitamins D, the hydrogen at C-6 is on the same side as the 
4,5 single bond, and is denoted cis. The 7,8 double bond is essentially 
parallel to the 5,6 double bond, a configuration which is denoted by the 
letter "S." Thus, the cleavage product of ergosterol, or vitamin D 2 , 

TABLE V I 
BIOLOGICALLY ACTIVE COMPOUNDS OF THE VITAMIN D GROUP 

Double bond between 
Vitamin C-22 and C-23 R at C-24 

D 2 Unsaturated CH 3 

D 3 Saturated Η 
D 4 « Saturated CH 3 

D O Saturated C2H5 
D 6 Unsaturated C2H5 
D 7 « Saturated CH 3 

α Isomeric at C-24. 

is 3^-hydroxy-9,10-seco-6-cis-6,7-/S-irans-ergosta-5,7,10 (19) ,22-tetraene. 
Other products are denoted similarly from the parent substance. The 
accepted generic name for vitamin D 2 is ergocalciferol, and for vitamin 
D 3 the name is cholecalciferol (9). Vitamin D active compounds arise 
from irradiation of the parent sterol with ultraviolet light. In the case of 
ergosterol, the first product which can be isolated is pre-ergocalciferol, 
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which contains a 5:10, 6:7, 8:9 triene system with an open Β ring. 
By double bond rearrangement, ergocalciferol, or vitamin D 2 , is formed. 
In addition, side reactions give rise to tachysterol2, lumisterol2, and 
additional products (99). An excellent summary of the chemistry, syn
thesis, and photochemical reactions of these compounds is given by 

Ergosterol 

over 
irradiation/ 

Ergocalciferol 

Lumisterolj— - Tachysterolj, Pyroergocalciferol 
Isopyroergocalciferol 

Toxisterol2 

Suprasterol-jl 
Suprasterol2II 

DIAGRAM 1. Presumed pathway for the photochemical interconversion of ergo
sterol, ergocalciferol, and other products. 

Wagner and Folkers (100), and the mechanism of the reaction is dis
cussed by Havinga et al. (101, 102). The pathway for the conversion of 
ergosterol into vitamin D 2 and other products is given in Diagram 1. 
Presumably the activation of other provitamins occurs by a similar 
mechanism. 

B. Analytical Methods 

1. Physical Measurements 
Some physical properties of members of the vitamin D group, their 

provitamins, and photochemical intermediates are given in Table VII. 
These values were drawn from several sources, but largely from com
pendia (103, 104). All active D vitamins possess a fcrans-triene system 
and absorb maximally at 265 nut. Provitamins and photochemical inter
mediates also absorb in this region of the ultraviolet spectrum, and the 
Ex c m

1 % for all derivatives is between 200 and 700. Although the vitamin 
D group does have characteristic spectra, many other biological com
pounds absorb strongly in the same region and completely obscure the 
vitamin D spectrum of biological extracts. Hence, the direct use of 
spectra is only warranted with pure substances or highly purified prepa
rations of vitamin D. When excited at wavelengths around 250 τημ, vita
min D fluoresces between 300 and 400 τημ (101), but this quality is also 
characteristic of many other compounds which absorb in the ultraviolet 
region. 

The infrared spectra of vitamin D 2 and D 3 have certain like char
acteristics, namely an OH-absorbing band at 2.9 μ, a triene-absorbing 
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system at 6.05 and 6.14 μ} and a strong band at 10.4 μ. In addition, vita
min D 2 , which contains a double bond at C-22, has a strong peak at 
10.31 μ which is absent in the saturated vitamin D 3 (105, 106). Since 
vitamin D 3 is active for both the rat and chick, whereas vitamin D 2 is 
largely effective only for the rat, the relative amount of these two forms 
of vitamin D is important in pharmaceuticals and food supplements. 

T A B L E VII 
PHYSICAL PROPERTIES OF THE VITAMIN D GROUP, 

THEIR PROVITAMINS, AND RELATED COMPOUNDS 

Compound Xmax ( Π ΐ μ ) MD 2 0 M.p. (°C) 

Ergocalciferol (D 2) 264.5 459 + 102.5°« 115-118 
+82.6°* 

Cholecalciferol (D a) 264.5 473 +84.8°* 84-85 
22-Dihydroergocalciferol (D 4) 265 459 +89.3°* 96-98 
Ergosterol 271 253 - 1 3 2 . 0 ° c 168 

282 295 
293 153 

7-Dehydrocholesterol 271 271 - 1 2 2 . 5 ° d 149-150 
282 280 
293 160 

Pre-ergocaleiferol 265 250 — — 
Lumisterol2 265 ca. 220 +192.0°* 118 

279 226 
Tachysterol2 268 ca. 463 - 7 0 . 0 ° * — 

280 705 
294 ca. 463 

Toxisterol2 248 460 - 1 6 . 0 ° ' 50 
Suprasterol2I <250 — - 7 6 . 0 ° c 104 
Suprasterol2H <250 — +63.0°* 110 

° In alcohol. 
6 In acetone. 
< In CHCla. 
d In C 6H 6 . 

Hence, Morris et al. (107) devised an analytical method for determining 
the percentage of vitamin D 2 by infrared analyses of the 10 to 11 μ area. 
A biological sample is saponified, extracted, run through one to four 
columns of absorbents to remove interfering substances, and then the 
eluate is evaporated, dissolved in carbon disulfide, and spectra are run. 
By a calibration curve which plots the ratio of the relative absorption 
at 10.31 μ and 10.4 μ against D 2 concentration, the percentage of vitamin 
D 2 in the sample may be calculated. 

Like retinol, vitamin D is reduced at the dropping-mercury electrode, 
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and it has a half-wave potential of —2.2 volts in 10% aqueous 0.1 Ν 
tetrabutyl ammonium hydroxide (25). As might be expected, only a 
single wave is observed in contrast to compounds having more extensive 
conjugated systems. 

2. Chemical Analyses 
a. Antimony Trichloride Reaction. Antimony trichloride reacts with 

the vitamin D group to give a transient color at 500 τημ with an Et c m

1 % 

of 1800 to 2200, depending on the solvent used (108). The presence of 
acetyl chloride in the assay improves its sensitivity and reproducibility, 
and the use of ethylene dichloride rather than chloroform has a stabilizing 
effect on the chromophore (108, 109). The major problem in obtaining 
valid results is the separation of vitamin D from other interfering 
substances, which are mainly retinol and its oxidation products. To this 
end, extracts have been chromatographed on various adsorbents prior to 
analysis. In re-examining the applicability of the antimony trichloride 
reaction to pharmaceutical products, Wilkie et al. observed that acetic 
anhydride quantitatively inhibited the color reaction with vitamin D, 
while not appreciably affecting the reaction with retinol and other in
terfering substances (110). In Wilkie's procedure, samples of vitamin 
D are saponified and extracted with ether in the presence of ethanol. 
The ether extract is washed with water, dried, evaporated, and dis
solved in a small volume of petroleum ether. The extract is then 
chromatographed successively on MgO-Hyflo Supercel (5:1) and then 
on a column of MgO-Hyflo Supercel (1:1). The final eluant in ethylene 
dichloride is treated with antimony trichloride in the presence of acetyl 
chloride, and the optical density at 500 τημ is read 30 seconds after the 
addition of the reagent. The same reaction is conducted in the presence 
of acetic anhydride, and suitable controls are also run. By the use of 
suitable formulas, the amount of vitamin D in the sample can be 
calculated. When the concentration of vitamin D in the original sample 
is relatively high, the analytical result agrees well with the bioassay 
analysis. The procedure is much less suitable, however, for biological 
materials which contain small amounts of vitamin D. Nevertheless, the 
antimony trichloride procedure is the standard method of choice for 
chemical analysis of vitamin D content (111). 

b. Glycerol Dichlorohydrin. Activated glycerol dichlorohydrin reacts 
with vitamin D in the presence of acetyl chloride to give a stable 
chromophore which adsorbs maximally at 410 τημ. In the original 
procedure, the optical density was read at 625 τη,μ, 15 minutes after the 
initiation of the reaction (112). In a modified procedure, the optical 
density at 410 τημ is read 30 minutes after mixing, which yields an 
Elcm

1% of about 360 (113). Campbell made a careful study of factors 
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which influence color formation (113). Although the extinction coeffi
cient is only 20% of that obtained with antimony trichloride, oils and 
pharmaceutical preparations of high vitamin D potency can be readily 
analyzed by this procedure. Again, when low concentrations of vitamin 
D are present, interfering substances become critically important. Further 
modifications of this reaction have recently been made (114). 

c. Other Colorimetric Methods. Other procedures have also been 
employed for the analysis of the vitamin D group. In the presence of 
perchloric acid, vitamin D forms a carbenium ion which will react 
with aromatic aldehydes to yield colored end products (115). In addition, 
the triene system of vitamin D will react with iodine trichloride to liber
ate molecular iodine which adsorbs strongly at 518 ταμ in chloroform 
(116). Sulfuric acid in the presence of acetic anhydride and dioxane gives 
a relatively stable green color with vitamin D, which is analogous to 
the Liebermann reaction with sterols (117). In all cases, the chromo-
phore is not specific for vitamin D and is not particularly intense. Hence, 
as with other methods, interfering substances are an ever present prob
lem. Maleic anhydride will react with the triene system to yield the 
usual Diels-Alder adduct, and the rate of reaction varies with different 
photochemical products. Hence, this reaction has been helpful in 
elucidating the pathway of vitamin D formation from the provitamins 
(99, 101). 

3. Biological Assay 
In view of the lack of specificity in chemical tests, biological proce

dures have been invaluable in the analysis of vitamin D, in spite of the 
time, expense, and tedium of the procedures. These methods have been 
thoroughly reviewed (118). Procedures have been defined for the rat, 
which responds equally to both vitamin D 2 and D 3 , and the chick, which 
responds to D 3 , but only 1 to 3% as well with vitamin D 2 . The most 
common procedure for the rat is the so-called "line" test (119). In this 
procedure, depleted rats are fed one to three doses of small amounts of 
vitamin D, and after a suitable period, the tibias of the animals are 
removed and scored for calcification. The score is proportional to the 
log dose. The most common method for chicks is the tibia-ash proce
dure (120). Chicks are given small doses of vitamin D for a 3- to 6-week 
period. Thereafter, the tibias are removed, extracted with ethanol, dried, 
and ashed at high temperatures. The ratio of the weight of ash to the 
dry weight of tissue is proportional to the logarithm of the dose. Other 
procedures involve comparative analysis of the knee joint by X-ray 
after the depletion and treatment period or the incorporation of P 3 2 into 
bones of the paw. The growth test is fairly accurate when the chick is 
employed, but the rat growth test is not too satisfactory (118). 
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C. Purification Procedures 

1. Extraction Methods 
When information about the association of vitamin D with some 

cellular organelle, protein, or lipoprotein is desired, careful fractionation 
methods for these entities must be employed (66, 68). In the past, how
ever, most interest has been elicited in the isolation of a lipid extract 
and the analysis of its content of vitamin D. A number of common 
lipid extractants may be used for this purpose such as chloroform-
methanol (70, 71), ethanol-ether (110), or other similar systems, either 
before or after saponification. Since vitamin D contains an unsaturated 
conjugated system, care must be taken to avoid oxidation during its iso
lation and analysis. The incorporation of antioxidants in solvents and in 
columns is a useful precaution (110). 

2. Adsorption Chromatography 
In view of the lack of specificity of colorimetric tests and the presence 

of retinol and other interfering chromophores in most biological and 
pharmaceutical extracts, column chromatography on a variety of adsorb
ents has been extensively explored. These adsorbents include alumina 
(121, 122), superfiltrol, an activated bentonite clay (123), and floridin 
earth (124-126). Although magnesium oxide by itself is not too useful 
(108), various mixtures of magnesium oxide with Celite of Hyfio Supercel 
have been extensively used (107, 108, 110, 127-129). Mixtures of 
alumina and superfiltrol have also been employed (130), as well as a 
number of other systems. Celite with polyethylene glycol 600 as a 
stationary phase has also been employed for the separation of vitamin 
D and vitamin A (107, 131). Filter paper which is impregnated with 
alumina, calcium phosphate, magnesium sulfate, or stearatochromic 
chloride (Quilon) has also been employed for the separation of the D 
group from other lipids (132-135). Most of the above methods have 
been useful in separating the vitamin D group from other classes of 
lipids. By use of columns of silicic acid, however, Norman and DeLuca 
were able to separate mixtures of vitamin D 2 , ergosterol, and tachy-
sterol2 (136). In this system, the sample is applied in Skellysolve B, 
and the chromatogram is developed with 10% ether in Skellysolve B. 
Compounds were eluted in this order: an unknown, vitamin D 2 , tachy-
sterol2, and ergosterol. 

I t is not surprising that thin-layer chromatography has also been 
applied to the problems of vitamin D separation. For example, vitamin D 
can be separated from carotenoids and sterols on silica gel G which is 
developed with hexane, 10% ethyl acetate in hexane, or chloroform. The 
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compounds were visualized by spraying with 20% phosphotungstic acid 
followed by heating (137). Vitamin D may also be separated from 
vitamin A and other substances on alumina plates (83). Products of 
ergosterol irradiation are separated on thin-layer plates of Cab-O-Sil 
silica gel which is developed with 5% or 10% acetone in Skellysolve Β 
or with chloroform. Six distinct spots were evident, of which three were 
ergosterol, vitamin D 2 , and tachysterol 2 (136). Undoubtedly many addi
tional systems will be defined to aid in the resolution of specific prob
lems of isolation. 

3. Partition Chromatography 
Paper impregnated with paraffin oil (138, 139) or olive oil (140) 

allows the separation of the vitamin D group from lipid impurities. 
Fluoropak 80, which is impregnated with isoctane and developed with 
90% methanol, is useful for the separation of vitamin D from vitamin A 
and other lipids (86). 

4. Gas-Liquid Chromatography 
When vitamin D 2 is applied to a 6 ft X 4 mm column of 0.75% 

SE-30 silicone on 100-140 Gas Chrom Ρ at 222°C, two distinct peaks 
appear in the effluent (141). The retention times for these peaks is 
identical with those of the thermocyclization products of vitamin D, 
pyrocalciferol and isopyrocalciferol. In addition, the ultraviolet and 
infrared spectra of the eluted compounds are the same as the pyrocal
ciferol derivatives. The ratio of pyrocalciferol to isopyrocalciferol was 
1.8 at a series of temperatures. Vitamin D 2 behaved similarly on a 
neopentyl glycol succinate column, and vitamin D 3 gave analogous 
breakdown products (141). When trifluoroacetate or trimethyl silane 
derivatives of vitamin D are used, two peaks result from vitamin D 2 

and two others from vitamin D 3 (142). The peaks obtained from D 2 

and D 3 partially overlap. Although the use of gas-liquid chromatography 
for the isolation of vitamin D from tissues is possible, great difficulty is 
experienced in removing the relatively large amounts of cholesterol 
which are present (142). Since relatively high temperatures are re
quired to volatilize these substances, it is difficult to imagine a suitable 
procedure for inhibiting these cyclization reactions. 

D. Isotopically Labeled Compounds 
In view of the difficulties of biological assay, the nonspecificity of 

color reactions, and the low nutritional requirement for vitamin D, the 
development of methods for the production of radioactive vitamin D is 
most welcome. Certainly studies on the metabolism and molecular func-
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tion of vitamin D will be greatly abetted by the availability of labeled 
vitamins with high specific activity. In connection with studies on the 
photoisomerization of ergosterol, Havinga and Botts first prepared 3-C 1 4-
ergocalciferol by chemical synthesis (143). With the intention of preparing 
vitamin D 2 for metabolic studies, Kodicek grew Saccharomyces cere
visiae LK2-G12 on l-C 1 4-acetate, purified the resultant OMabeled ergos
terol (144), irradiated the solution, and isolated vitamin D 2 . Although 
this material had a specific activity of only 0.01 μα per mg, Kodicek was 
able to follow the distribution, excretion, and transport of vitamin D 2 in 
the mammal (145-148). Labeled vitamin D 2 with a specific activity of 
over 1 ,/xc per mg was also prepared and studied (146). A summary of 
methods for the synthesis of labeled vitamin D is given in Table VIII. A 

T A B L E V I I I 
METHODS FOR THE SYNTHESIS OF LABELED VITAMIN D 

Specific 
Labeled activity 

Compound atom Method Guc/mg) Reference 

Ergocalciferol 3-C 1 4 Chemical synthesis 0.007 143 
C 1 4 Irradiated biosynthetic C 1 4 - 0.01 144 

ergosterol 1.15 146 
U-C 1 4 Irradiated biosynthetic 

U-C14-ergosterol 
10.0 149 

H 3 Tritium gas exchange with 
ergosterol 

8.0 151 

Cholecalciferol 4-C 1 4 Not given Not given 86 
7-H 3 Not given ca. 0.02 86 
H 3 Tritium gas exchange with 

7-dehydrocholesterol 
18.8 151 

H 3 Tritium gas exchange with 
cholecalciferol ( -198°) 

216.0 154 

H 3 Exchange of tritiated acetic 3 .0 154a 
acid with cholecalciferol 

similar procedure was used by Schaltegger in preparing a more radioactive 
compound (149). Uniformly labeled ergosterol, which was grown at the 
Radiochemical Center in Amersham, England, on uniformly labeled 
sugar, was irradiated with ultraviolet light. The resultant ergocalciferol 
was carefully purified by chromatography on alumina, preparation of the 
3,5-dinitrobenzoate ester, rechromatography on alumina, hydrolysis of 
the ester, chromatography again on alumina, and crystallization to a 
constant specific activity from acetone. The final product was pure by 
several criteria and was obtained in 13% yield. This material, which has 
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a specific activity of 10 μο per mg, was used to study the distribution 
in organs and the excretion in normal and rachitic rats and monkeys 
(150). 

Vitamins D 2 and D 3 have also been prepared by exchange with trit
ium gas (151). Although this exchange procedure (152) is extremely 
useful, great care must be taken in purifying the resultant compound. 
In this case, the provitamins were recrystallized, irradiated with ultra
violet light in ether, and cooled to remove the provitamin. Malic 
anhydride was added to remove tachysterol preferentially, and the 3,5-
dinitrobenzoyl esters were made. The latter were recrystallized to con
stant specific activity. Both the esters and the free compounds were 
chromatographically pure on thin-layer chromatography, silica gel-
column chromatography (136), and reverse-phase paper chromatography 
(138). In addition, the bioassay indicated pure material. These labeled 
vitamins were also fed to rats, and the tissue distribution of radioactivity 
was determined. The chromatographic properties of C 1 4 and tritiated 
cholecalciferol or Fluoropak 80 columns is described, but details of the 
synthetic method are not given (86). 

In general, the gas-exchange method leads to the addition of tritium 
to unsaturated substances, rather than to exchange (153). However, when 
cholecalciferol is exposed to tritium gas at —198°C, the formation of 
radioactive impurities is minimized, and appreciable quantities of trit
iated vitamin D 3 are obtained (154). In this instance, the vitamin sample 
was exposed to 50 c of tritium gas at reduced pressure for 39 days in liq
uid nitrogen and evaporated to dryness, and then was recrystallized from 
dry ice-acetone at —80°C. Thereafter, the radioactive substance was 
purified on a Florisil column, and its purity was checked by thin-layer 
chromatography. Recrystallization and column chromatography were 
repeated until a constant specific activity was obtained. The material was 
characterized by ultraviolet and infrared spectra and by other means. 
The final product has a specific activity of 216 μο, per mg, which is 
10-fold higher than any previously reported (Table VIII) . In these 
studies, care was taken to purify the resultant material and to eliminate 
the presence of high-counting contaminants. Clearly, studies on the 
biological transformation of labeled substances are valid only if con
taminants are essentially absent. 

Another exchange procedure for the labeling of vitamin D 3 with trit
ium was employed by Schachter et al. (154a). Vitamin D 3 was treated 
with 80% acetic acid containing tritium for 16 hours under N 2 in the 
dark, conditions which do not destroy the vitamin. The labeled vitamin, 
after being purified by several procedures, contained 3 μο, per mg. Labeled 
ergocalciferol was also synthesized by Kodicek's procedure (144-146). 
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Schachter's studies largely concern the intestinal absorption of vitamin D 
and its effect on calcium metabolism. 

A seemingly attractive synthetic route to radioactive vitamin D 2 

would be the saturation of the C-22 double bond of ergosterol with 
tritium. Attempts to conduct this reaction with the maleic anhydride 
adduct of ergosterol acetate, however, were unsuccessful (151). Subse
quent studies on the distribution and metabolism of labeled vitamin D 
will be expected with great interest. 

I V . THE VITAMIN Ε GROUP 

A. Nomenclature and Structure 
Compounds of the vitamin Ε group are all derivatives of chromanol. 

The parent compound for six of the eight naturally occurring tocopherols 
is tocol, whose formula is given in Fig. 3. In the other two naturally 

T O C O L 

FIG. 3. The structure of tocol, parent compound of the tocopherol group. 

occurring tocopherols, the tocotrienols c and ζ1} the side chain has a 3', 
7',11' triene system. Tocopherol derivatives differ by the number and 
position of the methyl constituents, as shown in Table IX. Compounds 

TABLE IX 
NATURALLY OCCURRING TOCOPHEROLS 

Tocopherol designation Tocol derivative 

a 5,7,8-Trimethyltocol 
β 5,8-Dimethyltocol 
Ύ 7,8-Dimethyltocol 
δ 8-Monomethyltocol 
ft 5,7-Dimethyltocol 
V 7-Monomethyltocol 
€ 5,8-Dimethyltoco-3',7',ll'-trienol 

5 J,8-Trimethyltoco-3',711 '-trienol 

in the vitamin E, vitamin K, and coenzyme Q groups possess marked 
structural similarities, namely substituted benzoquinone moieties with 
β,Ύ unsaturation in the isoprenoid side chain, and hence undergo similar 
chemical reactions. Four major forms of these compounds exist: the 
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QUINONE CHROMENOL 

QUINOL CHROMANOL 
FIG. 4. Relationships among oxidation-reduction forms of vitamins Ε and Κ 

and coenzyme Q. 

and K, and of coenzyme Q which occur naturally and have been syn
thesized are given in Table X (100, 155-157). The common quinone and 
quinol form of tocopherol, namely α-tocopherylquinone and a-tocopheryl-
hydroquinone, are the β,γ hydrated analogs of the compounds given in 
Fig. 4. However, the β,γ unsaturated quinone has also been synthesized. 

TABLE X 
NATURAL AND SYNTHETIC FORMS OF VITAMINS Ε AND Κ AND OF COENZYME Q 

Vitamin Ε Vitamin Κ Coenzyme Q 
Chemical 

form Natural Synthetic Natural Synthetic Natural Synthetic 

Quinone ± + + + + + 
Chromenol — + — + + + 
Quinol + + 4- + 
Chromanol + + + + — + 

Naturally occurring compounds of the vitamin Ε group are mainly 
chromanols. Recently α-tocopherylquinone has been found in spinach 
chloroplasts, and it seems to play a role in electron transport (158). 
Whether tocopherylquinone is present in mammalian tissues or not is 
still uncertain (159). 

quinone and chromenol as the more oxidized pair and the quinol and 
chromanol as the more reduced pair (Fig. 4). These similarities in struc
ture and chemical reactivity suggest that coenzyme Q and vitamins Ε 
and Κ may have like functional roles within cells. Forms of vitamins Ε 
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B. Analytical Methods 

1. Physical Measurements 
An excellent review of the physical-chemical properties, assay, and 

chromatographic separation of tocopherols has been given by Kofler et al. 
(160). Because of the presence of a benzene ring in the chroman nucleus, 
all compounds of the vitamin Ε group absorb weakly between 290 and 
300 τημ. The ultraviolet absorption maxima of a number of tocols and 
their derivatives are given in Table XI. These values are largely drawn 

T A B L E X I 
THE ULTRAVIOLET ABSORPTION SPECTRA OF THE 

VITAMIN Ε GROUP IN ETHANOL 

Compound Xmax (m/x) Ex c m 1 % 

α-Tocopherol 292 75.8 
/3-Tocopherol 296 89.4 
7-Tocopherol 298 91.4 
δ-Tocopherol 298 87.3 
^-Tocopherol 292 83.0 
ij-Tocopherol 298 103.0 
e-Tocopherol 295.5 87.5 
fi-Tocopherol 292.5 91.0 
α-Tocopherol acetate 284 43.6 
a-Tocopherylquinone 262 414.0 
Di-a-tocopherone 300 50.2 
Reduced di-a-tocopherone 300 72.2 

from Kofler's summary (160), but also from other sources (161-163). 
Several procedures have been devised for the application of spectral 
analysis to high-potency materials (164, 165). In essence, the extinction 
of a preparation is measured at three wavelengths, 280, 292, and 301 τημ, 
and the corrected extinction for ^-tocopherol at 292 τημ is given by the 
formula, E2Q2 = 2.778 E292 — (1.552 S 2 8 0 + 1.626 E301). Since different to
copherols have slightly different absorption maxima, this approach is 
rather limited in usefulness. In crude tissue extracts and low-potency oils, 
retinol, sterols, and other compounds which absorb strongly in this region 
completely overshadow the vitamin Ε spectrum. 

The infrared absorption spectrum is also useful for the analysis of 
highly purified compounds of the vitamin Ε group (160, 166, 167). The 
major peaks and their assignments are as follows: 2.96-3.05 μ = hydroxyl 
group, 3.41 μ and 6.6-7.1 μ = C-H bonding, 8 μ = phenolic hydroxyl, and 
8.6 μ = C-O-C group of the chroman nucleus. The position of the infrared 
peak in the 8 μ region is characteristic of the number and position of the 
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methyl groups on the ehroman ring, but in no simple consistent way 
( 1 6 7 ) . Upon oxidation of the ehroman nucleus to the quinone, the 8.6 μ 
band disappears and new bands appear at 7.7 and 7.9 μ. 

Tocopherol in plasma has been determined by the application of 
spectrofluorometric methods ( 1 6 8 ) . An aliquot (2 .0 ml) of plasma is 
diluted with alcohol and extracted with hexane. To another aliquot, a 
small amount of α-tocopherol is added as an internal standard, and the 
solution is extracted similarly. In each case a 1.0-ml sample of the 
organic phase is diluted with alcohol, excited with light at 295 m/x, and 
the fluorescence is measured at 3 4 0 πΐμ. The amount of free tocopherol 
in plasma may be calculated from a simple equation. The relationship of 
fluorescence to concentration is linear over a wide range, and the sensi
tivity of the method is extremely high. Compounds such as β-carotene 
and vitamin A, which may react in colorimetric assays, have quite dif
ferent fluorescent spectra and hence do not interfere in this procedure. 
The values of free-tocopherol levels obtained from normal subjects were 
11.3 ± 1.9 /xg per ml, which are within 5 % of values obtained by the 
Emmerie-Engel procedure. Since the fluorescence extinction coefficients 
parallel the absorption coefficients (Table XI ) , various isomers of to
copherol give different responses. Tocopherol esters are best measured 
after reductive cleavage with LiAlH 4 to free tocopherol. Little tocopherol 
acetate is found in plasma, however. 

Polarography has also been used for the determination of tocopherols 
in various solutions. The half-wave potentials increase in this order: 
α-tocopherol, β-, γ - , and δ-isomers ( 1 6 9 ) . In solutions containing only 
these four isomers, their relative concentrations can be measured. To-
copherylquinone is probably the immediate oxidation product, since a-
tocopheroxide is not reduced polarographically ( 1 7 0 ) . α-Tocopherol, as 
well as many other quinols, have also been studied with the wax-impreg
nated graphite electrode ( 1 7 1 ) . Again, polarographic analysis is of less 
use for the study of biological extracts which contain many oxidizable 
lipids. 

Other physical-chemical properties of the tocol group have been 
studied. The optical activity of a number of isomers has been studied 
under various conditions ( 1 6 0 ) . Interestingly, racemic DL-a-tocopherol is 
slightly dextrorotatory, which probably reflects the R configuration at 
C-4' and C-8' in the phytol side chain. Nuclear magnetic resonance 
spectra and diamagnetic susceptibility have also been examined ( 1 6 0 ) . 

2. Chemical Analyses 
a. The FeClz-a,a'-Dipyridyl Reaction {Emmerie-Engel Test). To

copherol reacts with two equivalents of ferric chloride to yield the ferrous 
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ion and either tocopherylquinone in acidic media or the 6-quinone-9-
acetal in the absence of acid (160, 170). The ferrous ion forms a red 
complex with «,α'-dipyridyl with an Elcm

1% of 407 at 520 ταμ (160). The 
procedure was first devised by Emmerie and Engel (172) and has been 
modified in many ways. These modifications purport to improve the 
procedure in several ways: (1) by the removal of interfering substances, 
(2) by an increase in sensitivity, and (3) by an increase in specificity. 

An early problem, particularly in the analysis of plasma, was the 
removal of carotenoids and retinol derivatives. Shaking with 60% sulfuric 
acid was helpful (173), but hydrogenation over a paladium catalyst was 
even more useful (174). In a micromethod in which hydrogenation was 
not feasible, a correction factor for carotene was employed (175). Hy
drogenation has the disadvantage of reducing other quinones, such as 
coenzyme Q and vitamin K, as well as other substances which react 
positively in the Emmerie-Engel test (176). By a suitable combination 
of molecular distillation, chromatography on Florex XXS, and hydro
genation, many positively reacting contaminants were eliminated (176). 
In addition to substances that give false-positive reactions, excessive 
amounts of lipid in the reaction solution inhibit color development (177). 
In a careful appraisal of methods for the isolation and analysis of to
copherol in animal tissues, Edwin et al. (178) found that careful extrac
tion, saponification, sterol removal, chromatography on floridin earth, 
and two-dimensional paper chromatography were essential for the sepa
ration of fractions of tocopherol from positively reacting contaminants. 
Four other methods were found to give excessively high values for to
copherol, both in tissues and in serum, and the suggestion was made 
that many literature values for vitamin Ε which are based on less 
rigorous procedures are seriously in error. In a subsequent paper (179), 
methods are described for the measurement of tocopherol, ubiquinone, 
and ubichromenol in tissue extracts. In addition to the need for extensive 
purification of tocopherols prior to analysis, different isomers of tocoph
erol react at different rates in the Emmerie-Engel test. Hence, time, 
temperature, solvent, and the concentration of components all affect the 
results obtained by a given procedure. 

By the use of other chelating agents, ferrous complexes with higher 
molecular extinction coefficients are formed. Tsen (180) recently ex
amined a series of chelaters and found that the ferrous complex of 
diphenyl- (batho-) phenanthroline gives an Elcm

1% of 1050 at 534 τημ. 
Thus, the sensitivity of the reaction can be increased 2.5-fold by the use 
of this compound. 

b. Other Oxidation-Reduction Procedures. Phosphomolybdic acid was 
introduced by Nair and Magar as a relatively specific method for to-
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copherols (181). Ethanolic phosphomolybdic acid in glacial acetic acid 
reacts with tocopherol to give a yellow-green color at 700 τημ. The 
reaction is complete in 15 minutes at room temperature or in 2 minutes 
at 100°C (182). Although the reaction seems to be somewhat more 
specific than the Emmerie-Engel test, it reacts with many other reducing 
substances (182). In a critical analysis of various methods, Edwin et al. 
found that the phosphomolybdic acid procedure was the poorest of the 
methods tested (178). Another procedure introduced by Scudi and Buhs 
(183) consists in oxidizing tocopherol with gold chloride, reduction of the 
quinone with hydrogen over Raney nickel to the quinol, and subsequent 
reaction with 2,6-dichloroindophenol. By reaction with the quinol, the 
dye is reduced to its leuco form and the color intensity decreases. With 
vitamin Κ the reaction is immediate, whereas 40 to 60 minutes are re
quired for vitamin E. A modification of the method has been used for 
the analysis of vitamin Ε in plant tissues (184). α-Tocopherol is oxidized 
with gold chloride to the quinone, which absorbs strongly at 262 τημ, and 
then is reduced back to the quinol with NaBH 4 . The consequent decrease 
in absorbancy is measured. The ferrous ion formed from the reaction of 
tocopherol with ferric ion may also be complexed with ferricyanide to 
yield the classical TurnbmTs blue (185). 

A somewhat more specific method is the oxidation of tocopherol to 
the quinone with either nitric acid (186) or silver nitrate (187). 

c. Coupling Reactions. Tocopherols which do not contain a methyl 
substituent at the 5-position might be coupled with diazotized aromatic 
amines. Ideally, γ-, δ-, and ^-tocopherol should be readily determined. 
Unfortunately, the presence of excessive amounts of lipid, α-tocopherol, 
or other diazotizable materials lead to erroneous positive results. In the 
presence of diazotized α-dianisidine, which has been most extensively 
used for this purpose (188), considerable destruction of tocopherols 
takes place (189). 

Another coupling reaction consists in the formation of o-nitroso-
phenols by treatment of tocopherols which have either a free 5- or 
7-position with sodium nitrite (190). The products absorb between 405 
and 415 τημ, but have relatively low molecular extinction coefficients. 
They can, however, be separated chromatographically and determined 
individually (191). 

d. Thiobarbituric Acid Test. Thiobarbituric acid does not react with 
tocopherol, but has been employed extensively in studying peroxide for
mation in vitamin Ε deficiency. When unsaturated fatty acids which 
contain 1,4 diene groupings are oxidized by peroxide, by ultraviolet 
radiation in the presence of oxygen, by periodate, or by other agents, 
malonaldehyde (OHC—CH 2—CHO) is formed. Malonaldehyde, presum-
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ably in the enol form, as well as other conjugated aldehydes react in acid 
solution with 2-thiobarbituric acid to give an intense pink color at 
532 m/i (192, 193). 

3. Biological Assay 
Tocopherol deficiency produces a variety of abnormalities in the 

vascular system, musculature, and reproductive systems of many animals. 
Based on various deficiency symptoms, a number of biological tests have 
been defined. These include gestation-resorption tests in female rats, 
weight gain during gestation, uterine pigmentation, testicular degenera
tion, liver storage of tocopherol in the rat and the chick, deposition of 
body fats in the rat, erythrocyte hemolysis induced by dialuric acid or 
hydrogen peroxide, reversal of respiratory decline in rat-liver slices, cure 
of dystrophic rabbits with a concomitant reduction in creatinuria, cure 
of encephalomalacia in chicks, and deposition of tocopherol in hen's eggs. 
Various isomers of tocopherol have roughly similar activities in different 
assays. By far the most active substance is D-a-tocopherol. 

The International Standard Unit for vitamin Ε is 1 mg of 2-DL-a-
tocopherol acetate. In this case, DL refers only to the configuration at 
C-2, and not to other isomeric centers in the side chain. Natural 2-D-a-
tocopherol acetate is 1.36 times more active than the racemic mixture in 
bioassay procedures. In keeping with this ratio, the biological activity of 
the synthesized 2-L- (or S) α-tocopherol is only 20 to 40% that of the 
2-D- (or R) isomer (194-196). A summary of the biological activities of 
tocopherol isomers is given in Table XII, which is drawn mainly from 
the data of Bunyan et al. (197). Details of classical bioassay procedures 
have been given by Bliss and Gyorgy (118, p. 136) and will only be 
considered briefly here. 

a. Resorption-Gestation in Rats. Based on the early observation that 
vitamin Ε deficiency led to fetal resorption in female rats, a number of 
procedures for assaying vitamin Ε have been devised. A commonly used 
procedure was devised by Mason (118, 198). Vitamin Ε-depleted young 
virgin female rats, weighing 150 gm or more, are mated with normal 
males. Graded doses of vitamin E, or of the sample to be tested, are 
given from the fourth to the ninth day of pregnancy. On the sixteenth 
day, the mothers are sacrificed, and the number of live fetuses, dead 
fetuses, resorption sites, and the weight of uterine contents are measured. 
In general, the calculated response on the basis of these parameters dif
fered little from the litter efficiency, which is the ratio of the number of 
live litters divided by the total matings for a given dosage of vitamin E. 
In other cases, different dosage schedules have been employed, and 
mothers have been killed on the twenty-first day (199). In general, the 
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probit of the litter efficiency or of some other measure of response is 
proportional to the log dose (118, 194). Obviously, parameters may be 
varied in many ways in these assays. As in all biological assays, good 
experimental design and statistical analyses are essential aspects of the 
method. 

b. Muscular Dystrophy in Rabbits. Within 30 to 40 days, white rab
bits on a vitamin Ε-deficient diet show clear signs of incoordination and 
are unable to right themselves when upset. Single or multiple doses of 

T A B L E X I I 
RELATIVE BIOLOGICAL ACTIVITY OF TOCOPHEROL ISOMERS 

Compound Relative biological activity Reference 

DL-A 1 0 0 1 9 7 
2 D-A 1 3 5 ( 1 0 0 - 2 3 2 ) 1 1 8 , 1 9 7 
2 L-A 4 8 ( 2 8 - 6 0 ) 1 9 4 - 1 9 6 
DL-/3 4 5 ( 2 5 - 7 4 ) 1 9 7 
Ό-β 3 9 ( 2 0 - 5 4 ) 1 9 7 
DL-7 1 5 ( 7 - 1 9 ) 1 9 7 
D-Y 1 4 ( 4 - 3 4 ) 1 9 7 
DL-δ 2 ( 0 . 3 - 4 ) 1 9 7 
D-δ 6 ( 1 - 1 3 ) 1 9 7 

DL-fr 5 6 ( 5 0 - 6 0 ) 1 9 7 
OL-η 1 ( 0 . 4 - 3 ) 1 9 7 
D-€ 8 ( 1 - 2 3 ) 1 9 7 

2 6 ( 2 2 - 2 9 ) 1 9 7 
DL-5-Methyltocol 8 ( 3 - 1 3 ) 1 9 7 
DL-TOCOI 2 ( 1 - 5 ) 1 9 7 
Di-a-tocopherone < 5 % 1 9 9 

tocopherol active substances may be given on consecutive days by intra
peritoneal injection. Untreated animals showed a steady increase in the 
severity of their symptoms and ultimately died within 2 weeks, whereas 
treated animals showed symptoms of remission and survived (199). 
The response, which is of the all-or-none type, is then related to the 
administered dose. 

c. Encephalomalacia in the Chick. Newly hatched chicks are fed a 
vitamin Ε-free diet which contains 10% corn oil. Compounds are admin
istered in the diet daily from the fourth day. The incidence of encephalo
malacia is taken as the number of chicks which develop symptoms or die 
between the seventh and twenty-first day of the test in reference to the 
number of chicks which initially survive for 7 days. Under proper 
conditions, no chicks survive in the unsupplemented group, whereas 
100% survive with ^-tocopherol treatment. The response is proportional 
to the amount of vitamin Ε active substance which is administered (200). 
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d. Dialuric Acid- and Hydrogen Peroxide-Induced Hemolysis. The 
fact that alloxan and other barbiturates, particularly dialuric acid, cause 
hemolysis of red blood cells from vitamin Ε-deficient rats, but not from 
normal rats, has served as the basis of a test for vitamin Ε deficiency 
(201). The procedure was studied in detail and modified by Friedman 
(202). In the microscale test, 20 to 30 mm 3 of blood are pipetted into 5 
ml of buffered saline, and the cells are centrifuged down and are re-
suspended. Aliquots of 1 ml are placed in each of the three tubes, 1 ml 
of 10% dialuric acid in buffered saline at pH 7.4 is added to two tubes, 
and buffered saline alone is added to the third tube. The tubes are 
incubated for 1 hour at 37°C and are allowed to stand at room temper
ature for an additional hour. Buffered saline is then added to tubes 1 
and 3, and water is added to tube 2 to completely hemolyze the cells. The 
contents of each tube are mixed gently, the cells are centrifuged off, and 
the hemoglobin in the supernatant liquid is measured at 415 τημ in the 
microtest, or at 540 τημ in the macrotest. The erythrocytes of young 
female rats which have eaten a vitamin Ε-deficient diet for 2 weeks 
generally hemolyze completely. Thereafter, graded doses of an α-tocoph
erol standard or of the unknown material are given orally to deficient 
rats, and the hemolysis test is performed 2 days later. The arc sine of 
the per cent hemolysis in each assay is calculated, and the results are 
evaluated by conventional statistical procedures (118, 195). Hydrogen 
peroxide may be used in place of dialuric acid as a hemolyzing agent 
(203). Results obtained with the dialuric acid method agree reasonably 
well with the results of other biological assays (197). Because of its 
simplicity and rapidity, the method is being used ever-more frequently in 
studies on vitamin Ε deficiency. 

C . Purification Procedures 

1. Extraction Methods 
Although tocopherols of milk and plasma may be extracted with 

relative ease, the complete removal of reducing substances from tissue is 
much more difficult. Procedures generally involve the homogenization 
of tissue by various methods, followed by extraction with ethanol and 
benzene, hexane and ethanol, boiling ethanol, Skellysolve Β and acetone, 
ether, or with various other solvents. In some instances, antioxidants are 
added to the solvent mixture during extraction. After carefully studying 
various methods, Edwin et al. (178) designed a procedure which yields 
better recoveries of tocopherol and takes less time than other methods. 
Tissue is cut into small pieces and is quickly frozen in a mixture of 
acetone and solid carbon dioxide. The frozen pieces are then ground 
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with a mortar and pestle in the presence of anhydrous sodium sulfate 
and a suitable quantity of acetone. Acetone from the freezing bath is 
added to maintain the consistency of a fine paste during grinding. After 
10 to 25 minutes, the paste is transferred to a Soxhlet thimble and is 
extracted with fresh acetone for 3 hours. The acetone extracts are com
bined for analysis, and the remaining tocopherol-free residue is a free-
flowing powder. The addition of pyrogallol during extraction gave rise 
to nonsaponifiable reducing impurities. Other careful studies of extraction 
procedures and analytical methods have been conducted (204, 205). 

Saponification of tissue extracts must be conducted with great care 
since tocopherols are easily destroyed in the presence of base and oxygen. 
Under proper conditions, however, the addition of pyrogallol or p-acetyl-
aminophenol prevents extensive destruction of tocopherol (178, 204). 
Instead of saponification, most tocopherol esters can be liberated by 
reductive cleavage with LiAlH 4 (168). Sterols, which form a large portion 
of the nonsaponifiable material, may be largely removed by using 
methanol at —12°C. Subsequently, the extract is treated by chromato
graphic procedures. 

2. Adsorption Chromatography 
Since quantitative methods for the measurement of tocopherols are 

nonspecific and the biological activities of tocopherol isomers vary 
greatly, quantitative assay depends on the careful separation of tocoph
erols from each other and from other reducing substances. Columns 
of Floridin XXS (Floridin Company, Tallahassee, Florida) (178, 179, 
204), secondary magnesium phosphate (206-208), zinc carbonate mixed 
with alumina (209), silicic acid and Celite (210), and alumina (211) 
have been employed. These methods have been reviewed (75, p. 468; 
160). Impregnation of the column with stannous fluoride is helpful in 
preventing oxidation of the tocopherols during chromatography. In 
general, columns have been employed to remove interfering substances 
rather than to separate individual isomers of tocopherol. However, some 
separation of the tri-, di-, and monomethyl derivatives of tocol has been 
achieved (206, 207). A careful analysis of procedures for the isolation 
and determination of vitamin Ε has been made by the Analytical 
Methods Committee (212). 

Thin-layer chromatography has been used extensively in recent years 
for the isolation of individual isomers and various derivatives of tocoph
erol. Various tocopherol components may be separated on silica gel 
G with chloroform or several other solvent systems as the moving 
phase (213-215). Alumina with benzene may be used similarly (213). 
Silica gel G is also useful for the isolation of oxidation products of vita-
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min Ε (216). Thin plates of alumina without binder have been used to 
separate a number of fat-soluble vitamins into classes (83). On plates 
of secondary magnesium phosphate, tocopherol isomers move in a 
different pattern than on silica gel (160). Plates of zinc carbonate mixed 
with either silica gel or with alumina are also useful for the isolation of 
tocopherol isomers and their metabolites (217). The separation of β-
tocopherol from γ-tocopherol is only partial by most methods. However, 
when silica gel was employed with a solvent mixture of light petroleum, 
isopropyl ether, acetone, ethyl ether, and glacial acetic acid in the 
proportions 85:12:4:1:1, a discernible separation occurred (218). A 
number of procedures have been employed for the visualization of tocoph
erol isomers. When fluorescent compounds are included in the adsorb
ent mixture, tocopherols quench when exposed to ultraviolet light and 
appear as dark spots (160). Sprays or dips of phosphomolydbic acid 
followed by ammonia, eerie sulfate, perchloric acid, sulfuric acid, ethanolic 
Rhodamine B, antimony pentachloride, and ferric chloride together with 
α,α'-dipyridyl or potassium ferricyanide, have been used. 

Paper which is impregnated with various adsorbents has also been 
extensively used for tocopherol separation. Zinc carbonate-treated paper 
has been employed as part of a two-dimensional system for tocopherols 
(219) and for their nitroso derivatives (220). The method, which was 
adopted as a standard procedure by the Analytical Methods Committee 
(212), allows the isolation of the many individual tocopherol isomers 
from each other and from contaminating substances. In essence, chroma
tography is first carried out on zinc carbonate-treated paper with a 
benzene-cyclohexane mixture, and then, after impregnation of the paper 
with liquid paraffin, in a second direction with 75% aqueous ethanol. 
On fluorescein-treated paper, tocopherols appear as dark spots or bands 
under ultraviolet light. In some instances, the use of 80-95% ethanol is 
advantageous (178). Minor modifications of this procedure have been 
made (221-223). The separation of tocopherols on paper impregnated 
with calcium phosphate (133) or with alumina (224) has been reported. 

3. Partition Chromatography 
Most partition systems for tocopherols involve a solid support im

pregnated with paraffin or with some other nonpolar substance and a 
mobile phase of aqueous ethanol. Columns have been employed using 
polyethylene powder (225) or hydrophobic diatomaceous earth (226) 
as the support. Impregnated paper has been extensively used, and the 
two-dimensional procedure of Green has already been mentioned (212, 
219). Impregnating materials include Vaseline (227), silicone (228, 229), 
and cottonseed oil (230). Quinones have been detected on silicone-treated 
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paper by exposure to neotetrazolium after reduction with potassium 
borohydride (228, 229). Paraffin-treated paper has also been employed to 
separate various tocopherol metabolites (231). In an extensive study of 
a number of reversed-phase systems, Green et al. related the structural 
elements of chromenols containing 29 to 59 carbon atoms with their Rf 

values in various systems (232). 

4. Gas-Liquid Chromatography 
Following Nicolaides demonstration that a- and γ-tocopherol could 

be separated on columns coated with silicon rubber gum (233), a num
ber of laboratories successfully employed this technique for the separa
tion of tocopherol isomers. Wilson et al. (234) employed silanized Celite 
which contained either 4% silicone polymer SE-30, 5% fluoroalkyl sili
cone polymer QF 1, or polyethylene glycol adipate as the stationary 
phase. A sample containing 1 to 10 tig in benzene or acetone was 
evaporated on stainless steel gauze and added to the column. Various 
tocopherols, which were chromatographed either as alcohols or acetates, 
were fairly well separated on these columns. The retention time of the 
trimethyl derivatives was greater than that of the less-substituted tocols, 
and the log of the retention time was related linearly to the number 
of methyl groups on the ehroman ring and to the number of double 
bonds present. Independently, Kofler et al. (160) investigated several 
gas-liquid chromatography systems for the separation of tocopherols. 
Five per cent Apiezon Ν high-vacuum grease on silanized Celite proved 
to be superior to the SE-30 columns. With columns operating at 260°C, 
excellent separation of most of the isomers was achieved. As with other 
chromatographic systems, however, the separation of the β- and γ-peaks 
was not complete. Concurrently, gas-liquid chromatography was applied 
to various tocopherol derivatives by Carroll (235), by Nair and Turner 
(236), by Bieri and Andrews (237), and more recently by Libby (238). 
Since ehroman derivatives are relatively stable on gas-liquid columns at 
high temperatures, a rapid application of these methods to the analysis 
of high-potency sources of tocopherol and perhaps also of biological 
extracts seems to be in the offing. 

D. Isotopically Labeled Compounds 
The first studies employing radioactive tocopherol were conducted by 

Niedner and Johnson (239), who showed that oral or intraperitoneal 
doses of the labeled vitamin were excreted largely in the feces, with 
little in the urine. Later, Simon et aL identified some acidic metabolites 
by the use of labeled tocopherol (240). D-a-Tocopherol-5-methyl-C1 4 suc
cinate, which was obtained from Distillation Products Industries, was 
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presumably synthesized by methylation of γ-tocopherol. After oral ad
ministration of labeled tocopherol in oil, over 74% of the dose appeared 
in the feces within 3 days in an unchanged form. Only traces were found 
in the urine. When intravenous injections were employed, however, 20 to 
30% of the radioactivity appeared in the urine in the form of water-
soluble metabolites. The urinary excretion product was presumably the 
glucuronide of a well-characterized acidic derivative, 2-(3-hydroxy-3-
methyl-5-carboxypentyl)-3,5,6-trimethylbenzoquinone and its γ-lactone 
(241). In other studies, the fecal excretion was also high when tocopherol 
was given orally, but the cumulative dose in the urine was reasonably 
large over long periods (242). An appreciable amount of radioactivity 
also appears in the liver (243). Of various organelles, the mitochondria 
are particularly rich in labeled tocopherol (159, 210, 243-245). In addi
tion to tocopherol, several other metabolites seem to be present in the 
liver (159, 210, 243, 244), but not the urinary metabolites of Simon. 
Tocopherylquinone or its β-γ-dehydrated analog may be present (243, 
244). In addition, a dimer which Draper has termed di-a-tocopherone 
(163, 246, 247) may be extracted from liver. Although this compound 
is presumably the same as the product produced by the oxidation of 
tocopherol with alkaline potassium ferricyanide (246), some questions 
exist concerning its exact structure (163, 248, 249). Others have been 
unable to find these metabolites in the rat or chick (159). Further studies 
on the metabolism of labeled tocopherol are in progress (250). The rather 
striking lack of agreement in many of these studies suggests that much 
remains to be done in determining the metabolic pathway for tocoph
erol in various species. 

V . THE VITAMIN Κ GROUP 

A. Nomenclature and Structure 
All naturally occurring compounds in the vitamin Κ group contain a 

2-methyl-l,4-naphthoquinone nucleus. Vitamin K 1 ( 2 0 ) contains a phytyl 
substituent on C-3 of the naphthoquinone nucleus, whereas members of 
the K 2 series have a chain composed of a varying number of unsaturated 
isoprene units at C-3. Structures of vitamins K 1 ( 2 0 ) , K 2 ( 2 o ) , and K 3 

(menadione) are given in Fig. 5. In keeping with the configuration of 
other natural phytols, vitamin K 1 ( 2 0 ) has a 7'R,11'R phytyl side chain 
(251). 

Although Ki( 2 0), or phylloquinone, is the only member of the Ki 
series which is found naturally, several isoprenologs of the K 2 group are 
synthesized by bacteria. Vitamin K 2 ( 3o) is produced as a minor com
ponent, and K 2 ( 3 5 ) as the major component, of the vitamin Κ group in 
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the microbial fermentation of fish meal (252). Vitamin K 2 ( 3 5 ) is also 
present in Bacillus cereus, Bacillus subtilis, and several other gram-
positive microorganisms (253-256). Vitamin K 2 ( 4 0 ) appears in Sarcina 
lutea and the gram-negative organisms Escherichia coli and Proteus 
vulgaris (254). Vitamin K 2( 4 5) occurs in Corynebacterium diphtheriae 
and Mycobacterium tuberculosis (254, 257). The major compound of 

FIG. 5. The structure of compounds of the vitamin Κ group. 

the K 2 series in Mycobacterium phlei is dihydro-K 2( 4 5) (258) rather than 
the normal C-45 isoprenolog (259). Many bacteria contain either vitamin 
K 2 or coenzyme Q, but several species have both groups of compounds 
(254). Of particular interest is the observation of Martius that mena
dione and various compounds in the K 2 series are converted mainly to 
vitamin K 2 ( 2 0 ) , and to a lesser degree to K 2 ( 5 0 ) , in rat-liver mitochondria 
(260, 261). 

In addition to these naturally occurring substances, many iso-
prenologs of the vitamin Kt and K 2 series have been synthesized (252, 
262, 263). Other synthetic compounds which are active as vitamin Κ 
are menadione or vitamin K 3 , which is 2-methyl-l,4-naphthoquinone, 
vitamin K 4 , which is the hydroquinone of menadione, and vitamins K 5 , 
K 6, and K 7 , which are p-amino derivatives of naphthol or naphthalene. 
Excellent reviews of the chemistry and biochemistry of the vitamin Κ 
group are given by Isler and Wiss (264) and by Wagner and Folkers 
(100, p. 407). As with vitamin Ε and coenzyme Q, the quinone form of 
vitamin Κ may be converted to a chromanol, chromenol, or quinol (Fig. 
4, Table X) . Recent studies on the possible implication of vitamin Κ 
chromenol phosphate in oxidative phosphorylation (265) have led to 
renewed interests in the synthesis of phosphorylated derivatives (266, 
267). Chromenol and chromanol phosphates have been numbered as 
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derivatives of naphtho[l,26]pyran, numerical designations which are 
quite different from those of the original naphthoquinone (266). Clearly 
a standardized nomenclature for naturally occurring quinones and their 
possible derivatives is sorely needed. 

B. Analytical Methods 

1. Physical Measurements 
The naphthoquinone ring system, which is an integral part of natural 

vitamin K, has a characteristic ultraviolet absorption spectrum. The 
Elcm

1% for Ki (2o) at its shoulder (239 τημ) and five maxima are 362 at 
239 m/Λ, 396 at 242 τημ, 419 at 248 τημ, 383 at 260 πΐμ, 387 at 269 τημ, 
and 68 at 325 τημ (251). The molecular extinction coefficient at 248 τημ 
for different isoprenologs of this series is 18,000 to 19,000 in all cases. 
Naturally the Elem

1% value decreases as an inverse function of the 
molecular weight (Table XII I ) . Thus, Elcm

1% values on pure materials 

T A B L E X I I I 
ULTRAVIOLET ABSORPTION SPECTRA OF VITAMIN Κ ISOPRENOLOGS 

IN PETROLEUM ETHER 

EI cm1 % at 248 m/i EX cm1 % at 230 ηΐμ 
of quinone of dihydro-O-diacetate 

Number of carbon atoms 
in side chain Κι K2 Ki K2 

0 1080 
5 759 — 

10 598 617 — 2190 
15 482 496 — 1880 
20 419 439 1720 1643 
25 350 363 — 1455 
30 306 320 — 1298 
35 — 292 — 1187 
40 — 264 — — 
45 — 246 — 990 
45 (H2) — 200* — — 
50 — 224 — 897 

° Reported in relation to an Ei cm1 % for K 2 (45) of 208 (253). 

of unknown structure have been useful in defining the length of the side 
chain. Upon reduction of the quinone to the quinol and stabilization of 
the latter as the diacetate, a single major peak with a molecular extinc
tion coefficient of 87,000 appears at 230 τημ. The Elcm

1% values of the 
quinol form of various members of the vitamin Κ group are also given 
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in Table XIII . Chromenols and chromanol derivatives also have char
acteristic spectra (266, 267). Ultraviolet absorption spectra have been 
less useful in the direct measurement and characterization of vitamin Κ 
in biological extracts because of the presence of large amounts of ultra
violet-absorbing contaminants. 

The use of infrared spectrophotometry for the characterization of 
the vitamin Κ group has been greatly refined by Noll (256). Members 
of the K x series can be distinguished from those in the K 2 series by the 
shape of the absorption band at 1450-1460 cm - 1 and by the presence of 
absorption bands at 1090-1110 and at 840 cm - 1 in the case of the K 2 

series, but not of the group. All compounds of the vitamin Κ group 
have characteristic naphthoquinone absorption bands at 1300 cm - 1 , 
1330 cnr 1 , and 1660 cm - 1 . On the other hand, the side-chain groups 
absorb at 1375 cnr 1 , 1450-1460 cm - 1 , and most strongly at 2925 cm - 1 . 
The ratio of the absorbancy at 2925 cm - 1 to 1300 cm - 1 is proportional to 
the number of isoprene units present in the side chain. Noll has devised 
an ingenious scheme for determining the structure of a member of the Κ 
vitamin group on the basis of infrared spectra alone. In order to utilize 
this method, however, the slit width must be standardized, and highly 
purified compounds must be employed. 

Nuclear magnetic resonance spectra have been extremely useful in 
recent investigations on the structure of vitamin Κ derivatives. The 
multiplicity of proton types combined with the relative structural sim
plicity of these compounds has made nuclear magnetic resonance a 
powerful tool in structural elucidation (258, 266). Protons which are 
attached to aromatic nuclei, to carbon atoms involved in double bonds, 
and to methyl and methylene groups which are adjacent to saturated or 
unsaturated carbon atoms can all be distinguished by this technique. The 
chemical shift in the resonance of different protons can be expressed as 
cycles per second at a given radio frequency, which is usually 25 to 60 
megacycles, or as a shielding number, τ, which relates the resonance 
displacement to the spectrometer frequency plus a constant. Internal 
standards of benzene or tetramethylsilane have been employed. 

Other physical methods have also been applied to the vitamin Κ 
group and its derivatives. X-ray diffraction patterns are quite different 
for various isoprenologs of the vitamin K 2 group (264), as well as for 
different isomers of the side chain (251). Optical rotatory dispersion 
measurements have also been made on vitamin K 1 ( 2 0 ) and its breakdown 
products (251). Although menadione gives a strong fluorescence when 
irradiated with ultraviolet light, natural compounds of vitamin Κ group 
seemingly do not (28). However, after considerable exposure to ultra
violet light, some fluorescence may be seen on chromatographic plates. 
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2. Chemical Analyses 

a. Direct Colorimetric Procedures. During early studies on the puri
fication of vitamin K, Dam, Karrer, and their colleagues found that 
treatment of vitamin Κ with sodium ethylate led to the formation of 
an intense violet-blue color which quickly faded to red and finally to 
brown (268). The reaction was employed as a useful qualitative measure 
of the presence of vitamin Κ in various fractions. In studying the reac
tion of chemically synthesized vitamin Ki ( 2o), Fieser found that 1 to 2 
mg of Ki (20) quickly gave an indigo blue color in sodium ethylate which 
faded to purple in 1 minute and then later to red. Phthiocol was isolated 
from the reaction mixture (269). 

The use of sodium diethyl dithiocarbamate was introduced by Irre-
verre and Sullivan (270). Vitamin Κ reacts with sodium diethyl dithio
carbamate in ethanolic alkali to give a cobalt blue color which develops 
to a maximum within 5 minutes and then fades to a red-orange. Many 
quinones reacted under these conditions to give colored products, but 
only vitamin Κ and the 2,3-dimethyl-l,4-naphthoquinone gave a blue 
color. Color development was proportional to the concentration of 
vitamin Κ over the range 0.01 mg to 1 mg. The assay is much more 
sensitive than the Dam-Karrer qualitative test. 

The transiency of the color produced by the Irreverre test prompted 
Schilling and Dam to introduce xanthane hydride, or 5-imino-3-thione-
1,2,4-dithiazolidine, as the chromogenic compound (271). In this proce
dure the sample in ethanol is treated with 80% saturated xanthane 
hydride in ethanol in the presence of KOH, and the solution is heated at 
50°C for 10 minutes. A transient blue-violet color which cannot be 
stabilized appears and then fades to a stable orange color which absorbs 
at 410 m/x. The Ex c m

1 % of this orange product at 410 τημ is about 70 for 
vitamin K. Tocopherylquinone gives only a slight color. The test has 
been applied successfully to purified extracts of plant material (272). 

b. Oxidation-Reduction Tests. Several procedures have been defined 
for the measurement of vitamin Κ after reduction to the hydroquinone. 
Menadione, and presumably other compounds in the vitamin Κ group, 
may be reduced by zinc dust in acid solution and then titrated against 
eerie sulfate with phenanthroline as the indicator (273). In the method 
of Scudi and Buhs, the vitamin Κ in lipid extracts is reduced in alkaline 
solution by exposure to hydrogen and Raney nickel catalyst in the 
presence of phenosafranine (274, 275). When the quinone is completely 
reduced, a given amount of dichloroindophenol solution is mixed with 
the extract, and the quinol reduces the dye to its leuco form. The reduc
tion in color is proportional to the amount of vitamin Κ present. 
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The change in ultraviolet absorption spectrum which occurs upon the 
reduction of coenzyme Q or vitamins Κ with potassium borohydride 
has been used extensively by Crane and his colleagues (276). A tissue 
extract in alcohol is treated with borohydride, and the spectral changes 
are measured. In the case of vitamin K, a single peak which absorbs 
intensely between 230 and 250 τημ (Table XIII) replaces the typical 
multiple-peaked spectrum of the quinone. Obviously when other qui-
nones and readily reducible substances are present, chromatographic 
separation must be carried out before analysis. 

With the exception of this last borohydride reduction method, colori
metric procedures have been employed in recent years mainly as a 
secondary check on direct spectrophotometric assay. Compared with the 
latter procedure, colorimetric tests are not specific, are relatively in
sensitive, and are more time consuming. Classical colorimetric proce
dures have been reviewed in detail by Gyorgy and Rubin (277). 

3. Biological Assay 
The prolonged clotting time which is characteristic of vitamin Κ 

deficiency has served as the basis for a number of analytical tests. The 
white rat, which is so often employed in biological assay procedures, is 
less useful in studying vitamin Κ deficiency because vitamin Κ is 
formed by bacteria in the lower gut and is subsequently absorbed. Upon 
treatment with Dicumarol, however, the clotting time of rat blood is 
prolonged. On the other hand, the chicken, which possesses a relatively 
short colon and rapid transit time, readily demonstrates vitamin Κ 
deficiency and hence is used for most biological assays. 

The international unit of vitamin Κ activity is 1 μg of menadione. 
In the chick assay, menadione and various naturally occurring Κ vita
mins have the same biological activity on a molar basis. In Dicumarol-
treated animals, however, menadione is much less effective than the 
naturally occurring vitamins with their long side chains (278). The 
assay procedure, therefore, must be carefully selected to harmonize 
with the requirements of a given project. 

a. Chick Assay Procedure. The classical procedure of Dam and 
Karrer has been modified by Dam (279). In the revised procedure, day-
old chicks are placed on a vitamin K-deficient diet for 10 days, at 
which time they are depleted of vitamin K. Thereafter they are divided 
into appropriate groups and continued on the vitamin K-deficient diet 
for an additional 21 days. Subsequently, graded doses of an unknown 
substance or of menadione or vitamin Κ are given to groups of chicks, 
and others are continued on the vitamin K-deficient diet. Twenty to 
twenty-two hours after administration of the dose, 0.2 ml of blood is 
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withdrawn from the carotid artery, and the clotting test is performed. 
In vitamin Κ assays the maintenance of clean cages and the prevention 
of coprophagy are particularly important because of the bacterial origin 
of the substance. 

Obviously, many parameters in this test might be changed: graded 
doses might be given over an extended period of time rather than a 
single dose (280-282), the period between administration of the dose 
and assay might be varied, and one of several clotting tests might be 
selected. Classical procedures and necessary precautions are reviewed 
in detail (118, p. 155). 

b. Clotting Tests and Analysis of Data. Initially the time for whole 
blood to clot was employed as a measure of vitamin Κ deficiency (118). 
The contamination of blood samples with variable amounts of tissue 
juice and the long clotting times observed with partially deficient animals 
often led to erratic results. Upon the addition of an excess of tissue 
thromboplastin, as defined initially by Quick (283, 284), however, the 
clotting time, or so-called "prothrombin time," is reduced from minutes 
to seconds, the end point is clearer, and the procedure is less affected by 
contaminants in drawn blood. Since the thromboplastin used critically 
affects the clotting time, its source and preparation must be carefully 
controlled (280). In general, for chick assay procedures, acetone powders 
of chicken brain are employed. The effect of various thromboplastin 
preparations on the prothrombin time for chick blood has recently 
been examined (280). 

In Dicumarol therapy, and presumably in vitamin Κ deficiency, a 
number of factors in the clotting process are depressed, namely Factor 
II (prothrombin), Factor VII (proconvertin), Factor IX (Christmas fac
tor), and Factor X (Stuart-Prower factor). The Quick test is responsive 
to deficiencies of Factors II , VII, and X, as well as of Factor V, pro-
accelerin. When Russell's viper venom in cephalin suspension is used in 
place of brain thromboplastin, proconvertin is no longer required, and 
the test becomes more specific for prothrombin (285). When a carefully 
balanced thromboplastin preparation is employed, Factor IX (Christmas 
factor) may also be detected (286). This procedure, called the Thrombo-
test by Owren, has been critically compared with the one-stage Quick 
test in its clinical performance (287). Many other assay procedures have 
been used to study defects in blood coagulation under various circum
stances. In general, however, the one-stage Quick test has been preferred 
by workers dealing with vitamin Κ deficiency. 

The data may be expressed in several ways. For the assay of vitamin 
K-containing compounds, the log of the clotting time or the log of the 
per cent of normal clotting time gives a straight line relationship with 
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the log dose, but with a negative slope (279). The inverse of the pro
thrombin time may also be plotted against the log dose in a positive 
linear fashion (118, 280, 281). When the relative prothrombin concen
tration of the plasma is desired, a calibration curve is prepared by plot
ting the log of the clotting time against the log of various dilutions of 
standard plasma (285, 286). The clotting time of various samples may 
then be expressed as a per cent of the normal prothrombin concentration. 
A careful analysis of methods for determining clotting time and of the 
interpretation of clotting time data has been given by Bliss and Gyorgy 
(118). Until more is known about the specific function of vitamin Κ in 
the synthesis of prothrombin, proconvertin, and other factors involved 
in blood coagulation, biological assay must necessarily depend on these 
rather crude and general assay procedures. 

C. Purification Procedures 

1. Extraction Methods 
Bishop et al. (254) have examined the efficacy of a number of pro

cedures for the extraction of vitamin K 2 from bacteria. In their hands, 
the best procedure for general use consisted of freeze-drying the organ
isms and extracting them in a Soxhlet extractor with 2,2,4-trimethyl-
pentane for a period of 4 to 8 hours. A similar procedure has been used 
by others for bacteria (251, 253) and for mammalian organs (261). The 
saponification of microorganisms in the presence of pyrogallol, which is 
followed by extraction with petroleum ether, has also been successfully 
used (254, 255, 259). The resultant lipid extracts contain many lipid 
components, and vitamin Κ must be purified further before analysis. 

2. Adsorption Chromatography 
Columns of various adsorbents have extensively been used in the 

purification of the vitamins K. Early methods have been reviewed by 
Doisy et al. (288). Columns of Decalso (magnesium aluminum silicate), 
which were used in the initial isolation of the vitamins K, have been 
employed in recent investigations (252, 255). Columns of deactivated 
alumina (254), silica gel (251, 255, 266), and Permutit (259) are also 
useful in the isolation of the vitamins K. In general, lipid extracts are 
placed on columns of these adsorbents in petroleum ether, and the 
vitamin Κ fraction is eluted with 1-5% ether in petroleum ether. Di-
calcium phosphate (272) and other adsorbents may also be used (75, 
p. 469). 

Thin-layer chromatography has also been applied to the isolation of 
compounds in the vitamin Κ group. Various isoprenologs of vitamin Κ 
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and coenzyme Q may be separated by chromatography on thin-layer 
plates of silica gel G which are impregnated with liquid paraffin and 
developed with 95% aqueous acetone (289, 290). Thin-layer plates of 
water deactivated alumina may also be used for the separation of 
vitamin Κ from other lipid materials (83). Under ultraviolet light, the 
vitamins Κ appear as dark spots against a fluorescent background when 
a fluorescent material is incorporated into the silica gel (251, 290). Al
ternatively, fluorescence of the vitamins Κ may be induced by intense 
irradiation with ultraviolet light (290). Treatment with conventional 
colorimetric reagents (270, 272), with 2,4-dinitrophenylhydrazine, or 
with acid followed by heating (83, 289) also allows the visualization of 
compounds in the vitamin Κ group. 

3. Partition Chromatography 
Vitamin K 2 ( 3 0 ) was isolated by Mayer et al. on a cellulose powder 

column which was impregnated with Dow Corning silicone 1107 and 
developed with isopropanol-water-acetic acid (251). Polyethylene 
powder has also been used as a support in the separation of vitamin 
K 1 ( 2 o ) (291). A counter-current distribution system with heptane and 
methyl glycol as the two phases has been used in following the syn
thesis of vitamin K 2 ( 2 0 ) in the rat liver (261, 292). 

Green and Dam (293) were the first to use silicone-impregnated paper 
for the isolation of isoprenologs of various Κ vitamins. Whatman No. 1 
filter paper was treated with Dow Corning silicone 1107 and developed 
with ethanol-acetic acid-water (850:25:125) or propanol-acetic acid-
water (650:25:325). The Rf varies inversely with the length of the side 
chain (293). Lester and Ramasarma have recommended Dow Corning 
silicone 550 with iV-propanol-water (4:1) as a preferable system (228, 
259), but this claim has been disputed (253). With Vaseline-impregnated 
paper, vitamin Κ will migrate in solvent systems containing methanol, 
2,2,4-trimethylpentane, and 2-propanol (294) or 98% dimethylformamide 
in water (255, 258, 295, 296). Whatman No. 1 filter paper impregnated 
with soft white paraffin and developed with butanol-butyl acetate-acetic 
acid-water also effects the separation of vitamin Κ isoprenologs (254). 
Attempts have been made to relate the Rf of compounds in the vitamin 
Κ group with their structural characteristics (232). 

4. Gas-Liquid Chromatography 
Vitamin Ki ( 2 0 ) is eluted, presumably without destruction, from col

umns of SE-52, a methyl silicone rubber gum, or of 287-108-949, a nitrile 
polysiloxane rubber, at temperatures between 228° to 237°C and flow 
rates of 75 ml of argon per minute (236). The retention time for vitamin 
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Ki ( 2 0 ) is 45 to 53 minutes. The trimethylsilyl ethers of tocopherol, free 
α-tocopherol, and α-tocopherylquinone are eluted before vitamin Ki 
(236). Gas-liquid chromatography may be less suitable for the separation 
of natural compounds in the vitamin Κ group than indicated by Nair 
and Turner (236). On 5-ft columns of 5% Dow silicone on Chromosorb 
W, menadione had a retention time of 2 minutes at 180°C and 1 min
ute at 205°C (297). Under similar conditions coenzyme Q 6 was eluted 
with a retention time of 4 to 6 minutes. On these columns, however, 
neither natural vitamin Ki nor coenzyme Q 1 0 could be eluted. 

D. Isotopically Labeled Compounds 
Isotopically labeled compounds of the vitamin Κ group have been 

used for metabolic studies and as irradiating agents for the destruction 
of tumors. For metabolic investigations, substrates labeled with C 1 4 in 
various positions have mainly been employed. In the synthesis of ir
radiating agents, compounds with very high specific activity were 
required, and hence labeled halogens and tritium have been used. Clearly 
the isotope employed and the route of synthesis reflects the approach 
of a given group of investigators. Since many compounds of the vitamin 
Κ group have been synthesized from small molecules, largely by the ele
gant synthetic pathways developed by the Hofmann-LaRoche chemists 
(264), C 1 4 might be incorporated in almost any position of the side chain 
or naphthoquinone moiety. In practice, however, 2-C 1 4H 3-menadione and 
2-C 1 4H 3-vitamin K 1 ( 2 0 ) have mainly been employed in metabolic studies. 
A summary of procedures for the synthesis of labeled compounds of 
the vitamin Κ group is given in Table XIV (260, 264, 298-308). The 
chemical synthesis of 2-C 1 4H 3-menadione was worked out by Phillips 
et al. (298). The procedure consists of condensing C 1 4 0 2 with 2-bromo-
naphthalene by a Grignard reaction to give 2-C 1 4OOH-naphthoic acid. 
The latter is reduced with lithium aluminum hydride, treated with thionyl 
bromide, and subsequently reduced with LiAlH 4 to 2-C 1 4H 3-naphthalene. 
Oxidation with chromium trioxide gives 2-C 1 4H 3-menadione with an 
over-all yield of 23% based on C 1 4 0 2 . The specific activity of the labeled 
menadione will depend, of course, on the specific activity of the C 1 4 0 2 

which is employed. Labeled menadione with a gamut of specific activities 
has been synthesized (Table XIV). The synthesis of menadiol diphos
phate proceeds readily by reduction with hydrogen over a catalyst 
followed by phosphorylation with phosphorus oxychloride. 

As shown originally by Isler and Doebel (309), menadiol or mena
diol- 1-benzoate condenses with isophytol in the presence of BF 3 etherate 
to form vitamin Ki ( 2o) in good yield. This procedure was employed by 
Lee et al. (306) for the synthesis of vitamin Ki ( 2 0 ) from 2-C 1 4 H 3 -
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T A B L E X I V 
METHODS FOR THE SYNTHESIS OF LABELED VITAMIN Κ 

Compound 
Labeled 
atom(s) Method 

Specific 
activity 
(Mc/mg) Reference 

0.49 298 
ca. 0.7 299 

1.44 300 
83.3 260 

0.022 301 

0.44 302 

— 303 

68.5 304 

33-135 303 

ca. 0.06 305 
0.087 306 
0.45 307 
1.25 308 
0.7 264 

0.28 302 

Menadione (K3) 

Menadiol 
diphosphate (K 4), 
tetrasodium 

K 1 ( 

3 Bromomenadiol 
diphosphate, 
tetrasodium 

2-C 1 4 H 3 

3 - T 

2-C 1 4H 3 

3-T 

6 -T 

p32 
2-C 1 4H 3 

l' ,2'-C 1 4 

of phytyl 
group 

Br 8 2 

C14C>2 incorporation into 
2-naphthoic acid 
followed by reduction 
and Cr0 3 oxidation 

Formation of NaHS0 3 

adduct of menadione in 
T 2 0 followed by basic 
hydrolysis 

Reduction of 2-C 1 4 H 3 

menadione by H 2 over 
PtO followed by treat
ment with phosphorus 
oxychloride 

Reductive debromination 
of 3 bromo K 4 with 
tritium gas over 
PdO-PdC 

Reductive deiodination of 
6 iodo K4 with tritium 
gas over PdO-PdC 

Exposure of K4 to tritium 
gas 

Not given 
Condensation of 2-C 1 4H 3 

menadiol with isophytol 
with BF 3 in ether 

Condensation of l' ,2'-C 1 4 

isophytol with menadiol 
1-benzoate 

Bromination of K3 with 
ΒΓ282 in acetic acid, 
followed by treatment 
with H 2 over PtO and 
with POCl3 

menadione. After condensation the crude vitamin Ki ( 2o) was reduced to 
the hydroquinone with hydrogen over a Pd-CaC0 3 catalyst and then 
reoxidized with silver oxide to the quinone. The yield was 20% and the 
purity was 94-96%. As cited by Isler and Wiss (264), Wursch has 
prepared vitamin K 1 ( 2o) labeled in the phytyl group by incorporating 
radioactive acetylene into isophytol, which is then used in the above-
mentioned synthetic pathway. 
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In the preparation of tritiated menadione and menadiol phosphate 
several procedures have been employed. Formation of a sodium acid 
sulfite adduct in the presence of tritiated water yields menadione with 
tritium attached to the C-3 position (301). Although menadione or 
menadiol diphosphate is labeled by exposure to tritium gas by the 
Wilzbach procedure, purification is difficult (304). A preferred procedure 
is the reductive dehalogenation of specifically labeled halogenated de
rivatives of menadiol diphosphate with tritium gas over PdO-PdC 
catalyst (303, 304). 

Many metabolic studies have been conducted with these radioactive 
substances. Phosphate is lost rapidly from vitamin K 4 diphosphate (305), 
and debromination of 3-bromovitamin K 4 diphosphate is also rapid 
(310). Vitamin Κ is readily metabolized, appearing in the bile as a trans
formation product of unknown structure (307), and then in the feces, 
and to a lesser extent in the urine. Of considerable interest is Martius's 
finding that vitamin Κ from the diet or produced by intestinal organisms 
may be hydrolyzed by certain bacteria in the gut to yield menadione, 
which is then absorbed and converted to vitamin K 2 ( 2 o ) in the liver (311). 

The use of highly labeled menadiol diphosphate as a therapeutic 
antitumor agent has mainly been pursued by D. H. Marrian and his 
group (301-304, 310). The use of highly purified compounds with high 
specific activities give the best responses in tumor therapy (304). Com
pounds with even greater radioactivity per molecule are presently being 
prepared. 

As with the other fat-soluble vitamins, much remains to be learned 
about the specific role of vitamin Κ in the synthesis of essential factors 
involved in blood coagulation, and about possible relationships between 
the role of vitamin Κ in oxidation-reduction processes and in the syn
thesis of specific liver proteins. Use of labeled substrates may well 
contribute to the resolution of these problems. 
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