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INTRODUCTION

The only known naturesl method of formetion of vitemin A
is by degresdstion of carotenoids. All higher enimels require
vitemin A and must gcquire i1t elther by ingesting the vitamin
1tself or by inpesting & csrotenold provitesmin =2nd converting
i1t to vitamin A. Only plant life possesses the enzymetic
systems required for cerotenoid synthesis. Some of these
plant enzymes ere specific oxidases e8 18 evidenced by the
lerge quantities Oof oxidized cerotenoids of specific structure
thet exist in nature, e.g. the xsnthophyll series. However,
one oxidetion product of cerotenolds, vitasmin A, 1s unknown
in plents.

It seems ressonable to conjecture that snimel life
possesses an enzyme or serles of enzymes not found in volsants
thezt c~tsalyze the conversion of vrovitamin cesrotenoids to
vitemin A. If vitemin formetion resulted from 2 non-specific
oxidetion process, it would seem strenge thet the vitemin is
not found even in tresce emounts in plant 1life where cero-
tenolds sbound but can repidly te formed from smell emounts
of cerotenoids teken in by enimels.

Eluclidetion of the mode of sction of this hypotheslzed
enzvme system would explain the key resction which 1s the
gsource of all natural vitemin A. It might e1s0 bte hoped thet
an understanding of this process would throw some light on s

fruitful approach to studying the systemic mode of action of



vitamin A.

The problem of conversion of the provitemin carotenolds
to vitemin A hes been ectively investigated for 30 yeers.
During this time sttention hee been centered upon the conver-
slon of beteg-carotene because 1t hes the most provitemin
sctivity of 8ll the cerotenolds. No enzyme system yet has
been i1solated thet will convert bete-carotene vrimerily be-
cause no in vitro system has been devised thet would bring
sbout the conversion.

The 1nvest1gations described in the experimentel sectlon
of this thesis were verformed in an effort to develop such en
in vitro system. Much of the work wes devoted to testing
‘prescrited anslytical procedures 2nd to developing a superior
procedure for the detection and estimetion of minute amounts
of vitemin A formed in the presence of high concentrestions of
carotene and lipiad.

The tissue used as 2 potentiel enzvme source wes rst in-
testine. Reesons for the selection of rat intestine stem
from the results of previous work (discussed in the literature
review) thst estsblished the intestine ss the site of effi-
cient 1n vivo conversion.

In & btilochemical system cepable of converting cerotene
to vitemin A, it 1s necessary to present 2 water insoluble
substrete in suiteble form for enzyme cetalysis to teske nlsce

in en aqueous system. Synthetic snd netursl emulsifying



agents were tested for conversion-promoting effectlveness.
Other factors that mlght hsve & profound influence on conver-
sion, such as sneerobic and serobic incubetion, antioxldants
for the preservetion of lsblle csrotene, snd incubstion time
and temperature, slso were lnvestigsted.

The studies revorted herein were with in vitro systems
with conditions varied to test the effectiveness of vitamin A
formetion from bete-cesrotene. The purpose was to develop sn
efficient in vitro converting enzyme system with long range
goels of purificastlon of the system for conversion in s bio-
chemicelly defined system end elucidstion of the mechenism

of the conversion.



LITERATURE REVIEW

It hes been 30 yesrs since Moore (1) first established
bets-cerotene 8s a precursor of vitemin A by recording en in-
creese in the vitsmin A liver stores of rets receiving cero-
tene. During the interval since this discovery to the present
time & number of investigetors have sought to elucidate the
mechanism of the conversion of bets-cerotene to vitemin A.

The fect thet the mechenism still remeins obscure is due
chiefly to the fellure to develop in vitro systems cepstle
of performing the conversion.

This review deels with research vreliminery to end essen-
tiel for the clerificetion of the mechsnism of conversion of
bets-cerotene to vitemin A in living systems. The work to
te reviewed includes thest which estsblished the formetion of
vitamin A from beta-csrotene by in vivo snd chemicsl meens,

that which esteblished the site of in vivo conversion snd

factors influencing the conversion efficlency, end finelly
the work on the develonment of in vitro systems cspeble of
converting cerotene to vitemin A.

Seversl excellent reviews heve been written on the sub-
Ject of vitemin A formetion from cerotene. In 12851 Kon end
Thompson (?) reviewed eerly work including the estsblishment
of the intestine as the site of conversion. In 1956 Morton
and Goodwin (3) provided e genersl review of vitemin A re-

sesrch while Lovwe and Morton (4) published 2 more compre-



hensive review of the conversion problem in an srticle
limited to seversl aspects of vitemin A resesrch. In 1957
Moore's book, "Vitemin A", (5) which reviews all sspects of

vitemin A including the conversion problem, wes published.

In vivo Conversion

The first evidence of vitemin A formation from bete-
cerotene was obteined by Moore (1, 5, 7). Vitemin A depleted
rats were given delly doses of cerotene and sgerificed ot in-
tervals. Liver enalyses showed incressing vitemin A gtores
with increesing length of time during which cerotene wes ad-
ministered. Cepper et 21. (8) confirmed the results by
demonstrating conversion in chickens. By tesking smell pileces
of liver from rabbits by blopsy, Wolff et 21. (9) found that
the vitemin A content of liver incressed #fter injections of
cerotene.

Early workers (10) hypothesized thet the vitsmin A activ-
ity of bets-cerotene could be due to symmetricel fission st
the central position of unsaturetion with one molecule of
beta~cerotene genereting two molecules of vitamin A, Much
later Glover end Redfesrn (11), noting that in vivo yield
does not exceed 50% of the theoreticesl by centrel clesvage,
presented evidence thet initial oxidetive attsck occurs et s
terminal double bond snd that vitemin A is formed sfter suc-

cesslve oxldetive degradations of apo-cerotenels.



Chemlicel Conversion

The problem of central oxidative fission was investigated
in purely chemicel systems. The central double bond of beta-
cerotene might be consldered most vulnereble to resgent attack
becsuse of its symmetrlicel and lerst stericsally hindergd posi-
tion. Opposed to favoreble gtereochemicel espects, however,
is the supposition thet double-bond interaction in an extended
system of conjugeted doutle-bonds of this type would be ex-
pected to impsrt meximel single-bond cherecter at the center
and thus render this center less favoreble to electrostatic
orientation of the attecking reagent molecule (12, 13).

Controlled oxidations with chromic ecid end with lead
tetrascetete (14) and with permenganate (15) resulted in
initial end oxldation of the beta-ionone ring to long chein
cerbonyl compounds but no vitsmin A aldehyde. In 1945, how-
ever, with hydrogen peroxide Hunter snd Williams (15) obteined
smell amounts of vitamin A sldehyde (0.5%). Five yerrs leter
Wendler et 2l. (13), using osmium tetreoxide »s crtelyst,
obtained vitamin A in 30% yield with HoOp as the oxident.

Peroxidetion of bete-cerotene to form vitemin A sldehyde
28 en intermediste in vitemin A formetion is consistent with
the fact thet vitemin A sldehyde hes not been isolsted from
eny enimel orgens except the eye. Glover et s1. (17) were
unagble to recover vitamin A sldehyde ofter orel dosing except

from stomech end intestinsl contents. All sbsorbed vitemin A



aldehyde in the intestinel well hesd been reduced to vitemin A
8lcohol =2nd most of the alcohol hed teen esterified.

In vivo reseerch hes esteblished thet vitemin A is formed
from bete-cerotene in good yleld. Chemicel studies heve
shown thet the conversion could be performed with inorgenic
systems =lso in good yield. The next step in understending
the in vivo process wes to find the site of conversion so

thet more controlled studlee could te mede.
Site of Conversion
Liver

Work on estebllshing the site of conversion with in vivo
end in vitro systems began 28 soon es Moore esteblished bete-
cerotene as & provitemin. This wes in 1930, 15 yeers before
successful conversion of bete-cezrotene to vitemin A by chemi-
cal systems. Workers nrior to 1247 believed the liver to be
the site of conversion. Thus, for more then 15 yeers studies
were performed using liver =8 the blochemicsl system. A
numter of reports of conversion with liver contrituted to
mainteining confidence thet the liver wee the site of conver-
sion.

The first conversion sttempts with liver were performed
by von Euler =nd von Euler (18) with shpfk liver snd by Ahmed
(19) with memmelien liver. Both feiled to demonstrete con-

version. However in 1932 Olcott end McCenn (20) claimed



seperation of the "bets-carotenase" enzyme from liver tissue.
Homogenized liver of e vitemin A deficlent ret was incubeted
with en aqueous dispersion of bets-crrotene in ethyl laurste.
The spectrum of the nonsasponifistle extract showed & vesk at
328 mu. Wlthout bets~-cesrotene no pesk occurred. Incubetion
of Leta-csrotene with & toluene-water extrect of 2 liver
autolyzete showed the seme spectrel confirmstion of vitsemin A.
The control in which the extrect wes bolled nrior to incubs-
tion showed e spectrum with no peek at the vitemin A sbsorp-
tilon meximur.

Von Euler and Kluesmann (1) =lso cleimed conversion snd
cerotenrse isol=tion from cow liver es ¢1d Perientt =2nd Ralli
(°2) from dog liver.

All three groups cleired conversion of cerotene to vita-
min A with = weter solutle extrect of liver tissue. Other
workers were not sble to verify these results. Res 2nd Trum-
moné (©3) reperted Olecott =nd ¥cCann's experiment tut found
no vitemin A. Drummond and MeclWelter (”4) were uncble to
obtsin conversion with homorenized liver or with liver thet
had sbsorbed intrevenously injected cerotene before removnl
of the organ. Woolf »nd Moore (95) pointed out snslyticnl
complicstions in spectrogreohic, colorimetric, 2nd biologicel
asszys end suggested combinations of #11 these types of
enelyses for more convincing evidence of vitemin A formstion.

In vivo experiments contributed sdditionel evidence thet



the llver is not the site of conversion. Drummond end
MacWelter (©58) injected colloidsl cerotene into the portsl
vein and observed the sppesrence of orsnge cerotene prenules
in the Kupfler cells of the liver btut no vitemin A formetion.
Other workers (27, 28) also obtsined feeble evidence of con-
version with cérotene injected either intrevenously or sub-

cutaneously.
Intestine

The fsct thet only minute emounts of vitemin A were
fofmed from injected cerotene ﬁhile lsrge smounts were formed
from orel doseges of carovene cerused some to doubt the liver
28 the site of conversion. In one study Sexton et 21. (98)
found rets dying of vitemin A deficlency with enough tete-
cerotene deposited in the liver to vrovide =degquste orsl Jdos-
sges to prevent defleclency for o yeer.

Mattson et 21. (22) investigerted the role of the intes-
tine os the possitle converting tissue. Vitemin A deficient
rets were dosed with cerotene dissolved in oll end sescrificed
8t Intervals up to 6 hours after dosing. The livers =nd in-
testines were enalyzed for vitsmin A snd beta-cerotene. The
results showed higher levels of vitamin A in the intestine
then the liver ot first. As the time intervel incressed be-
tween dosage and sscrifice liver levels incressed. Thils sug-

gested vitamin A formetion in the intestine with suksequent
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transfer to the liver. Glover et £l. (30, 31) confirmed these
results.

The most comprehensive vork on the intestine 28 the site
of conversion wes performed by Thompson et 1. (32, 33, 34),
The eppe~rrnce of vitemin A in the wsll of the smell intes-
tine before 2vpecrence in the liver ond blood wrs confirmed.
Vitemin A wes detected in the well of the smell intestine =as
soon s 15 minutes ~fter dosing. The spperrence of vitemin A
in the lymph of the vig =»nd the reot wes detected by ultre-
violet spectronhotometry =nd fluorescence under ultreviolet
irrediation. Vitemrin A in the contents of the smell intes-
tine wes found to te trensferred from the wall after desth.
Sectionel 2nalysls of the smell intestine showed the hipghest
concentretion of vitemin A to be in the middle sections. Most
of the vitemin A formed wes esterified.

Alexender and Goodwin (35) demonstr~ted in rrts conver-
sion of cerotene to vitemin A in intestines eernnuleted with
polyethylene tubing. Mettson (35) confirmed his esrlier re-
sults with ehl #nd Deuel bty vurifying the viterin A in the
non-seponifisble intestinel extract. The vitemin wes sepe-
rated from c=2rotene by pertitioning tetween methyl elcohol
end light petroleum, then further purified by ebsorption
chrometography on magnesiz. The ultraviolet pbsorptionA
spectrum of the fluorescent bend from the magnesie column was

cheracteristic of vitemin A with etsorption meximum et 328 mu.
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These experiments contributed strong evidence thet the
intestine is the site of conversion. Cheng and Deuel (37) end
Thomoson et 81. (38) confirmed the conversion in the intestine
of the chick. Work slso wess verformed to determine whether
conversion teskes plsce in the lumen tefore sbsorntion or in
the well ofter stsorption. The esrly work of Thompson gt el.
(30), which estsblished the intestine =8 the site of conver-
slon, suggested the well 28 the site of conversion. 8S1tbeld
snd Hutcheson (32) reported th-t conversion occurs in the
wall of » ligetured duodensl loocn of the chicken. They »1lso
found th=t continulty of the 2limenterv cenel wes not essen-
tisl for conversion tut that the blood suoply to the duodensl
wall wes essentiel for vitemin A formetion from bete-cerotene.
This sugpests the=t conversion occurs in the intestinel wall.

Greenberg (40) ceme to a different conclusion. Working
with unsteined frozen tissue sections and identifying vitemin
A end cerotene by fluorescence, he found thet vitpmin A wes
first recognizable 5 to 15 minutes =fter a2 cerotene mesl
within the intestinsl lumen Just adjscent to the tips of the
v11li. His dste suggested thrt the conversion is =n extre-
celluler process. MNore evidence is needed to determine

whether conversion 1s effected in the lumen or the well.

Other sites

The lerge number of failures to convert cesrotene to

vitamin A in the liver during the period from 1930 to 1947
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led to the sesrch for other sites of conversion. The studiles
discussed in the previous section, teginring in 1947, estab-
lished conversion in the intestine. However, more recent work
heg indiceted the intestine 1s not the only nossible site of
conversion elthough 1% sppe~rs to te the most importent.

Ag errly s 1946 Tomerelli (41) found that intremuscular
injections of tets-cerotene 2nd elphe-tocovherol dispersed in
Tween 80 were =s effective in curing vitemin A deficiency os
edulvelent emounts of crrotene given orally.

Bieri and Sandmsn (4°) confirmed thet intremusculsrly
injected cerotene relieves vitemin A deficiency in rots el-
though they did not find this route ss effective as orel
edministration. They 21so found thet c~rotene dissolved in
0ils 18 ineffective in relieving vitemin A deficiency but when
dispersed in Tween 40 it becomes effective. Blerl =nd Pollard
(43, 44) demonstrated thet conversion is not dependent on the
smell intestine. In one experiment vitamin A weg formed in
rats with the bile duct ligeted =nd severed before cerotene
wes injected. This prevented the trensport of injected cero-
tene by the bile to the gut. In snother experiment dispersed
injected cerotene wes converted to vitemin A even though the
smell intestine, kidneys oné most of the liver had been re-
moved before injection.

Kon et 21. (45) 21so0 found in rets thet intravenously

injected cerotene dispersed in Tween 40 gave rise to lncressed
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blood end liver levels of vitamin A. Worker (48) found thet
converaion of intrsvenously administered cerotene dispersed
in Tween 40 to vitsmin A was not edversely sffected in hepa-
tectomized-eviscerated rats. In even more drestic terminal
experiments, McGillivrey et 21. (47) reported that the forms-
tion of vitemin A from an aqueous dispersion of carotene ad-
ministered intreavenously wes uneffected by the complete re-
moval of the liver, stomsch, smell intestine, lerge intestine,
pencrees, kidneys, sdrenels, 2nd goneds. Worker (48) found
thet the increasse in blood levels of vitemin A 5 minutes =fter
cerotene injection wes es greet in rats with lunegs removed
28 1in those which were decevnitested #s in controls.

Extreintestinsl conversion hes not been 28 conclusively
observed in other species. Eaton et s1. (42) revorted limited
conversion in deiry calves, while Kon et 21. (45) found 1little
evidence of conversion. KXlostermen et g1. (50) found no in-
cresse in vitemin A in the blood of vitamin A deficient lsmbs
efter intrevenous inj)ection of cesrotene dispersed in Tween 20.
However Church et 21. (51, 5?) found s significent incresse
with sn intrasvenous 1njection of solubilized, equeous cerotene
preparation. Kirschman 2nd MecVieer (53) found thet intrs-
venously administered carotene dispersed in Tween 40 wes con-
verted in l1leectomized sheep.

Hentges et s1. (54) noted o disappesrence of the symptoms

of vitemin A deficiency in pigs when water-miscitle cerotene
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preperations were administered by both intrevenous and intres-
musculer injection. Xon et 8l. (45) obtained conversion in
rabbits and Bieri and Edwarde (55) in chicks by injecting
carotene dispersed in Tween 40. Bonfsnte (56, 57) porposed
that conversion cen occur in the lungs, 2 conclusion drewn
after he demonstreted thet oxen allowed to absorb en aerosol
(water contsining cerotene, 50 mg. per 100 ml) showed 2 de-
crease in blood cerotene content end en incresse in the vita-
min A content of the blood.

-- The observatione cited s2bove strongly suggest that other
orgens besides the smell intestine sre cepeble of trensforming
cerotene into vitemin A, especislly if the cerotene is col-
loldelly dispersed by & surfsce active agent. In most ceses
the conversion by injected routes did not spprosch the effi-
ciency of the oral route. The smell intestine sppesrs to be
the most important site of conversion, but other sltes also

possess the cepecity to convert carotene to vitemin A.
Factors Influencing Conversion

Claims have come from many leborstories thet certein co-
factors have a profound effect on the in vivo effibiency of
the conversion of carotene to vitemin A. The litereture on
this subject was reviewed thoroughly by Lowe and Morton (4).
Only a brief general discussion will be undertsken here. Lowe

and Morton's review should e consulted for o detsiled pre-
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sentstion and originel references.

Vitemin A formstion from cerotene hes teen linked with
the level of certsin hormones (thyroxine, insulin snd sdrenal
hormones), with seversl vitsmins (tocopherols end vitemin Byo),
with phosphete end with antibiotics.

Evidence showing thet thyroxin increesses conversion of
cerotene to vitamin A and that compounds hsving entithyroid
ectivity (such es thiourecil) inhitit conversion is bslesnced
by evidence from other letorstories showing thet these com-
pounds herve no effect on the conversion.

The litereture on insulin effects 2180 suffers from con-
tradictory reports. However, in 1953, Rosenbterg and Sobel
(58) demonstroted thrt vitemin A deficient rets stored four
times #8 much vitemin A, after cesrotene sdministretion by
stomacn tube, o8 similsrly treated deficient r=ts with =2lloxen
disbetes. Dicbetes wes induced by subcutsneous injections of
glloxsn. Diabetic r~ts stored orelly fed vitemin A 2s well
as non-diabetic rets, indiceting voorer sbsorotion of carotene
by the disbetic ret. It wes not proved thet insulin could
reverse thls effect.

Regarding sdrensl hormones, Clesrk snd Colburn (59) have
, demonstrated theat éortisone tresatment impeirs formation of
vitamin A from cerotene snd decreases depletion time for vite-
min A sterved rats.

Most of the vitsmin work on the effect of tocopherol
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level on vitamin A formation has led to the conclusion thet
smell smounts of vitemin E have =a synefgistic effect on vite-
min A formation from cerotene while lsrger smounts heve on
inhibitory effect (60). This work also showed thet tocopher-
ols hsd no effect on cerotenz or vitemin A sbsorption and
that they markedly protected carotene from oxidstive destruc-
tion. Presumably st low levels the tocovrherol role is thet
of an antioxidant thet suppresses non-specific oxidetive
degradation of cerotene but 2t higher levels suppresses the
oxldative process involved in the conversion of cerotene to
vitemin A.

This role is not conclusive, however, since there sre
several non-conforming reports in the litersture. Bieri (61)
found thst when teta-csrotene wass dispersed in acueous Tween
40 and injected into rets dosed with lerge smounts of toco-
pherol no inhibition of conversion occurred. Unless the
enzyme~converting system is different when cerotene is admin-
istered by perenterel routes this finding does not support
eerlier studles.

Teprel (62, 63) hae shown thet slphs-tocopherol snd other
entloxidants with in vivo vitemin E sctivity effectively
inhibit in vitro oxidstion of unsstureted fetty =2cids and .
concurrent oxidetive destruction of vitemin A cetalyzed by
hemetin compounds. ‘

There 1s some evidence that vitamin Byp is involved in
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the conversion of cerotene to vitamin A. The results of
numerous studles es to the role, if sny, of phospheste on con-
veralon ere contradictory end do not encoursge generslization.
Experimentation has indic~ted thet severel sntibiotics, in-
cluding sureomycin end chlortetrecycline, enhance conversion.
This esres of investigetion 1s reported in deteil in the review

by Lowe end Morton (4).

In vitro Converelon Studies

The work reviewed in this section wss verformed in order
to find s blochemicsl system of known components capeble of
converting csrotene to vitemin A. The in vitro work wes ner-
formed with intestinel tissue end began rsbout the time, 1947,
the intestine wes shown to bte the nrimsry site of conversion.
Egrlier in vitro studies with liver tissue carried out when
the liver wes belleved to be the site of conversion were dis-
cussed ebove in the section on liver.

Corcurrent with the report esteblishing the smell intes-
tine es the site of conversion, Deuel's group presented evi-
dence for 1in vitro conversion in the emall intestine of vitas-
min A depleted rats (64).

The animals were stomach tubed with one ml of caro-

tene solution and secrificed immedistely. The cero-

tene concentration was 310'pg/m1 snd the s%lution

was stebilized with "Tween" containing 0.5% of

. glphe~tocopherol.

The cerotene wes immedistely washed from the
stomech into the intestine with Ringer-Locke
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solution end the intestine removed after ligstion

at the pylorus snd ileocaecsl valves. The intes-

tines were incubsted in Ringer-Locke sglution under

aneerobic conditions for 3 hours at 37°C; they were

then removed from the basth, the contents flushed

out with 0.9% saline snd the washings diacerded.

The intestinal wall wes saponified, extracted end

the vitemin A determined by the Carr-Price resction.

(64, p. 76)

The results of 18 such experiments showed vitemin A for-
metion in every case snd sn aversge of 8.7 I.U. (2.6 ug) per
intestine. The controls showed 4 to 6 I.U. of vitemin A per
intestine. However, these did not show the color cheracter-
istic of vitemin A but were smber snd did not fade on stend-
ing.

Glover et al. (31) in 1948 elso attempted in vitro con-
version with intestine. They used beta-cerotene in peenut oil
and lecithin rather than tocopherol. The gnslysis for vitemin
A wags both by the Carr-Price test modifled for cesrotene con-
tritution end bty taking ultre violet sbsorption spectrum cor-
rected by the Morton Stubbs method (65, 66). No vitemin A
formetion was detected. However, 5 hours were ellowed to
pess between dosing end sscrifice, verheps time enough for
most of the carotene to pass out of the gut wall. Also the
animals were sneasthetized before the intestines were removed.

Stellcup end Hermen (67) in 1950 reported in vitro con-
version of Tween 80 dispersed carotene to vitemin A with whole

sections of small intestine end slso with minced liver. The

method of snelysis was the Cesrr-Price reaction.
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The following yeer McGillivray (68) obtained evidence of
conversion with excised, llgested sections of sheep intestine.
In six experiments en aversge of 7.2 ug of vitamin A was found
in the controls end 18.8 pg in the test sections incubated
with beta-carotene dispersed in aqueous Tween 80. After incu-
batlion, the intestines were flushed, saponified and extrscted
with petroleum ether. The non-sanonifiasble extract was
chromstogrephed on a magnesia-Hyflo-Supercel column. Vitemin
A was measured by two methods. Activeted glycerol dichloro-
hydrin wes used (62) snd the abéorption spectrum was taken.

As in meny of the earlier studies on the conversion prob-
lem, confirmetion was not forthcoming. KXon snd Thompson (2)
in their 1951 review mentioned briefly thst they were unsble
to effect conversion by perfusion of surviving ret intestine.
A paper from India (70) the seme yesr reported feilure to

demonstrate the in vitro conversion of cerotene by ret intes-

tine. In 1953, Rosenberg end Sotel (71) revested the work of
Wiese et gl. (64) but obteined no evidence of conversion.
Instead of the characteristic blue, & brownish color wes ob-
tained with antimony trichloride end greenish-yellow insteed
of the magenta color with activated glycerol dichlorohydrin.
In 8 cereful study in 1953, Bieri and Pollsrd (72) found
llttle or no vitemin A formestion. In the menner of previous
investligatlions they incubated Tween-dispersed carotene various

lengths of time in rabbit, ret and celf smell intestine.



20 :

After saponification and extraction, removal of sterols, and
chromatography on alumine, vitemin A estimstion was made by
three different procedures; the Carr-Price test, activated
glycerol dichlorohydrin, and the absorption spectrum. These
workers claim thset 1 pg of vitemin A cen be.identified by
this scheme but in eight experiments with ret intestine only
one 1nd1céted vitemin A formetion, 1.4 pg. In seversl ex-
periments a flsttened absorption maximum appesred st the vite-
min A meximum (3°8 mp) but the color tests were negative.
Results slso indicated no vitemin A formstion with retbit and
calf small intestine. Homogenastes of liver tissue to which
was added pyruvate, coenzyme I, ATP, liver and psncreatin
tlssue, pancreative bile salts, and blood also felled to con-
vert cerotene to vitamin A.

However, snother report in 1953 indicsted vitamin A
formation. Rosenberg snd Sobel (71), after belng unsble to
confirm the results of Wiese et al. (64), found vitemin A
formetion by a different method of snelysis. The experimental
procedure of Wiese et al. was used except that vitamin A wss
analyzed by the destructive irradistion method that Bessey
et al. (73) had employed for serum vitamin A snslysis. Re-
sults obtained with 10 rat intestines shéwed a mean'v;tamin
A formstion of 4.4 pg compered with 2,6 pg in the experi-
ments by Wiese et al.

In 1957, Rogers (74) provided evidence thst the photo-
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sensitive material that led Rosenberg and Sobel to revort
vitemin A formetion was not vitemin A but & pseudc vitemin A
occurring in the intestines of vitemin A deficient rets. This
unidentified meteriel wes distinguished from vitemin A by
peper chrometogrephy. Rogers found no evidence of vitemin A
formetion in en extenslive lnvestigetion of fractions of
homogenized ret intestines lncubeted with cerotene dispersed
in synthetic detergents end bile selts in the presence of e
numter of additives tested as potentisl cofactors.

Evidence for conversion ves egsin presented from a
Canedian leborstory (75) in 1959. Smell but definite emounts
of vitemin A formetion were detected when eaueous Tween 60
dispersions of cerotene were incubtsted in chick duodenum end
with chick liver homogenste. The emount of conversion evpesr-
ed to be proportionsl to the amount of provitamin sdded.
About 1 percent 6f the cerotene was sccounted for es vitsmin
A. Slightly superior efficiency of conversion wes observed
with the liver homogenste. The Cerr-Price test wass usged to
identify vitamin A snd these workers heve exnressed some con-
cern that contamination by cerotene vigments could heve con-
trituted to the vitamin A levels found.

In 1960, Olson (76) provided evidence that sodium glyco-
cholete 18 required in the intestinel conversion of bete-
carotene to vitsmin A. His method of anélysis made use of

redioactive beta-cerotene. Ragdioecctive vitemin A wes iden-
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tified by chrometogrsphic cheracterizstion on alumins., Vite-
min A was charscterized first ss the ester end then es the
alcohol, aldehyde, and semlcerbeazone.

Olson hed previously cleimed (77) e bile requirement when
he found that weshed ligeted intestinsl loops converted cero-
tene to vitsmin A only when the bile duct wes not ligsted.
When bile selts were added instesd of netural bile, sodium
glycocholete was found to.be eg effective 88 naturel bile
and sodlum cholate about 30% as effective. Sodium oleste,
sodium deoxycholsate, cephalin'and Tween 20 were ineffective.

As in other cleims of conversion the emount of vitemin
A formed wes small, less than one pg. However, in this cese
small doses of bete-carotene (10 pg in the vresence of sodium
glycocholzte) were used so that better then 5% conversion wes
ocserved in ligeted intestinel loops and 2.5% with intestinsl
slices. It was not demonstrasted thst this conversion effi-
ciency would hold ot higher dosege levels. Olgon suggests
that glycocholate, and perhsps other bile sslts, are specif-
lcslly required for the conversion of bets-cerotene to vitesmin

A in the intestine.
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MATERIALS AND METHODS

The chemicals that were required during the course of
this investigetion' of the conversion of beta-cerotene to
vitemin A sre listed below:

Crystalline bets-carotene (Nutritionel Ricchemicals
Corp., Clevelend, Ohio). All trens-crystalline bete-cerotene
wes employed »s the vitamin A precursor. Oxidized degredstory
products thet esccumulasted during storege were removed bty
chromatogrephy on elumine in the presence of gemms tocopherol
(78).

Dispersible beta-carotene (courtesy of Hoffmenn-Le Roche

Inc., Nutley, N. J.). Dispersitle bete-cerotene vrovided s
weter solutle precursor without the dissdvanteges of e non-
phyeiologicel dispersing agent.

Crystalline vitamin A (Nutritionel Biochemicels Corp.,
Cleveland, Chio). Vitsmin A wes required to develop o
feeslble gnalyticel process end to messure the level of vits-
min A thet could be detected under experimentsl conditions.

Tocopherols (Nutritionel Biochemical Corp., Cleveland,
Ohio). Alphs and gemme tocovherol were used to protect cero-
tene from non-speciflic oxidetion during incubetion end
chromatography (78).

Tweéns (Atlas Powder Co., Wilmington, Dela.), Tweens
(20, 40, 2nd 80), which heve vaerying degrees of hydrovhilic-

1ty, were utllized 28 2 mesns of colloldslly dispersing caro-
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tene 1n an aqueous medium.

Bile salts (Bacto-Bile Salts, Difco Co., Detroit, Mich-
igan). A mixture of bile sslts was used as & dispersing agent.

Soybeen oil was used as a carotene solubilizing agent.

Skellysolve A was purified by passing through an alco-
lated silica gel column.

Skellysolve B was purified by shsking repestedly with
concentrated sulfuric acid, washing with water and drying with
sodium sulfate followed by distillation. 8Skellysolve B used
in later experiments wes purified by passing through an alco-
lated silica gel column.

Cyclohexane (Distillation Products Industries, Rochester
3, N. Y.)

Kerosene (Fisher Scientific Co., St. Louis, Mo.). Kero-
sene with no appreciable sbsorption above 300 mp was required.
Xylene (J. T. Baker Chem. Co., Phillipsburg, N. J.).

Chloroform (Mallinckrodt Chemical Works, St. Louis, Mo.).
Chloroform was used in the Carr-Price test.

Ieopropanol (Distillstion Products Industries, Rochester
3, N, Y.).

Ethanol, 95% was purified by distillation over KOH.

Hydrogen peroxide (J. T. Bgker Chem. Co., Phillipsburg,
N. J.).

Ringer-Locke solution contained the following percentages

of salts (w/v): NaCl 0.7%, KC1 0.03%, CaCl, 0.026%, NaHCO3
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0.003%.

Vitemin A test dilet (Nutritionsl Biochemicels Corp.,
Cleveland, Ohio).

Alumine (Malllnckrodt Chemicel Works, St. Louis, Mo.).
Brockmen No. 1 slumines wes mixed with water to obteln the de-
sired ectivity.

Silice pel (courtesy of Davidson Chemicel Co., Bsltimore,
Ma.). A commercially activeted dessicent 28 tn 200 mesh wss

most satisfectory.
fethods

Depletion of the rets

In 211 the eerly experiments the animals were meintained
on s Nutrition Biochemicals Vitemin A Test Diet until pro-
nounced signs of deficiency svpecsred, e.g. loss of weight and
keratinization of eplthelisl cells of skin end eyes. This
required from 3 weeks to 3 months demending on the vitemin A
potency of the vre-exverimental diet end the ege of the ret
when placed on the deficient diet. Male rets were used in
21l ceses. Leter it was observed thst no vitemin A could be
detected in the intestine after severasl days on the test diet
although liver end blood supplies were still high. Some
anlmals were then meintained on the deficiency diet for es

short 2 period 28 1 week before secrifice.
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Sgorifice of animels end tissue prepsration

Because of the inhibitory effect of snsesthetics on
enzyme systeme (33) the snimels were sacrificed by 2 sherp
blow et the base of the skull followed by decapitstion. The
peritoneel cavity was opened s guickly as possible end the
small intestine was bethed in Ringer-Locke's solution while
being stripped of lymphestic tissue. The trsct wes tied off,
then exclsed a2t the posterior end neer the ceecum. The enter-
lor end wes cut st the pyloric svhincter. After syringel
injection of the sample the anterior end wes tled off.

Several methods were used to prepare homogenstes. Some
homogenates were prepared by grinding the intestine submerged
in Ringer-Locke's solution in a Potter-Elvehjem tissue homo-
genizer. The tube was submerged in 2n ice beth to dissipste
heet generated by friction. Nevertheless by this method con-
slderable heat was genereted where the tissue was crushed
between the wegll of the tube end the rotating plunger. Heat
denaturstion during grinding wes minimized by first freezing
with lioguid nitrogen then crushing the brittle intestine in
a mortar. Another method of homogenizing was verformed with
a Serval omni-mixer. This cutting procedure.oroduced less
heat and required less time than the use of the Potter-Elveh-

Jem tissue homogenizer.
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Prepsration of the beta-carotene substrate

In a number of experiments snion detergents (Tweens) were
used as dispersing sgents. Concentrstions were veried from
0.01% to 10%. The higher concentrations heve the sdvantage
of dispersing lesrger amounts of casrotene and the lower con-
centrations minimize the emulsion formed during extraction and
the amount of.contaminant which interferes with spectrophoto-
metric e2nd colorimetric enszlyses. The maintenesnce of 2 low
Tween level elso sefeguards the possibility of conversion in
cese this non-physioIOgical‘compound disturbs metsbolic
procesges. In other experiments a mixture of bile sslts
wes used as the dispersing agent.

In some experiments cesrotene solubllized in soybean oil
and partislly emulsified with squeous Tween wes used. The oil
emulsion did not hold more then e few minutes without shaking
except in the reglon of the interfece between oll and squeous
Tween.

Tocopherol waes the only antioxident employed. In vive
studles (72) established s grester conversion of carotene
to vitamin A when sdministered in conj)unction with vitemin E
than when the carotene was administered without antioxident
protection. Gamma-tocopherol was used instead of aglpha-
tchpherol when csrotene was purified on an elumine column
because of the report of Lambertsen and Breekken (78). Both

cerotene and tocopherol were dissolved in e volatlle organic
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solvent, usually ethyl ether, snd sdded to the Ringer-Locke
solution conteining the dispersing sgent. The ether wes
evaporsted in a stresm of nitrogen st 40-50°C,

Several other sdditives were tried in hopes of promoting
the conversion. Sinece one mechenism of conversion hss been
hypothesized to be peroxidetive and since seversl chemicsl
systems have been devised thet convert beta-cerotene into
vitamin A sldehyde by oxidetion with hydrogen peroxide in the
presence of an inorgenic catalyst, one experiment wes devoted
to testing the effect of various levels of hydrogen peroxide
on the in vitro system. Glucose was included in some experi-
ments ess an energy source and in one experiment vhosphste
buffers, pH 6.0-7.5 were substituted for Ringer-Locke's solu-

tion.
Incubation

The incubetion of the cerotene dispersion in the ligated
exclsed lntestine or with ground homogenates or tissue slices
was carried out in s water beth at constsnt tempverature. Most
incubrtions were run st 37°C. Severel were conducted st 40°C
and several at 4500. Incubetion times were vsried from 2 few
minutes up to 2 hours. The esrlier experiments were conducted
under nltrogen simulating aneseroble conditions in the lumen
of the small intestine. Leater experiments were conducted in

an alr atmosphere or under oxygen with whole intestine to
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prolong metsbolism in the tissue and to approximete conditions
in the wall of the intestine rether than in the lumen. The
incubation of whole intestine was performed in Ringer-Locke
solution and the major part of homogenates in Ringer-Locke

solution with dispersing egent, carotene and other addlitives.

Saponificetion

Due to the presence of intestinesl fstty materiel snd to
the chsrzcter of the dispersing agent, extraction with a non-
polar solvent was not fessible without saponificetion becsuse
of the formetion of stsble emulsions. Several experiments
were performed without ssgponificstion but the loss csused by
incomplete sepersation in the extrsction, due to emulsion,
end the mesking of SpectrOphofometric and colorimetric tech-
niqués by the preponderance of lipid meteriel precluded the
omission of the saponification step. Saponification in the
deep freeze and =t room tempereture proved insufficient to
overcome the same difficulties. It wes necessary to reflux
in 90% ethanol in the presence of bese for one half hour to

ottain a fairly clean emulsion-free sepsration.

Purificstion

The saponificste was diluted by e fector of two with
weter and extrscted with a non-polar solvent, usually Skelly-

solve A or B. The non-sasponifisble meterisls, including
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carotene and vitsmin A, sre contsined in the non-squeous frac-
tion. The ‘non-ssponifiastle extract was then washed with 50%
ethanol followed by second washes with water. Verious mesns,
depending on the method of enalysis, were used to further
purify vitemin A. Anelysis by destructive irredistion wes
performed without further purification.

The descending peper chromatogrevhic method developed
by Keiser snd Kagen (80) effectively seperrtes cerotene from
vitemin A. The originsl procedure wes modified by using en
opaque tenk flushed with nitrogen so thet development pro-
ceeded in the derk in the absence of 2ir. This system uses
Munktell 20 filter paper. The solvent, isopropsnol-water
(1:1), moves vitamin A at the solvent front while cerotene
remeins =t the origin.

Copillery columns of aluminz of verying degrees of sctiv-
1ty were tested also for caprclty to sepsrate bete-cerotene
end vitemin A. A silice gel column with sbsorbed methsanol es
the stationsry phsse end Skellysolve A 28 the moving phese
(81), which had proved successful in sepsrating crrotenes
from xanthophylie, wes tested es & mesns of sepesrating the

hydrocerbon, beta-cerotene, from the mono-2lecohol, vitemin A.

Analysis

Sensitive methods for the identificetion and mersurement

of vitemin A have been developed. The ultresviolet spectrum
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sbsorption meximum 18 at 325 mp in hexane with a moler extine-
tion coefficlent of 52,000. Spectrsl curves were messured in
the region of the wavelength of meximum sbsorptlon, but the
presence of impurlties absorbing in this region limited spec-
trel evidence to & aqualitestive interpretation.

In order to eliminete the spectrsl contribution of im-
purlties g destructive irradistion method wes tested. The
procedure developed by Bessey end Lowry (73) for blood
analyses wgs followed. This method is btesed on the fect that
vitamin A 1s rapidly snd completely destroyed by ultraviolet
light. The sssumption is msde thst other compounds present
are not spectrally sltered by the irredietion treetment. Thus
the difference obteined by subtracting the absorption resding
et 328 mp after irrsdietion from the resding before irrasdis-
tion will serve es a messure for vitemin A. »

In this procedure the non-saponifiebtle frection is tsken
to dryness and redissolved in s 1l:1 mixture of kerosene-
xylene. The kerosene must be defiecient in highly unsatursted
hydrocarbons so thet ebsorption by the solvent above 300 mu
does not interfere with the determinstion. The spectrum 1is
taken in quartz microcells (2.5x10x25mm) using & disphrem
with a 1.2 mm aperture inserted in the Beckmen model DU
spectrophotometer. The solution is then placed in cqusrtz
tubes, internal dismeter ? mm, snd irrediested with 2 Generel

Electric B-H4 mercury discharge lsmp. Fan cooling is orovided
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durlng irradietion. The spectrum 1s tsken pgcaln after irrs-
diation end the difference spectrum celculeted. The differ-
ence spectrum over the 300 to 400 mp region gives s vitemin A
curve 1ln the sbsence of interfering impurities.

The Carr-Price resgent wes used for meny of the quenti-
tative determinations 28 well 28 for quslitetive identifics-
tion on paper. The distinctive blue complex formed by the
resction of vitemin A with sntimony trichloride in chloroform
hes en sbsorption pesk at 617 m1 with an extinction coeffi-
cient of 145,000. However, this reesgent rescts with bets-
carotene end other cerotenoids to form complexes which heve
‘ebsorption mexlma in and nesr the blue reglon but with
smaller extinction coefficlents. The transient existence of
the tlue complex end the corroslve end dellquescent properties
of antimony trichlorlde make. this resgent = difficult one with
which to work. However, the sensitivity and specificity of
this reagent heve dlsposed chemists to place more reliesnce
on results achieved with sntimony trichloride then other
colorimetric methods of determinetion.

In these experiments concentrations were calculsted from
stendard curves prepsred for vitemin A end bete-cerotene.
Semples were dlssolved in 1 ml of chloroform end € ml of
entimony trichloride in chloroform (1 1lb. SbClz in 1500 ml
of CHClz) were dispensed from e rspid delivery pipette into

a tube in & Coleman Junior Spectrophotometer. Resdings were
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teken 7 seconds sfter commencement of delivery ot o wavelength

setting of 670 mu.
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EXPERIMENTAL AND RESULTS

The experiments described herein are arranged sccording
to the method of snalysis used. Tﬂis srrangement corresponds
closely with the chronology of the work. The esrly experi-
ments were enalyzed by the destructive irrsdlistion ﬁethod
(73). Because the concentrstion of the dispersing agent wes
considered importent, e study wes then mede correleting bete-
cerotene dispersibility with Tween concentretion. Exveriments
were subsequently performed using a psper chrometogrevhic
sepsration procedure. This method wes later esbendoned in
favor of 2 column seperestion technigue.

Except for the study releting Tween concentretion to
carotene dispersibility, sll the experiments described in
this section desl with testing snalyticel methods used for
conversion experiments snd sctusl experiments on the in vitro
converslion of bets-carotene to vitemin A.

Rets of the Wister strein were used for the experiments
analyzed by the destructive irradistion method, whereas rets
of the Sprague-Dswley strein were employed for the remeining
experiments. The animsls used were in en extreme stete of
vitesmin A deficlency except in the column chrometogrsovhic
experiments where rets were sacrificed while in 2 mild defi-
clency stete induced by 2t lesst 7 dsys on 2 vitemin A defi-

clent dlet.
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Analysis by Destructive Irrsdistion

Preliminery étudies

The first analyses for vitemin A formstion by intestinal
action on beta-cerotene were cerried out by the destructiﬁe
irrediation method (73). Before intensive studles were
initisted it was necessary thet informetion te obteined on
the effects of irradlestion on vitemin A gnd bete-cerotene.
For best results the sbsorption of vitemin A in the 3°0 to
390 mp region should te completely destroyed by irrsdietion.
Bets-cerotene, which would be vresent in comperetively large
emounts, should undergo no irredistion-induced sbsorvtion
chenge through this region.

Sepsrste solutions of vitemin A end tets-crrotene in 1:1
kerosene-xylene were prepareé. A 1:1 mixture of the vitemin
A solution end the bets-crrotene solution also wes vrepsred.
The concentretion of the vitemin A solution wes 4.2 ne ver
ml; the bets-cerotene solution, 4.5 ng per ml. The concen-
tratlons were helved in the mixture. Absorbancles were
measured with the Beckmen Model DU Spectrophotometer with
diaphrem inserted. Mesasurements were mede on the solutions
in quartz microcells before and sfter irradietion in cepillsary
quertz tubes. Absorbsncies were messured from sliquots of
these solutions 2%t 330 mu for 81l eliquots and et 4<0 mp for

aliquots which contalned bets-cerotene. The deta sre listed
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" Teble 1. Effect of time of irrsdiation on gbsorbency of
solutions of vitemin A, bets-carotene #snd =
mixture conteining both

Vitemin A =2nd

Time Vitamin A bets-csrotene Beta-coarotene
(min.) 330 mp 330 mp 460 mp 330 mp 460 mp
0 0.656 0.361 0.486 0.081 0.9892

5 0.963
10 0.133
20 0.036 0.071 0.°206 0.086 0.510
35 0.021 0.05% 0.110 0.088 0.355
50 . 0.010 0.07° 0.081 0.078 0.25%7
in Table 1.

The ebsorption of vitemin A wes reduced 2lmost 95% sfter
20 minutes of lrrsdiestion while only a very smell chenge was
observed in etsorption by cerotene st the seme wevelength.
Measurements st the cerotene absorption masximum showed thet
cerotene destruction wes considerable, plthough not es com-
plete as vitsmin A destruction.

The spectfum was tsken for sliquots of esch of the three
originel solutions over the renge of 320 to 480 mp. Aliauots
then were irradiated for periods of 20, 35, snd 50 minutes.
Figure 1 shows the difference spectrs of the three solutions

after 50 minutes of irrsdlstion slong with the pre-irredistion



Figure 1. Absorption spectrum of vitemin A and the differ-
ence spectrs (post-irrsdistion spectrum subtracted
from pre-irrediation spectrum) of vitemin A snd
beta-cerotene in 1:1 kerosene-xylene

?re-irrediption spectrum of vitemin A

4.2 pg per ml)

------ difference spectrum of vitemin A
(4.2 pg per ml)

ceeens difference spectrum of beta-cerotene
(4.5 png per ml)

-.-.-. difference spectrum of mixture of
vitamin A (2.1 pg per ml) end
bets-carotene (2.2 ng per ml)
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spectrum of vitemin A.

The difference spectrum of vitemin A is almost super-
imposetle on the specfrum of vitemin A. Also, the difference
spectrum of @ solution contsining toth vitamin A snd bete-
cerotene is almost identicegl with the vitemin A spectrum in
the 320 to 380 mp range, especlslly from 3°0 to 360 mp. The
resemtlsnce decreeses from 360 to 380 mp 28 the beta-cerotene
difference spectrum becomes significsnt and modifies the
decline of the difference spectrum of the mixture. Thus the
vitemin A difference spectrum i1s 2lmost identical with the
gbsorption spectrum of vitsmin A over the renge of 320 to 360
mp when vitesmin A 1s subjected to irrediation in the presence

of bete-cerotene.

Conversion studies on non-deficient intestinsl tissue

In order to sscertain whether or not normel intestinal
levels of vitemin A cen be detected by this method, en assay
was conducted on non-deficient rets. The ret intestines were
carried through the procedure to te used for cerotene to
vitemin A conversion studies in deficient rats.

Three young (6 weeks 01d) réts of the Wieter strain were
sterved overnight, sacrificed by & blow on the heed, snd then
decepitated. Arfter excision the smell intestines of rets 1
and 2 were injected with 0.5 ml of 5% Tween 80 contsining

250 pg of glphs-tocopherol. The intestine of ret 3 wes
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injected with 0.5 ml of a 5% Tween 80 solution which contained
2580 pg of alphs-tocopherol and 150 pg of beta-carotene. The
latter was employed to sscertein whether the assay would pro-
ceed as well in the presence of & substantisl smount of bets-
carotene and to see Af a higher level of vitemin A could be
observed. The intestines were tied off and incubested ? hours
in Ringer-locke solution st 45°C (71) in a water bath.

The contents were rinsed out with 20 ml of 0.9% NaCl
end the intestines refluxed for 15 minutes with 1 ml of 50%
aqueous KOH in 9 ml of sbsolute ethanol. An equsl volume of
water wss added and the saponificste extrascted with Skelly-
solve A. The petroleum ether fraction wes evaporsted to dry-
ness on s water beth st 40°C under nitrogen and redissolved
in 2 ml of a 1:1 mixture of kerosene-xylene. Absorbsncies
were measured before and ofter irrsdistion for 35 minutes

covering the range from 320 to 390 mp.
1%

lem
the smounts of vitamin A in the intestines incubsted without

Using 1570 as E for vitemin A in kerosene-xylene (71),
added cerotene were 9.2 and 2.6 pg, respectively, while the
amount in the intestine incubated with carotene was 4.6 pe-
Obviously these dzta do not present evidence of conversion of
beta-cezrotene to vitamin A. BSince these rats were on & non-
deficlent diet, the cerotene intske during the period preced-
ing sacrlifice may possibly sccount for the dispsrity in levels
of vitemin A found.
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The shapes of the difference spectra from 320 to 390 mp
sre reasonsble facsimiles (Figure ?) of the vitamin A spectrum
obteined on extracts from intestlnes to which no cerotene was
added. However, the difference spectrum resulting when an
intestine was incubated with bets~cerotene showed a brosd pesk
extending from 330 to 340 mu. Irredistions for 20 snd 50
minutes of sliquots from this intestinsl extract showed the
seme troad peek. Zechmeister and Polger (82) have shown that

prolonged hesting cesuses ¢is inversion of all-trans bete-

carotene sccompanled by the sppesrance of o cis peak at 340
mp. Bieri (83) demonstrsted that the cls pesk is vertislly
destroyed by irradiation. Thus, cerotene isomerizastion dur-
ing ssponificstion (refluxing) could give & fslse estimstion
of vitemin A by contributing to the difference spectrum at
330 my .

The results of these tests mede 1t evident that unambigu-
ous identificetion of small amounts of vitamin A formed
in yitro must be made with vitamin A deficient snimsls, with
tlank runs exhibiting st lezst a uniform reproducible differ-
ence spectrum or prefersbly no difference spectrum ot all.
Also, saponification at reflux temmerature, 80°C, should be

avolded because of possible csrotene isomerization.



Flgure 2. Difference spectres of extrects of rest smell
intestlne

1 2nd 3 - Extrect of intestine not deficient
in vitemin A

© - Extrect of intestine not deficlent in
vitemin A incubeted with 150 pg
of beta-cerotene
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Conversion Studles on Vitamin A Deficlent
Intestinal Tissue

Whole intestine

Dispersion of carotene in Tween An experiment to

study conversion of bets-carotene to vitemin A in deficient
animals was performed. Four weanling rstes (5 weeks o0ld) of
the Wister strain were pleced on the vitsmin A test diet end
meintained on this diet for 4 weeks. At the end of this time
merked deficliency symptoms had developed. The snimals were
sacrificéd and the same procedure was followed 28 with the
non-deficient rets. Two of the intestines were injected with
carotene and two were not. After incubation, ssponification
was conducted over-night at room tempersture. Irradiation
of the extracts was for 40 minutes. The difference spectre
are shown in Figure 3. The intestines devoid of csrotene
were lableled By and B, and those with carotene Cj snd C,.
One of the cerotene-supplied intestines, Co, exhibited
e difference spectrum closely approximating:the spectrum of
vitamin A over the renge messured esnd indicasting the formstion
of 3.3 pg of vitamin A. The other cerotene-supplied intes-
tine, C;, devisted in the 3°0 to 3°5 mu region by & con-
tinuous, though modifled, rise in sbsorbsncy ss the wave-
length decreased. Inspection of the spectrum of one of the

carotene-~free 1ntest1neé, By, shows the szme type of spectrum



Figure 3. Difference spectra of extracts of smell
intestines from vitamin A deficlient rats

C, and Cp - Incubeted with 150 ng of bets-carotene
By end Bo - Controls incubsted without cesrotene



ABSORBANCY

o)
320

46

|
‘ 360
WAVELENGTH

(m }l)

|
400



47

in this region ss carotene supplied intestine, C,. The other
intestine thet was not supplied with csrotene, By, exhibited
2 non-interfering spectrum with almost no absorptigh in the
critical range, 3°0 to 340 mu, and very low level absorption
from 340 to 400 mu.

It 1s apparent from results with the control, Bs, that
some llght sensitive materisl obscured vitsmin A and could be
misteken for vitemin A, since photo destruction of this mate-
rial occurred in the region of the vitamin A pesk 2nd s dif-
ference spectrum which was 1denticel to thest of vitemin A
except in the 320 to 330 mu reglon wes obtszined. Succeeding
tests slso showed 8 spectrum sirller to that observed with Bs
in most cases. Irrasdiation studies on solutions of verious
Tweens and tocopherol showed no chenge in light sbsorption

above 320 mp.

Use of Water-Dispersible Carotene

In order to obvliate the extrsctlion difficulties and the
non-physliologicel nature of & Tween system, en experiment wss
performed using e commerclally prepared water dispersible
beta-carotene. This experiment was performed with whole in-
testine and with ground homogenates.

Iﬁ the experiment with whole intestine, 0.40 g of water-
dispersible beta-cerotene, which was 2.4% bets-carotene (9.6

mg beta-carotene), wes suspended in 10 ml of Ringer-Locke
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solution 2nd injected into a2 freshly excised intestine of s

vitemin A deficient ret. Incubetion snd extraction were per-
formed #s8 described previously with non-deficlent animels.

The destructive irrsdistion method wes used for vitemin A
analysis. The experiment wss performed with two enimsls with
8lmost identicel results. An incresse of irradiation time

from °0 to 40 minutes altered only the megnitude of the differ-
ence spectrum. The shape remesined the seme. An intestine,
into which no weter~dlispersitle cerotene wass injected, served
as e control.

The difference spectrum of 2 ssmple end the control is
shown in Figure 4. A minimum in the curve svpeered where the
meximum for vitemin A occurs. The rise bevond 330 mp 1s cher-
acteristic of the cls peesk for beta-cerotene. The rise below
5330 mp is cheracteristic of the substance thet sppears in
deficlent rst Ilntestine giving e ferlse estimstion of vitamin
A except for the fact thet there wes no leveling in the 3°0-
325 mp region. The shespe of the curve snd the megnitude et
330 mp discounts the formstion of vitamin A, -

Homogenste preparstions in Ringer-Locke solution and
phésphete buffer at pvHs 6.5, 7.0, end 7.5 2lso showed no
vitamin A formetion from the weter-dispersible bete-cerotene.
The water-dispersitle bets-cerotene wes not used =8 a viteamin
A precursor in further studies with the destructive irredis-

tion method.



Figure 4. Difference spectrs of extracts of vitemin A
deficient rat smell intestine incubeted with
water-dispersible beta-cerotene

sample - Incubsted with 9.6 mg of beta-cerotene
control - Incubated without beta-carotene
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The only results which suggested vitemin A formstion from
bete-cerotene were obtelned with Tween-dispersed bets-cerotene
in excised whole intestine. These results were not clear-cut
since a number of vitamin A deficient intestines in the sb-
sence of beta-cAarotene showed on irredistion s difference

spectrum similer to that of vitemin A.

Homogensates

In studies with homogenate of rat intestine the differ-
ence spectrum erising from components other thsn vitemin A
could be cancelled ty & control, while the veriable results
achieved with whole intestine controls did not efford o reli-
gble tlank determinstion. Also, since conversion of betse-
cerotene to vitemin A by homogenestes is 2 step in the direc-
tion of enzyme ourificeflon and mechenism study, en experiment
wes designed to sttempt conversion of Tween-dispersed bets-
cerotene to vitemin A with homogenate of rat 1nteét1ne.

The smell intestines of two vitemin A deficlent rots were
exclsed, rinsed with an injection of 15 ml of Ringer-Locke
solution and homogenized in 8 Potter-Elvehjem homogenizer.

A suspension of 0.0330 g of beta-carotene in 100 ml of 10%
Tween 80 in Ringer-Locke solution wes prepsred along with
0.1 M phosphate buffers of pH 5.5, 7.0, end 7.5 Six Warburg
flesks containing materials described in Teble 2 were incu-

beted for 2 hours st 37°C in g weter bsth with continuous



Table 2. Contente of flasks incubsted in conversion studies with intestinsl

homogenates
Intestinal Beta-cerotene 10% Ringer- 0.1 ¥ phosvhate
p homogenate suspension® Tween 80 Locke buffers (ml)
Flask (ml) ml) (m1) (m1) pH 6.5 pH 7.0 oH 7.5
1 2 5 5
2 ? 5 5
3 2 5 5
4 2 5 5
5 9 5 5
6 5 5

8Tn 10% Tween 80.

PSma1l amounts, 5 to 10 mg, of glpha-tocopherol were added to each of the
flasks.

s
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shaking and exposure to air.

After incubation the samples were ssponified in the
refrigerator for 3 deys with 1 ml of 55% KOH and © ml of
ethanol. The samples were then extracted with Skellysolve A.
Formstion of emulsions made the extraction difficult. The
Skellysolve A extracts weré evaporated to dryness and taken
up in seversl ml of kerosene-xylene 1l:1. The spectra were
measured from 3°0 to 480 mpu.

Figure 5 shows the pre-irradistion spectrum and the
difference spectrum of the extract from flesk 2 incubsted
with pH 6.5 phosphate buffer. The difference spectrs of sll
the other samples were similar to the one depicted. All were
relstively flat throughout the 320 to 380 mp region. The
rise in the pre-irredistion spectrum as the wavelength de-
creased was due to meterlel extracted from the homogenate.
All semples showed this rise except thet from flask 6 which
contained no homogenate. The flet difference spectrum rules
out vitemin A formation since the Eifﬁ for oure vitamin A in-
creazges from almost zero at 380 mp to 1570 at 328 mu.

These anslyses have failed to demonstrate conversion of
beta-carotene into vitamin A with homogenstes; earlier studies
showved very limited conversion with whole intestine. Becsuse
of the variability of controls snd the formetion of s compound
in deficient rat intestine with o spectrum slmost i1denticsl
to the spectrum of vitemin A, the spplicability of the



Figure 5. Pre-irrsdiastion spectrum (curve 1) and difference
spectrum (curve ?) of esn extrect from vitemin A
deflclent ret smsll intestinsl homogenate
incubeted with beta-cerotene et pH 6.5



ABSORBANCY

0.6

55

|

320

380
WAVELENGTH

|
440

(m).l)

480



56

destructive lrradistion method seems to be of doubtful velue
for demonstrating vitamin A formestion from bets-cerotene by

exclsed ret intestine.
Effect of Tween Concentration on Dispersion of Carotene

The problém of supnlying o water-insoluble substrate in
utilizeble form 1In an squeous medium confronts the experi-
mentor where cerotene 1s the metebolite. It was found thsat
carotene disperses in smaller perticles when dilssolved first
in s volatile orgsnic solvent followed by mixing with the dis-
persing agent and voletilizing the orgenic solvent from the
dispersion then when carotene crystals sre dispersed directly
in the aqueous dispersing agent. The question 2lso 2rose &s
to the relationship of the degree 6f dispersion to the concen-
tration of the dispersing agent. Agqueous Tween solutions
covering a wide range of Tween concentrestions have been used
in blologicsl experiments.

In en in yvitro system it is importent thet the dlspersing
agent does not ect 28 2 metabolic poison. Although the vrob-
lem 1s complex, 1t is possible thet high concentretions of
surface active compounds may inhibit enzyme sction more then
low concentrations. On the other hend, it is necessery thet
the dispersing sgent has sufficient sction to suspend the sub-
strete in small sggregstes.

It seemed desirsble, therefore, to investigste the dis-
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persion of cerotene in Tween to determine whether the dispers-
ing ection is effective 2t low Tween concentretions.

The following equeous solutions (w/v) of Tween 80 were
prepared: 0.01%, 0.05%, 0.1%, 0.5%, 1%, 5% To 10 ml of
each solution 100 pg of bets-carotene in 1 ml of ether wes
sdded. The ether wes removed by bubbling nitrogen through
the mixture st 45°C. The sbsorption spectrs nof the beta-
cerotene suspensions in Tween 80 were then determined over
the renge of 320 to 580 mu with the s2id of & Beckmsn model DU
spectrophotometer. Each suspension wes messured pgainst e
blenk conteining the ssme percent Tween 80 without bete-
carotene.

Figure 6 shows the sbsorption svectrum of bets-cerotene
in each of the squeous Tween mixtures sznd =21so the ebsorption
spectrum of the seme emount of keta-cerotene ir true solution
in Skellysolve B. The spectrum in Skellysolve B was mergured
on 2 solution conteining 0.7 pg/ml and corrected to the
etbsorption et 10 pg/ml, esssuming that the Beer-Lsmbert lew is
vellid.

Duyeens (84) hes shown thet the sbsorption snectrum of
suspensions is flattened due to the fect that the decresse in
absorption 1s more pronounced 2t wevelengths of high absorp-
tion then ot wsvelengths of low absorption. The flettening
of the ebsorption spectrum wilith corresponding decfeese in

extinction coefficient 1s en index of moleculsr sggregetion.



Figure 6. Absorption spectre of bete-cerotene (10 pg/ml)
in true solution snd in suspension in verying
concentrations of squeous Tween 80

curve solvent or dispersing agent
1l Skellysolve B
P 5% Tween 80
3 .1/0,; i "
4 0.5% " "
5 0.1% " "
8 0.05% " "
7 0.01% o
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Figure 6 shows thet the degree of disversion incresses with
Tween concentretion but that the reletionshin is not linear.

Figure 7 shows the change in ebsorption at the wavelength
of meximum sbsorption (460 mp) es £ function of the log of
Tween 80 concentration. There ia little change in sbsorption
through the concentretion interval of 0.057 to 0.5% Tween 80.
Apperently 0.057 equeous Tween 80 disverses cerotene os
effectively #s 0.5%.

At a Tween 80 concentration of 0.017 there wes very
limited sbsorption. BReference to Figure 7 shows thet the two
cheracteristic maxime at 463 mp and 487 mp heve flettened
into 2 smoothly rounded line devoild of fine structure. Cero-
tene showe no ebsorption spectrum in pure water beceuse it is
completely insolutle. The lowest concentrstion of Tween 80
thet geve a differentieble carotene spectrum was 0.05%. To
noticesbly improve dispersion it wee necessary to increese

Tween 80 concentraztion to 1%, e 20-fold incresse.

Sepasration by Paper Chromatogrephy

Preliminsry studies

The procedure developed by Ksiser a2nd Kegen (80) for the
seperetion of micro emounts of vitemin A slcohol from vitemin
A esters looked'particularly ennlicatle to the vresent nrob-
lem. By this procedure micro smounts of vitemin A alecohol,

vitemin A ocetate end vitemin A palmitate sre senerated



Figure 7. Absorbency of bets-cerotene at 460 mu #s ¢
function of the logesrithm of Tween 80
concentration
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cleanly by descendlng paper chromatogrephy using Munktell 20
filter pesper and o solvent system of 1:1 lsopropenol and water.
Development requires 3 to 4 hours, the strips sre dried in
werm alr, and the vitemin and 1ts esters 2re ldentified by
spraying with antimony trichloride in chloroform. The alco-
hol moves et the solvent front, the scetate moves about half
the dlstence between the orligin snd the solvent front, end

the palmlitete remeins a2t the origin. One to ° pg mixtures

sre completely resolved.

In the present study 1t was necessary to sepsrate vitamin
A alcohol, which would be the only form of the vitsmin present
after saponificaetion, from beta-casrotene, a lipophilic com-
pound thet would be expected to remein st the origin with this
solvent system.

Mixtures of vitemin A, vitamin A ecetate 2nd bets-
carotene were chromatographed by the Kegan-Keiser procedure
modifled to the extent thet the peper strips were dried in e
stream of nitrogen rether then in hot 2ir. The vitemin A
alcohol traveled =t the solvent front, vitsmin A acetete moved

with en Ry of 0.6, and beta-carotene remaslned at the origin.

Loading tests showed the system capable of resolving up
to 16 pg of vitamin A from beta-carotene. Larger smounts
were incompletely resolved after the solvent front had moved
15 to ?5 cm.

It was observed that the color of the vitsmin A spot on
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the paper wes not the deep blue characteristic of the Carr-
Price complex, but disnlayed a nurnle to vink tone. VWseshing
the fllter paper in versene end in solvent vrior to chrome-
togram develonment did not sid in giving the typicel blue
color.

Elution and spectral messurement of the vitemin A snots
showed thst major destruction of vitemin A hed occurred when
the complex gave the nurple color. This informetion was ob-
teined by spotting two chrometograms esch with 1.7 pg of vita-
min A. Both were developed #t the same time in the ssme tenk
until easch solvent front hed moved 20 ¢m. One chrometogrem
wes trested with antimony trichloride in chloroform, giving
the purple color et the "vitemin A" spot. The other was cut
end eluted ond the spectrum of the extrect was messured from
320 to 390 mu. A control ves spotted on paper end eluted
without develooment. The developed chromstogresm showed more
than s 10-fold decrease in vitemin A concentration.

Since vitamin A 1s o very latile compound susceptible to
oxidation snd photo destruction, it is probsble thst in the
highly exposed state on the filter peper oxidetion occurs
much fester than in solution or crystslline form.

Samples of 1 and 2 pg of vitemin A were spotted on the
Munktell 20 filter psper, exposed to the stmosphere for
verlious time intervels, and trested with sntimony trichloride

in chloroform. Results 2re presented in Table 3.
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Teble 3. Color of the vitemin A complex with antimony
trichloride on Munktell 20 filter nsper ss
affected by time of exposure

Time
(min.) 1 pg ° ng
0 blue blue
5 blue blue
10 blue-purple
15 purple blue-purple
20 lighter rurple
30 feding purple-pink
70 very feaint oink
106 light ournle
270 _ very f2int opurple
1380 colorless

It is zpperent from the deta in Teble 3 thet decomposi-
tion took plesce repidly when smell smounts of vitemin A were
sbsorbed on the filter psper 2nd ellowed to dry. The somewhet
slower decomposition in the chromestogravh Jer was nrobetly due
to oxldation at o slower reste in the solvent ssturated estmos-
phere.

All subsequent chromatograms were developed in opeque
bettery Jers made free of oxygen by flushing with nitrogen
that had been purified by passing through vensdyl sulfate
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according to the procedure of Meites snd Meites (85). The
chromstogram strip wes vlaced in the Jer prior to flushing.
(Figure 8 shows the sppsratus.) The Jer wes then flushed with
nitrogen for 15 minutes before the solvent wes introduced.

Flushing the jer upset the equilibrium between liocuid
end vepor phese. Even with lerge sheets of filter psper lin-
ing the inside of the Jer it took more then a dsy for saturse-
tion to occur es indiceted by the reduced rate of movement of
the solvent front wlth corresponding increese in time of
development. Consequently the chrometogrems were developed
in a non-equilibreted system. The Ry velue of vitemin A,
however, wes unaffected.

Some decomposition wes still observed sfter modifying
the procedure to eliminete stmospheric oxidstion end photo-
destruction. Weshing the filter peper in ethenol, isopro-
penol-water 1l:1, versene, snd deionized weter did not prevent
this destruction.

Tween 20 and the sntioxident, slpha-tocopherol, were

tested in an 2ttempt to prevent destruction. BSeversl drops
of en aqueous dispersion of 5% Tween 20 end 0.3% slpha-
tocopherol were placed on a chrometogram with 1.7 npg of
vitamin A. This chromatogrem wee developed in conjunction
with s chromatogrem spotted with the seme levele of Tween 20
and vitemin A but no alpha-tocopherol.

Tween 20 decressed the rete of movement of vitemin A,



Figure 8. Apperstus for the development of descending
peper chromatograms
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probably due to a reduction in the rste of extrection of
vitemin A by the solvent. The sares on the paper covered by
vitamin A wss lerger when Tween wes present. This was due,
at leest in pert, to the fact thet the oil-like Tween spreads
more readily then voletile orgenic solvents when applied to
the paper. Complete resolution of vitemin & from beta-
cerotene wes essily obtained for emounts of vitamin A up to
15 ug when the solvent front moved ?0 to 30 cm, providing the
Tween wes confined to e smell sres during epplicatibn.

The chrometogrems described sbove were treated with the
Carr-Price reegent after the solvent front had moved 20 cm.
The charscteristic blue color wess obteined ot the vitemin A
and the betes-csrotene spots. Another chromatogram using
2lpha-tocopherol in the 2bsence of Tween indlcated thet some
decomposition hed occurred.

When performing elutions for svectrel mersurements of
the compounds developed on the Munktell °0 filter paper it
weg found necessery to elute with Skellysolve A reother than
ethenol. Ethenol weshings extracted from the peper some com-
ponents sbsorbing ebove 300 mp to the extent that small
amounts of vitemin A were obscured. Petroleum ether (Skelly-
solve A) washings of the Munktell 20 filter psper showed no
gbsorption sbove 300 mp.

The effects of Tween 20 and alpha-tocopherol on the

recovery of vitemin A from paper chromatogrems were studied
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further, using two pairs of chromatogrems. Severel drops of
5% Tween 20 and 0.3% alpha-tocopherol in sgueous dispersion
were applied ot the origin along with 15 pg of vitemin A to
one of each peir. Only the 15 pg of vitemin A wes ewpllied to
the other chrometogram of eech neir. After development until
the solvent front had moved 22 cm one chrometogrem of each
pelr wes treated with entimony trichloride and the vitemin A
spot of one of each pair wes eluted with 5 ml of Skellysolve A
and the spectrum of the eluste messured over the rsnge of 270
to 360 mp.

The chromatoerams to which Tween and glphs-tocopherol
were applied showed the blue Carr-Price color test chasracter-
istic of vitamin A 2nd e recovery of 10 peg o8 estimeted from
the known extinction coefficient 2t 375 mp. The chromato-
grams containing only vitemin A gave e vinkish-purple spot
with antimony trichloride but feiled to show t?e cherecter-
i1stic vitemin A spectrum, indicesting severe degrsdation of
vitemin A.

A gtudy of the recovery of vitemin A from Munktell 0
peper in the presence of Tween 20 wes mede, using 5 ml of
Skellysolve A egs the eluting solvent. It was discovered thst
vitemin A wes incompletely recovered from chrometogrems con-
teining Tween end also thet the Tween wes incompletelyv re-
moved from the peper. Treatment of eluted strips of filter

peper with sntimony trichloride showed traces of vitemin A
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8t11l on the peper. Thus, vitemin A is partitioned between
the eluting solvent, Skellysolve A, snd the emulsifying sgent,
Tween 20. Recovery of the applied vitemin A varied from 60

to 80% efter elution from developed or undeveloped chrometo-
grams conteining Tween P?0 and glvha-tocopherol.

The time required to develop chrométogrems 25 to 30 em
under the non-equilibreted conditions, cesused bty flushing the
chromatOgraphic.jer with nitrogen, was sbout 24 hours. An
experiment wess performed to discover whether vitemin A wsas
appreciastly degraded during the prolonged time of development.
Two chrometograms were spotted with Tween 20, slphe-tocopherol
end 12 pg of vitemin A. After € hours the solvent fronts had
moved 12.5 cm. At this time one of the chromstogrsms wes re-
moved. The vitemin A spot wes eluted with Skellysolve A
and the ebsorption spectrum mesgsured. The result was & re-
covery of 9.7 png of vitemin A. After °2 hours the solvent
front of the remaining chromstogrem hed moved 30 em. Elution
‘and spectral study showed thet 2.0 pg of vitemin A were re-
covered. Thus decomposition wes not extensive when Tween 20
end alpha-tocopherol were epplied with vitemin A.

It was found thaet beta-cerotene does not form the blue
complex with the Carr-Price reagent in the presence of Tweens.
Vitemin A, however, doee give the characteristic blue complex
in the presence of Tweens. It was observed further theat e

qualitetive identificetion of vitemin A in the presence of
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beta-carotene on & paper chromatogram could be made after
applying Tween 20 to the area to be tested before .treatment
with the Carr-Price resgent.

DevelOpment of chromatogrems contsining moderate emounts
of Tween 20 at the origin resulted in the transfer of Tween
on the psper lesving bets-csrotene 2t the origin. The coro-

tene then gsve a blue color with the Carr-Price reagent.

Conversion studies with homogenstes

Vitsmin A wes messured by & modificetion of the method of
Keiser #nd Kagan (80). The non-saponifiable extrsct was
gpotted on 2 strip of Munktell 20 filter psper which was
placed 1n an opaque bsttery Jsr. The system wes flushed for
15 minutes with nitrogen before 1ntroducfion of the developlng
solvent. Approximstely 2 cm of solvent, 1:1 isopropsnol-
weter wes maintsined in the bottom of the jer, and the inside
of the Jar wses lined with Whatmen No. 1 filter psper to hasten
gsaturation of the atmosphere within the jer. The develbping
solvent wes introduced into the trough in the closed jor (see
Figure 8) without the introduction of oxygen other thsn thst
from sir dissolved in the 10 to 15 ml of solvent used for
development of the chromestogram. The chromstogrem wes
developed, then dried in a stream of nitrogen. The developed
area of the chromatogram wes trested with antimony trichloride

in chloroform and the colored sress were merked snd messured.
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Tween-dispersed carotene

In prior experiments the use of the Pdtter-Elvehjem
homogenizer resulted in some hesting ot the site of crushing
of the intestinsl wall between the tsflon plunger snd the
glass wall of the homogenizer. It wes postuleted thet enzyme
denaturstion could heve occurred before the heet weg dilgsi-
peted by the ice Qater bsth survounding the homogenizer. Thus
in one experiment licuid nitrogen wes used to freeze the in-
testine prior to grinding.

Two vitamin A deficient rets were sscrificed by decapite-
tion. The smell intestines were excised and rinsed in Ringer-
Locke solution. The intestines were frozen in liquid nitrogen
and pulverized in s mortsr. The pulvefized frozen tissue
was 1ncubsted with a beta-cerotene substrate nrepared by dis-
persing 3 mg of bets-cerotene and 5 mg of slphs-tocopherol in
1 ml of Tween 80 ond diluting to 100 ml with Ringer-Locke
solution. One g of egg albumen wes 2dded to the carotene
substrate mixture in order to flood the medium with nrotein
substrete, thus perhsps protecting sny "cesrotensse" enzyme
from protesse degrsdation. Dispersion of the substrate sus-
pension wes improved further by use of a2 Potter-Elvehjem
homogenizer. Fifty ml of the resulting suSpensibn end the
pulverized intestine described ebove were incubested, with
congtent stirring, in a 125 ml round-bottomed flesk for °

hours st 37°C.
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The contents were extracted with Skellysolve A, but
emulsion formestion prevented distinct layer formation. The
Skellysolve A was sepsrsted by differentisl freezing with
liquid nitrogen. After the Skellysolve A extraction, the
residue wes filtered and the intestinal psrticles were sspon-
1fied with 5% KOH in 95% ethanol et room tempersture for 24
hours. The ssponiflcrte was diluted with sn equsl volume of
water end extracted with Skellysolve A. Esach Skellysolve A
fraction wes washed with water seversl times snd evsporsted
to dryness under nitrogen. The residues were teken up in
several drops of etsolute ethenol and chromatogrephed on
Munktell 2?0 paper according to the procedure described sbove.

On the chromatogrsm of the extract mede prior to sanon-
ificetion cerotene wes identified et the origin by treatment
with entimony trichloride in chloroform. Vitamin A wes not
identified. A faint green spot with en Re of 0.5 wes ob-
served, probsbly indicating some cerotenold-like product.

Neither vitemin A nor teta-cerotene wes identified on
the chrometogram of the non-saponifieble extrasct of the intes-
tinel meterial. The absence of bets-cerotene suggests thet
it wes not stsorbed by the homogenized tissue during incuba-
tion, elthough other possibilities exist. If eany cerotene
had been absorbed, it may have been metesbolized or severely
degraded. The extraction prior to seponificetion should not

have extracted bound cerotene since Skellysolve A extractions



75

in this work have been ineffective in extracting cerotene
from celluler materiel thet hes been nelther ssponified nor
trested with alcohol.

The results of this experiment indiceted that no vitamin
A was formed after incubstion with tissue thaet hed been frozen
in liquid nitrogen.

Another method for the nreperstion of gmall intestine
| homogenates was tested. The smell intestines of three vitamin
A deficient rats were excised end transferred to the small
Servsl omni-mixer vessel which conteined 30 ml of Ringer-Locke
solution. The vessel was sttached to the mixer snd then
immersed in en lce beth. The mixture wes homogenized at full
speed for § minutes. The resulting homogeneste was incubsted
20 minutes at 37°C under nitrogen with 100 ml of the beta-
carotene suspension prepsred ss follows.

Ten mg of beta-cerotene end 10 mg of slphes-tocopherol
were dispersed in 0.5 ml of Tween 80 to which wes sdded 10 ml
of ethyl ether. The ether wes removed by vessing a stream of
nitrogen through the suspension maintsined in a weter bath
at 37°C. The Tween dispersed cesrotene wes then diluted to
500 ml with Ringer-Locke solution forming 2 clear yellow sus-
pension homogenous in sppesrance. '

After incubstion an equel volume of 95% ethenol wss sdded
to the mixture, then seversl Skellysolve A extractions were

performed. The Skellysolve A extrascts were combined, evapo-
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rated to dryness under nitrogen and the residue was tsken up
in 400 pl of ethyl ether. One hundred pl of the ether solu-
tion was chromatographed on Munktell 20 paper as outlined
above. The remainder wes tested by the destructive irradia-
tion method. No vitemin A was found by either method of
analysis. A simllar experiment wherein incubstion time wes

extended to 2 hours also showed no vitamin A formetion.

Dispersion of carotene in bile sslts

A mixture of bile salts (Bacto-blle salts) was tested ss
a dispersing agent in conversion studies. Preliminary experi-
ments showed that vitamin A wes effectively extracted ond
ldentifled with antimony trichloride after suspension in bile
salts. Spectrophotometric identificstion of vitsmin A was
corrected for ebsorption by bile sslts since the spectrum of
the bile salts extract (cyclohexane) showed absorption in the
330 mp reglon where vitamin A sbsorption is 2t 2 meximum. No
absorption due to blle selts was found in the cerotene absorp-
tion meximum region at or neesr 450 mn.

Becto-bile salts were used s the dispersing sgent in the
following experiment. Two hundred pg of bets-cesrotene were
dispersed in 40 ml of Ringer-lLocke solution conteining 40 mg
of bile sglts. The resulting mixture wes incubated 30 minutes
et 37°C under nitrogen with the homogenste of a vitsmin A
deficient rot small intestine prepsred by grinding with a
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Servel omni-mixer. Paper chromstographic analysis showed no
vitamin A formation. A similer experiment with the addition
of P00 pg of glpha-tocopherol also demonstrated no vitamin

A formation.
Separation by Column Chromastography

The paper chromatogrevhic method of snalysis wes found
to be unsatisfactory when lsrge amounts of Tweens end bile
salts remained in the unsaponifistle extract. For this reason
and beceause the use of vegetsble o0lls to solubilize cerotene
was planned for future work, 2 method of seperation of vitemin
A end bete-carotene was needed that would be sccurste in the
presence of considerstle amounts of fatty meteriels.

Alumina, megnesia, and celcium hydroxide have been used
extensively in column chromatography of carotenoid oigments
(86). However, invariably some destructlion occurs on the
column due to irreversible estsorption (78). The protlem under
investigstion requires quentitstive seperation of very smell
smounts of vitamin A, seversl pg, from 9ppreciébly lerger
amounts of beta-cerotene and efforts were made to develop

sppropriszte techniques.

Preliminary studies

Alumina No vitemin A wss recovered when 10 ng

samples were passed through columns of Brockmsn No. 1 alumine.
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Even the use of ceplllary columns, 2 mm inside dlameter and
6 em in length, d4id not prevent severe loss.

Partiel insctivation of the alumine by mixing with water
(5 and 10% by welght) decressed the absorptive power of the
alumina to the extent that milligram portions of beta-cerotene
and microgrem portions of vitemin A were not resolved.

Portition chromstogrephy using silics gel A type of
column chromstography, pertition chromatogrephy, offered an-
other mesns of sepsration. Purcell (81) has demonstrasted the
gseparetion of cerotenold hydrocerbons, monohydroxy caroten-
oilds, and polyhydroxy carotenoids from esch other. This sep-
ération was sccomplished by psrtitioning between an immobile
methanol phase sbsorbed on silica gel snd a moving petroleum
ether phese.

Vitemin A would be expected to partifion as a monohydroxy
carotenoid. Thls was tested end confirmed as follows. A
column 1 cm in dlameter was packed with silica gel to s height
of 8 cm. Methanol was allowed to percolete through the column
by gravity floﬁ. The column was then stoppered and maintsined
under methanol for 1 hour. Fifty ml of Skellysolve A was then
passed through the column to wash out unsbsorbed metheanol.

Two hundred pg of beta-carotene and 10 pg of vitsmin A dis-
solved in Skellysolve A were introduced on the column.
Skellysolve A was passed through the column until 50 ml were
collected (Fraction 1). Fifty ml of 10% ethyl ether in
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Skellysolve A were then psssed over the column (Fraction ?2).
Spectral anslysis showed that 192 pg of bets-cerotene was re-
covered from fraction 1 and 9 pg of vitamin A was recovered
from fraction 2. Resolution was complete.
In all subsequent conversion experiments the silica gel
column wes used to separate vitamin A and bets-carotene.
Analytigal methods Vitemin A snd bets-cerotene frac-

tions from the silica gel column were evaporated to dryness

under nitrogen, then redissolved in chloroform. Each fraction
wes analyzed spectrophotometrically in the Beckman Model DU
spectrophotometer and colorimetrically by the Carr-Price
method in the Coleman Junior spectophotometer.

Beta-cerotene was estimeted quantitatively from its
sbsorption a2t 463 mp. Vitemin A could not be estimsted quan-
titatively from the absorption at 335 mp because impurlties
absorbing in this region were present. The shape of the
absorption spectrum from 300 to 380 mp was examined and used
88 qualltative evidence to establish the presence or sbsence
of vitamin A.

Colorimetric analyses were performed by reacting 1 ml
of the chloroform solutions with 9 ml of antimony trichloride
in chloroform dispensed from a rapid delivery pipette into a
test tube in the Colemen Junior spectrophotometer. Absorption
resdings were taken 7 seconds after commencement of delivery

from the pipette. Concentrations of vitamin A and bets-
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carotene were determined from standard curves prepared by per-
forming the operations jJust described on 1 ml chloroform ali-
quots of vitsmin A and of beta-carotene solutions of known con-
centrations. Figures 9 and 10 represent the standard curves

prepared for vitamin A and bets-carotene, respectively.

Conversion studies using intestinal tissue

Effect of HoOp in homogenates It has been postulated

(87) that beta~carotene is oxidized by hydrogen peroxide at
the centrsl double bond in the first step of the conversion
to vitamin A. This oxidetion hss been cerried out success-
fully in chemical systems using inorganic catalysts such as
0804 (13). It 1s postulsted that the release of catalesse in
intestinal tissue homogenstes does not permit the HoOp accu-
muletion sufficient to axijize beta-carotene.

An experiment wes performed to test for vitamin A forma-

tion from beta-cerotene in the presence of added smounts of

HpOo to homogenates of small intestines from vitemin A defi-
clent rats. Each homogenste wes prepared by grinding a vits-
min A deficlent rat small intéstine with 5 ml of Ringer-Locke
solution. The bulk of the intestine increased the volume to
slightly over 10 ml after homogenstion. To the 10 ml of homo-
genste was added 10 ml of 0.1% aqueous Tween 20 which contein-
ed 1 mg of dispersed beta-cerotene. Levels of 15, 45, end
1000 ppm of HoOo were added to sepsrate flasks contsining the



Figure 9. Calibrstion curve for the estimation of vitamin
A with the Carr-Price reagent
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Figure 10. Calibration curve for the estimstion of
beta-carotene with the Carr-Price reagent
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homogenate mixtures prepared above. The flasks then were
incubated at 37°C for 30 minutes in a nitrogen atmosphere.
Following incubation each homogenate mixture was saponified
30 minutes at 80°C after the addition of 10 ml of 50%

aqueous KOH and enough ethanol to make the mixture 85% in
ethanol. After dilution with an equal volume of water, the
saponificete wae extracted with portions of Skellysolve A
until the extracts were colorless. The Skellysolve extracts
were combined, washed with water and then dried. Each extract
was then passed through the silica gel-methanol column.

Four fractions (Table 4) were collected from the column.
Each fraction was 50 ml in volume unless the eluant hed not
become colorless. If the eluant was still colored, the volume
of the fraction wes increased beyond 50 ml to the amount

necessary to elute all colored meterisl in the bsnd emerging

Table 4. Fractional elution of csrotenoids from silica gel
column (81)

o

Fraction Eluting solvent Compounds present in eluate
1 ~ Skellysolve A Hydrocarbons (beta-cerotene)
2 10% ethyl ether Vitamin A and some mono-

in Skellysolve A hydroxy carotenoids

3 50% ethyl ether Monohydroxy cerotenoids
in Skellysolve A

4 Methanol Polyhydroxy carotenoids
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from the column. ' -

Each fraction was evaporated to dryness under nitrogen
and redissolved in chloroform. The absorption spectrum of
each fraction was measured from 300 to 550 mp. The Carr-
Price test also was performed on each fraction.

The results of these experiments are summarized in Table
5. These data show that HpOp at all levels tested resulted
in marked destruction of beta-carotene and no formation of

vitamin A.

Table 5. Effect of HoOo added to intestinsl tissue
homogenates on recovery of beta-cerotene and
vitamin A formation

HoOo Beta-carotene Vitamin A
added recovered formed
Flask (ppm) (% (pg)
1l 1000 12.1 0
2 45 18.2 0
3 15 22.7 0

The spectra of the fractions show progressive degradation
of beta-carotene with increasing levels of HoOp. The spectrum
of fraction 1 in-each csse was that of beta-cerotene. Frac-

tion 3 and fraction 4 indicated that beta-carotene had under-

gone extensive degradation. These fractions show continuous

decreasing sbsorption above 300 my.
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Fraction 2, which should contain the vitamin A, was the
most interesting when examined as a function of HoOo concen-
tration (Figure 11). In the presence of 1000 ppm of HsOp,
evidence of carotenoid maxima sbove 400 mp had dieappgared,
but at lower levels (45 and 15 ppm of HoOp) absorption mexima
existed in the 440 to 480 mp range. Thise evidence suggested
that oxidatlon had occurred with retention of 2 long series of
conjugated double bonds.

| None of the absorption spectrs offered evidence for the
formation of vitamin A. The Carr-Pprice test with fraction ?
from the experiment in which 15 ppm of HoOo was used 4id show
a blue color that would amount to the formation of 1 re of
vitamin A. However, examlnation of Figure 11 shows oxygenated
carotenolds present in this fraction and no spectral evidence
for vitamin A. Also, the shade of blue in the Carr-Price test
appeared more characteristic of the blue obtained with caro-
tene than the deeper blue characteristic of vitamin A. The
results of this experiment failed to demonstrate vitamin A
formation from beta-csrotene incubated with rat intestinal
homogenates in the presence of varying amounts of HoOo.

Whole intestine Additional conversion studies were
performed on excised rat small intestines. Several altera-
tions were made in experimental conditions and metabolite
preparations: (a) In most of the experiments soybesn oll was

used to solublize carotene. (b) The 0il wes dispersed with



Figure 11.

Absorption spectra of monohydroxy carotenold
fraction from vitemin A deficient rat small
intestinal homogenates incubsted with beta-
carotene in the presence of varying concentra-
tions (curve 1, 1000 ppm; curve 2, 45 ppm;
curve 3, 15 ppm) of HoOp
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Tweens or bile salts. (c) Glucose was introduced as an energy
source in several experiments. (4d) An aerobic atmoephere
(air or Op) was provided. (e) Gamms-tocopherol was substi-
tuted for glphe-tocopherol.

In the experiments in which soybean o0ll was used beta-
carotene and gamma-tocopherol were first dissolved in ether,
then mixed with the oil. The ether then was removed by
eveporation under nitrogen. The 011l was dispersed in the
aqueous medlium contalnlng the dispersing agent and glucose.
Dispersion was enhanced by grinding in the Potter-Elvehjem
homogenlzer, but permanent emulsions could not be maintained.
The resultant mixture, 10 ml in volume, wes injected into the
excised small intestine at the pyloric Juncture sfter tying
off the posterlor end of the small intestine neesr the csecum.
The anterior end was tied off and the intestine incubsted in
Ringer-locke solution. Incubstion was accompanied by inter-
mittant agitation in order to restore the emulsion. The
experimentsl date are summarized in Table 5.

After incubstion the contents were rinsed out of each
intestine with 20 ml of Ringer-Locke solution. The contents
and the tissue were snalyzed separately for vitemin A and
beta-carotene. Saponifications were performed for 30 minutes
at 80°C in ethanolic KOH. Four fractions were eluted from
the silica.gel column and analyzed spectrophotometrically and

by the Carr-Price test as described in the previous experi-



Table 6. Conditions for in vitro studies with exclised intestines

Incubation g Carotene Gamma-
Experi- Time Temp. 01l added Dis?ersant tocopherol Glucose Atmosphere
ment (min) (©C (ml1) (mg) %) (mg) (%

1l 30 37 1l 0.1 Tween 20 1 air
2 60 40 1l 2.8 0.01 bile salts o air
3 60 39 1 4 3 blle salts oir
4 50 39 1 3 5‘Tween 80 6 sir
5 75 39 1 5 5 Tween 80 8 0.1 (o
6 60 37 1l 5 5 Tween 80 8 0.1 Oo
b 60 39 1 1 10 Tween 80 8 0.1 05

830ybean oil.

bConditions for each of five intestines that subsequently were combined for
analysis.

16



ment.

The results tabulated in Table 7 show that vitamin A was
identified in one experiment. In this experiment the ultra-
violet absorption spectrum was mesesured in the Skellysolve-
ether frection teken from the column (fraction 2). A flstten-

ed shoulder was found in the 325 mp region where vitemin A

Table 7. Results of in vitro studies with excised intestines

Vitemin A Vitamin A Carotene Carotene
Experi- in wall in contents in wall in contents
ment (ng) (ng) (pg) (pg)
1 0 0 1l 0]
2 0 0 - 124
3 0 0 P4 148
4 0 0o 5 160
5 0 0 8 740
6 0 n e 536
7 4 o 25 -

@Analysis of o combination of five intestines.

absorbs meximally. However, absorption incressed ss wave-
length decreased below 320 mp. Thls evlidence suggested the
presence of vitamin A along with considersble amounts of
impurities, but was by no means conclusive identificetion of

vitamin A.
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The Carr-Price test then was performed on this frsction
after eveporation to dryness under nitrogen snd redissolving
in chloroform. The Carr-Price test gave the chesracteristic
blue color indicative of vitsmin A. Caution must be exercised
in interpreting this evidence since highér homologues of vita-
min A, apo-cerotenols, also form a blue complex with antimony
trichloride. (Beta-cesrotene itself was eliminated from this
fraction by chromatdgraphy.)

In this experiment the ultraviolet absorption spectrum
declined rapidly as wavelength increased beyond 330 mp. In
Tact, the absorption spectrum was typical of vitamin A beyond
330 mp. This fact eliminated the possibility of identifisble
levels of compounds, such as the apo-carotenols, which have
ebsorption mexima beyond 330 my . Thus, the evidence obtsined
from the results of the two methods of anslysis strongly sug-
gested that vitemin A was present.

The conditions under which this experiment was performed
were dlfferent than conditions of the eafly experiments snd
slightly different than those for the other experiments tsbu-
lated in Table 6. The substrate, beta-carotene, was solubil-
ized in soybean 01l and the 0ll was dispersed in 10% aqueous
Tween 80, the highest concentration of dispersing sgent used
in any experiment. An antioxidsnt, gapma-tocopherol, and an
- energy source, glucose, were provided and the incubatlon was

conducted under oxygen.
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Five intestines were incubsted under the conditions
specified in experiment 7, Table 6. These five intestines
were pooled before enalysis. Since 4 pg of vitamin A were
identified by the Carr-Price test, the average vitamin A
formatlon per intestine was 0.8 pg. It 18 possible that in
the immedlately preceding experiments, which were performed
under simlilar conditions with one intestine, amounts of
vitamin A could have been formed fhat were less than 1 pg
and escaped detection.

The results (Table 7) indicate that bets-carotene
destruction was extensive in all experiments and that in only
one experiment was vitemin A formation detected. Vitamin A
was 1dentified in the intestinal wall'but not in the intes-
tlnal contents.

There was very little carotene in the intestinal wall and
this did not correlate with the total carotene introduced
into the intestine. It is possible that some or all of the
gsmall amounts of beta-csrotene found in the intestinal wall
were present because of incomplete washing of the contents

from the intestine.
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DISCUSSION
Evaluation of Methods of Analysis

Three methods were tested for effectiveness of snalysis
for vitemin A in extracts from intestinal tissue containing

lipids and considerable smounts of added beta-carotene and

emulsifying agents. An interpretation of the findings and an
evaluation of the usefulness of each method sre discussed
below.

A method for snalyzing for vitamin A by destroying the
vitamin with ultrsviolet irrediation was described by Little
(88) end successfully applied to vitemin A snalysis in serum
by Bessey et 8l. (73). The procedure for applying this method
is outlined in the "™Methods" sectlon of this thesis.

The sccuracy of this destructive irfadiation method de-
pends on two conditions. First, vitamin A must be sufficient-
ly degraded by irradiation so that the sbsorption spectrum of
the vitamin A degradation products produced by irradistion
treatment displays 1little or no sbsorption above 300 mp.
Secondly, no other light sensitive materisis that change in
gbsorption cspacity in the region of the vitemin A sbsorption
maximum, 328 mp, may be present with vitamin A.

If these conditions hold, the difference spectrum obtain-
ed by subtracting the post-irradiation spectrum from the pre-

irradlietion spectrum will give the true vitamin A absorption
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spectrum. This is true because the pre-irradiation spectrum
will te composed of vitamin A absorption plus asbsorption of
other compounds in the solution. The post-irradiation
spectrum will be composed only of the sbsorption of the other
compounds since sbsorption of these was unchanged by the
irraedistion treatment while the sbsorption of vitemin A was
reduced to zero.

Once the validity of these two conditions is established
vitamin A may be estimated by merely tsking the absorption
difference between.the pre- and post-irradiation spectra at
the sbsorption meximum for vitamin A.

The first condition was tested and confirmed for solu-
tions of vitemin A subjected to irradiation (Tatle 1). The
results show vitamin A abtsorption destruction to be 95% after
20 minutes of irradiation. Figure 1 depicts the sbsorption
spectrum (pre-irradistion spectrum) snd difference spectrum
of vitamin A. It can be seen that the difference spectrum is
almost superimposed on the sbsorption spectrum in the region
of maximum absorption. Thus, the method is capsble of vitemin
A estimation within several percent of the true value. This
compered favorably to most methods of anslysis becsuse these
methods require addltional purlification steps where losses
occur.

In experiments on the conversion of bets-carotene to

vitamin A substantial amounts of the substrate, bets-casrotene,
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are required. If conversion efficiency is not high beta-
carotene will be present in the non-saponifisble extrsct with
vitamin A. Furthermore, bets-carotene is destroyed by irra-
diation. In order to satisfy the second condition it 1is
essential that beta-carotene destruction does not alter
absorption in the region of the vitamin A absorption maximum
at 328.@”'

The results from irradiated solutions of beta-carotene
are contained in Table 1 and the spectras are depicted in
Figure 1. These demonstrate consldersble destruction of ab-

gsorption by betas-carotene in the region of maximum gbsorption

(453 mp) but no change in sbsorption in the region of the
vitamin A absorption meximum (328 mp). Also Table 1 and
Figure 1 show that when & solution cohtaining both vitemin A
and beta-csrotene was irradiated, pggg-carotene destruction
had no effect on the difference spectrum in the criticsl
reglon of the vitamin A sbsorption meximum, 328 mp. There-
fore, the conclusion was drawn that the presence of beta-
carotene does not invalidate this destructive irrsdistion
method as a means of estimating vitemin A.

The applicabllity of the destructive irrsdistion method
was further examined to make certain that the minute smounte
of vitemin A present in non-deficient rat intestine could be
identified. Curves 1 and 3 (in Figure ?) were obtained in

this study. Both curves approximste the ebsorption spectrum
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of vitamin A. These results suggest that the destructive
irradistion method is applicable to the messurement of normal
intestinal levels of vitamin A.

The absorption difference spectrum (curve ?) of the ex-

tract from a normal rat intestine inocubested with beta-carotene

also is shown in Figure 2. The abaorption meximum reglion has
been broadened to extend from 330 mp to 340 mu. Vitemin A hss
a narrow gbsorption maximum region in kerosene-xylene (1:1)

from 328 to 330 mu. A cis lsomer of beta-carotene, however,

has an sbsorption pesk at 340 mp (87). Moreover, the ebsorp-
tion of the cis isomer 1s destroyed by irradiation (83).
All-trans beta-carotene was used as the substrate in the
present work end the saponification of the gut was performed
et a refluxing temperature of 80°C. At this temperature some
cis inversion undoubtedly occurred (82) lesding to sn over-
estimation of vitamin A. To prevent cis inversion of beta-
carotene saponification must not be done at reflux tempera-
ture.

This limitation severely reduced the convenience of this
method of aneslysis. Ssponificetion at lower temperatures wss
found to be less complete and, due to the presence of signifi-
cant amounts of emulsifying agents, extrsction of the non-
saponifieble fraction was mede more difficult becsuse of the
formation of stable emulsions.

The destructive irrasdistion method wes then investigated
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as & means of analyzing for vitamin A formed’from bete-
carotene in vitemin A deficient rest intestine. Rosenberg and
Sobel (71) had found in vitro formetion of vitemin A of more
than 4 pg per intestine by thils method of enalysis. The
procedure of Rosenberg and Sobel was followed except that

the cerotene substrate was 1njected directly into the excised
anterior end of the small inteatine after ligetion snd ex-
cision of the posterior end rether then by stomech tube fol-
lowed by squeezing into the intestine. This modification was
mede becsuse Thompson et 8l. (33) had reported observeble

levels of in vivo conversion in 15 minutes efter orsl dosege.

Also, controls incubated in the sbsence of carotene were
tested whereas Rosenberg and Sobel 4id not report controls.
The difference sbsorption spectre (Figure 3) obtsined
from the non-saponifisble extracts of two vitemin A deficient
intestines incubsted with cesrotene (C; end C,) snd two intes-
tines incubated without csrotene (B and B,) deserve comment.
It appears thet vitamin A formation occurred in the intestines
incubeted with cerotene although the epectrum of Cy 1s not
representative of vitamin A in the 320 to 395 mp regioh. How-
ever, inspection of one of the blank determinations, Be,
shows a curve thet appears sn exact replica in contour of Cj.
Analysis of other vitemin A deficient rat intestines with no
additives showed Bo type difference spectra. The light sensi-

tive materisl then 1s present in the intestine snd not a
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degradatory product of Tween or aslpha-tocopherol. None of the
rat intestines analyzed that were not vitemin A déficlent
showed this phenomenon. Thus, it appears that the msterial
with a light sensitive vitamin A-like spectrum erises in
vitamin A deficlent rat intestine.

The presence of this "pseudo vitamin A" does not satisfy
the second condition described above. With snother material
present displsying an absorption difference spectrum similer
to vitemin A, the difference between the pre- snd post-
irradiation spectrum at 328 mp can not be taken es evidence
of vitamin A formation. The conclusion then 1s thast the dif-
ference spectrum method of analysis for vitamin A is not
feasible for conversion studies of beta-cerotene to vitamin A
by vitamin A deficient rat intestine.

This conclusion does not support the findings of Rosen-
berg and Sobel (71) but does support the evidence presented
by Rogers (74). He found thst a compound with a vitamin A-
like spectrum exists in vitamin A deficient rst intestine snd
may be distiﬁguished from vitemin A by chromatography.

The Carr-Price reagent (antimony trichloride in chloro-
form) hss been the most used and most highly regerded method,
aside from blologicel assays, of estimating vitemin A. How-
ever, carotenes as well 28 vitamin A form & blue complex with
the Carr-Price reagent. Carotenes may be estimsted also by

the absorption spectrum at 450 mp end the amount found by this
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method subtracted from the results of the Carr-Price colori-
metric test. However, when large amounts of carotene and only
small amounts of vitemin A sre present better accurescy can be
ottained by separating carotene from vitamin A before colori-
metric esnalysis.

Paper chrometographlic methods offer a good meens of
separating minute amounts of compounds. In conversion
studies, however, because of the poor conversion ratio, sub-
stantial smounts of cerotene sre present but only small
amounts of vitamin A. Thus a paper chromatographic method
with widely differing Re values for carotene and vitemin A
is required in order to resolve the two compounds when con-
sidersble amounts of cesrotene ere present. The paper chroma-
tographic separatory method of Ksiger and Kagsn (80) looked
particularly appllicable to this problem tecause by this method
beta-carotene, the component present in comparatively large
amounts, does not move while vitsmin A moves st the solvent
front.

The results reported in the previous section confirmed
this method to be an effective one for seperating vitamin A
from beta-carotene without loss due to decomposition providing
the following modificetions were made: (a) The chromatogram
should be developed in a nitrogen.atmoaphere in the absence of
1light (Eigure 8). (b) Alpha-tocopherol dispersed in Tween 20
should be applied with vitamin A at the chromatogram origin.
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(¢) The developed chromatogram should be dried in a streem of
nitrogen rather than in a stream of hot sir.

The effectiveness of the paper chromatographic method
was reduced, however, in experiments in which large amounts
of emulsifying agents (Tweens and bile salts) snd oile were
used. It was practically impossible to saponify completely |
enough to prevent large quantities of these substances from
being extracted into the non-saponifieble fraction. The re-
sult was thet when the Skellyeolve solvent wss evaporasted
vitemin A and cerotene remained solubllized in several drops
of o0il or Tween. The o1l residue spread readily when applied
to the paper chromatogrem forming 2 large spot at the origin
from thch the pigments were not resolved. Thus, a paper
chromatographic separation of cerotene snd vitsmin A is not
feasible in the presence of large smounts of 1lipoild meterial
unless ssponification followed by extraction is repested sev-
eral times. It would seem preferable to 2void repested sapon-
ificstion, if possible, when attempting to recover lsbile
compounds such as carotene and vitamin A.

Separation of beta-carotene and vitamin A by psrtition-
ing between Skellysolve A and methanol on a silics gel column
was found to be superlor to other methods investigsted. This
procedure was simple to perform. The time required to sep-
arate the non-saponifiable extract into four fractions was of

the order of 1 hour whereszs paper chrometogrephy in s non-
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equilibrated system required 12 to 24 hours. The percent re-
covery of beta-carotene and vitamin A was 90% or better.
Sepsration of these two components was complete.

A criticism that might be levelad at this method of
gseparation is thst other monohydroxy csrotenold products
besides vitamin A would not be separated from vitamin A on
the column. Although this i1s true, other monohydroxy beta-
carotene degradstion products have not been isolated from
animal blological systems except for the report by Glover end
Redfearn (11) on findings of Festenstein. If compounds of
this type, such as the spo-csrotenols, 2re present, they csan
be identified resdily by their sbsorption spectrea.

The findings during the course of conversion studlies re-
ported herein have led to the development of the following
procedure for purification and estimestion of vitemin A formed
from beta-carotene incubated with intestinal tissue.

After incubation the contents of the intestines are
rinsed out with 10 ml of 0.9% NaCl. The intestinal tissue
is then saponified in the presence of excess 55% aqueous KOH
and enough ethanol to make the mixture 85% in ethanol. The
mixture 18 refluxed 30 minutes (reflux tempersture should be
neer 80°C). The mixture is then diluted with sn equal volume
‘of water and extracted with 50 ml portions of Skellysolve A
until the extract is colorless. The extracts sre then com-

bined and washed with water until the washings no longer turn
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pink with phenolphthalein. The extrsct is dried over sodium
sulfate and evsporated under nitrogen to a volume of approxi-
metely 60 ml. The extract is then passsed through a silica
gel column containing sbsorbed methsnol (prepared as outlined
in the previous section). Fifty ml of Skellysolve A are
passed through after the extract and collected in the ssme
fraction (this fraction contains recovered bets-cerotene).
Fifty ml of 10% ethyl ether in Skellysolve A are then passed
through the column snd collected as the next fraction (this
fraction contains vitamin A). (Fpractions containing poly-
alcohol carotenoids can be eluted according to the procedure
described in the previous section.) The vitemin A fraction is
then evaporated to dryness under nitrogen and teken up in 3
ml of chloroform. The spectrum of the solution is meesured
from 300 to 500 mu with the Beckmsn model DU spectrophotometer
or the Cary Recording Spectrophotometer. One ml of the
chlorcform solution 1s then rescted with 9 ml of the Carr-
Price reagent in a test tube contsined in the Colemsn Junior
spectrophotometer. The absorbasncy is meessured at s wevelength
setting of 60 mp. The contents are anelyzed bty the seme pro-
cedure.

By use of this procedure vitemin A can be sepsrated from
bete-carotene and polyoxygensted degrasdatory products of csro-
tene. Two methods of anslysis confirming one another serve

to affirm the presence of vitamin A when it is ldentifled.
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One method alone offers much less certainty.

The danger of analyzing for vitamin A by sn inconclusive
method was emphasized ss esrly as 1932 by Woolf and Moore
(25) and agein by Bieri and Pollard (7?) in 1953 and Rogers
(74) in 1957. All these workers, by applving more csereful
methods of analysis, were unable to confirm the results of
earllier workers that had led to clsims of in vitro conversion
of bets-carotene to vitamin A.

Uncertainties in various anslytical techniques should
be recognized. The Carr-Price colorimetric test forms blue
complexes with carotenolds s well g8 with vitamin A. The
ultraviolet spectrum (in all casses examined) contsined im-
purities asbsorbing in the region of the vitamin A gbsorvtion
maximum, 335 mp in chloroform, to the extent thsat small
amounts of vitamin A absorbed enough only to form a shoulder
on the curve that wss descending sharply e£8 wavelength in-
cressed. Thus, without further purificstion vitamin A& cen be
estimated only quelitatively from the sbsorption spectrum.

A combinstion of the two analyses lends grester sig-
nificance to the identificstion of vitesmin A if the follow-
ing line of reasoning is valld. It is postulated that 1limited
oxidative degradation of beta-cerotene leads to the formation
of mono- and poly-apo-carotenols. Acids, if formed, would
not be extrscted into the non-ssponifiable extrsct. The find-

ings of Glover et al. (17) indicate that sldehydes formed sre
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qulckly reduced to alcohols in intestine as well as other
body tissue, probably due to the action of alcohol dehydro-
genase. The non-saponifiable extract should econtein then
only carotenoid degradation products that are mono- snd poly-
glcohols. The partition column chromatographic procedure
separates the mono-slcohols from the poly-alcohols.

The absorption spectrum of the mono-alcohol fraction
should indicate only epo-carotenols and vitamin A resulting
from beta-cerotene degradation. The long chaln apo-carotenols
have absorption maxime beyond vitamin A where irrelevant
gbsorption is less. The presence of small quantities of these
apo-csrotenols would be reflected by & rise in sbsorption st
wavelengths beyond 330 mp and less than 500 mp.

Thus, when by the foregoing procedure the chesracteristic
blue color indicative of vitamin A is obtained from the Carr-
Price color test and the absorption spectrum shows evidence
of vitemin A but not of apo-cerotenols, the evidence for

vitamin A formetion is strong.
The Conversion Problem

The ultimate goal of conversion studies reported here
and by others as well was to isolate & blochemical system of
known components capable of converting beta-csrotene to vita-
min A end to determine the mechanism of conversion by studies

with the isolated system. Although little progress has been
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made with in vitpro conversion studies, speculations have been
tendered proposing the mechanism of conversion.

In 1931, Karrer et al. (10, 89) suggested theot beta-
csrotene 18 cleaved symmetrically by addition of two mole-
cules of water at the centrel double bond to give two mole-
cules of vitamin A alecohol. This "hydrolytic central fission"
process is now unattractive biochemically (4) snd a specific
"beta-carotenase" enzyme such as the one reported pertially
purified by Olcott and MeCann (20) would not be expected today
to do more than catalyze the first step in the conversion
process.

In 1946, Hunter (87) suggested the initisl step was by
oxidative attack st the central double bond forming first
vitamin A aldehyde with subsequent reduction to the slcohol.
Chemicel conversions with hydrogen peroxide (13, 16) gave
welght to this hypothesis ss did the finding (17) that vitsmin
A aldehyde wes rapidly reduced to the aleohol on entering the
gut wall.

In 1943, Glover and Redfearn (11) proposed thet initisl
oxldatlion occurs at a terminal double bond and then proceeds
by a process of beta oxldation until vitsmin A aldéhyde is
formed. Oxidation proceeds no further because vitamin A

aldehyde has a methyl group in the beta position. These

workers also found that vitamin A wes formed in vivo in

vitemin A deficient rste when apo-csrotenols (higher homo-
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logues of vitamin A) were fed to vitamin A defiocient rets.
Later work by Glover and Fazakerley (90) and Redfearn (91)
showed thet a higher homologue of vitamin A, Cog, elso with

a beta methyl group wes converted to vitamin A. This lead
Glover and Fazakerley to suggest thet an enzyme system, which
removed five terminal csrbons as a unit, was availsble.

A conclusive answer as to which, if any, of these pro-
possls depicts the means by which vitsmin A is formed from
beta-casrotene does not appeer to be forthcoming from in vivo
experimentation. One reason for this opinion is thst inter-
mediates between betg-cerotene and vitamin A have not been
detected, except for one finding that of two unidentified
carotenoids in horse intestine. Glover and Redfearn (11)
point out that these compounds have identical spectroscopic
and chromatographic properties to two spo-carotensls. Aside
from this, beta-carotene dosages heve yielded only vitamin A
along with undegraded beta-carotene. It svvesrs then that
the initisl atteck may be a slow conversion step snd that
once the initisl step has occurred succeeding steps could
occur rapidly until vitamin A is formed. If this is correct,
mechanism elucldation through isolation and identificstion
of intermediates successively formed during the in vivo
converslon process does not appear to be likely.

Radioactive labeling of the beta-csrotene or other pro-

vitemin csrotenoid molecules does not offer sn easy solution
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to the problem. There 1s no position or positions at which
a8 carotene could be labeled which would distinguish befween
centrel fisslon or stepwise degradation from one end merely
by examining the sites of labeling and activity of the re-

sulting vitemin A.

Yields of vitamin A should distinguish between central
cleavage (two molecules of vitsmin A per bets-cesrotene mole-
cule) and stepwise degradation from a terminal double bond
(one molecule of vitamin A per molecule of bets-csrotene).
The weight of evidence favors the 1:1 conversion ratio (92).
The Internationsl Standerd sets 0.6 pe of bets-cerotene
biologicselly equivalent to 0.5‘Pg of vitemin A. Two labora-
torlies, however, have reported 2:1 conversion in the presence
of tocopherol (79, 93).

Other explanstions can sccount for no better then a 1:1
conversion retio even if central fission occurs. Lack of
atsorption accounts for the loss of some beta-carotene.
Severe degradation accounts for other losses. Willmer and
Laughland (94) and Krause and Sanders (95), after dosing rats

with randomly labeled beta-carotene and snalyzing st verious

times, found conslderatle activity in other fractions besides
the non-ssponifigble fraction. These results were confirmed
in this lasboratory where it was found thst rsdiocactivity was
located in the fatty acid, cholesterol ester, snd neutral

frections as well as the non-ssponifiasble fraction.
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In view of the difficulties encountered in designing in
vivo experiments capable of giving conclusive evidence of the
conversion mechanism, the in vitro spprosch seemed the better
one end wss undertaken in this investigation. Isolation of
the system involved should answer the probiém es to whether
e speclific enzyme "carotenase" exists and converts beta-
cerotene by central cleavage to vitamin A or whether a seriles
of enzymes that perform other functions, such as the enzymes'
that degrade fatty acids by beta oxidation, also convert
carotene to vitamin A by s similar process.

The experimental plan waes to establish conditions such
that conversion of beta-carotene to vitamin A would be accom-
plished first in excised whole intestine, then in tissue homo-
genates, and finally in homogenate fractions. Only in the
final experiment with whole intestine was vitamin A formation
observed; the amount found wes very small. Homogenate con-
version of bets-conversion to vitamin A was not accomplished.
Results obtained during the course of this investigation will
be dlscussed with regard to important controlling conditions
of in vitro experiments.

Most in vitro conversion studies have been performed
under nitrogen, presumebly to simulaste anaerobic conditions
in the lumen of the small intestine and elso in homogenste
experiments to protect beta-cerotene from atmospheric oxlds-

tion. Atmospheres of nitrogen, air, and oxygen were used
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during the course ofAthis investigation. In one experiment
(Figure 3) eome evidence of conversion wss obtained with a
nitrogen atmosphere. However, since the results were obtalned
by the destructive irredistion method of analysis the evidence
of conversion is of doubtful velue. In no other cese was
evidence of vitamin A formstion obtaine& with incubation under
a nitrogen atmosphere.

More definlte evidence of conversion was obtained in en
experiment performed under an oxygen atmosphere (see experi-
ment 7, Table 7). Thils work, however, does not estsblish the
requirement of an oxygen estmosphere for in vitro vitemin A
formation or the role of the stmosphere in the conversion
process. It may be that certsin physiologicel processes
essential to the conversion process that take place in vivo
can operate in vitro for a short time in the presence of
oxygen to produce low levels of vitemin A.

In various experiments aqueous Tweens snd bile salts

were used as dlspersing agents for beta-carotene. In addi-

tion, a commercially prepared waster-dispersible bets-cerotene

was tested. Tweens also were used to disperse soybean oil in

which beta—éarotene had been solubilized; the only method

thst produced evidence of conversion.
The dispersing sgent most used by previous investigatora
has been one of the Tweens. Since one group of investigators

(45) has reported toxicity due to Tweens, a study was per-



112

formed to correlate Tween concentration with degree of dis-
persibility of beta-carotene (see Figures 6 snd 7). It wes
found that degree of dispersibility increased with increas-
ing Tween concentrstion, although the rate of increase of
cerotene dispersion varied merkedly et different Tween con-
centrations. Only a minute increasse in dispersion was found
as Tween concentration was increased from 0.05% to 0.5% but
marked increases in carotene dispersion were observed as
Tween concentration was increased et other levels. Possibly
the critical micelle concentration of the aqueous Tween system
is near 0.05% Tween.

Later findings (experiment 7, Table 6) suggested that
conversion was promoted at a much higher Tween concentration
(10%). 1In this experiment, however, the bets-carotene was
solubllized in oil and the oil dispersed in small globules
in the high Tween concentrstion. It is likely, considering
the results indicating conversion, that this method of dis-

persion presented the metabollte bets-corotene for sbsorption

by the intestinal wall more adequately than other methods.

In all experiments only emsll amounte of carotene were’
recovered from the intestinal wall, indicating poor absorp-
'tion of the provitamin. It is possible thet failure to solve
the problem of presenting a water insoluble substrate in an
aqueoue'system in a manner so that i1t can bte abgorbed by the

gut wall or acted upon by an enzyme system without inhibiting
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the enzyme systeh accounts for the fsilure to achieve in vitro
conversion.

Other factors which may influence conversion of beta-
carotene to vitamin A were tested and varied during the in-
vestigation. Antioxidante, either aglpha or gsmmas-tocopherol,
were used in conjunction with beta-carotene in most experi-
ments to preserve carotene from non-specific oxidation during
incubation. Incubation times were varied from 20 minutes to
2 hours and incubation temperatures varied from 37°C to 45°C.
Glucose was provided as an energy source in several experi-
ments.

Evidence for conversion was obtained when the beta-
carotene substrate, solubilized in soybean oll dispersed by
Tween 80 in Ringer-Locke solution, also contained gamma-
tocopherol and glucose. Ingubation wae conducted 1 hour at
39°C under oxygen in s bath of Ringer-locke solution. Peri-
staltic action continued throughout the incubation period.

All other combinations of cofsctors and conditions re-
ported in the experimentsl section did not give convincing
evidence of vitamin A formstion. However, further work 1is
needed to establish whether the low level of conversion ob-
served, 0.8 ng per intestine, can be effected 1n the absence
of or glteration of any of the conditions listed above.

Homogenates of rat intestine were prepared by several

methods and inocubated with beta-carotene dispersed in Tweens
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or bile salts in aqueous systems of Ringer-Locke solution or
phosphate buffers. Additives such as glpha-tocopherol,
albumen, and H202 were tested.‘ Incubations were conducted
for 20 minutes to 2 hours at temperatures from 37°C to 45°C
under atmospheres of nitrogen or air. No evidence was ob-
tained for vitamin A formation in any of the experiments.
In vivo conversion of bete-carotene to vitamin A
approaches a 1l:1 conversion ratio as the values for blo-
logical potency of each established as an International

Standerd shows. In vitro reports of conversion have been at

a very low level (several ng). Moreover, the velidity of the
analytical method used has been questioned by later workers
unable to repeat the results (see Literature Review). Evi-
dence for conversion obtained in one experiment during the
course of this investlgation, like others, showed very poor
conversion effieciency (1:500). Work in this investigation
with tiseue slices (unreported) and homogenates did not
demonstrate vitamin A formation.

Obviously factors present in the in vivo system have not
been properly duplicated in the in vitro system. Inadequate
subdivision of bets-carotene in an aqueous system could be
the causal fastor for the extremely limited conversion. Olson
(77) has recently suggested thet a specific requirement of
sodium glycocholate is necessary for conversion of carotene

to vitamin A, but his results with sodium glycocholate show
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vitamin A formation at less than 1 ng. .

It may be that the factors necessary to promote vitamin
A formation from beta-carotene in the living animal are repid-
ly depleted in the in vitro eyetem.‘ The findings of Sibbald
and Hutcheson (39) that blood supply to the intestinal tract
was essential to conversion in vivo but that continuity of
the tract was not required suggested that the blood may fur-
nish the needed factors. Howeier, intestinal homogenates in-
cubated in blood did not effect conversion.

Conversion reported in the experimentsl section of this
thesis took place in vitro but in a whole excised small in-
testine manifesting peristaltic asction and provided with an
energy source and an oxygen atmosphere. The small amount of
converslon observed in this metabolizing environment could be
due to short-time duplication of a complex series of essential
relationships in the living enimal. In vitro conversion in
cell-free homogenates may be a long step from in vitro con-
version in such a pseudo "living" intestine.

It 1s still not known whether a specific "carotenase"
enzyme exlsts or whether a multiple enzyme sysfem is required
to form vitamin A from beta-carotene. Conversion studies
(Figure 3) with rats not deficient in vitamin A did not give
évidence of conversion and hence did not suggest that the
converting enzyme system is an 1nducibie one.

The first step of progrees in future work should be an
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improvement in the in vitro ratio of conversion of beta-
carotene to vitamin A. Vitemin A formetion sbove the micro-
gram level 1s necessary before confldence can be developed
that the essentlsl factors for the conversion process are
evallable for 1solstion. This sppesrs necessary nthith—
standing the fact that experimental evidence 1s weighty on
the testing of cofactors to promote conversion in in vivo
and in vitro systems, but has not establiehed any essential
cofactors as yet (see Literature Review).

Results obtalned in this investigation suggest that con-
version studies should be attempted with varistions on a
substrate contalning oll solubilized, Tween dispersed bets-
carotene along with an antlioxidant and an energy source

incubeted in en oxygen atmosvhere.
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SUMMARY

Experiments were performed on the in vitro conversion of
beta-carotene to vitemin A by excised vitemin A deficient rat
small intestine and homogenates thereof. In conjunction with
these experiments methods of purification and analysis of
microgram quentities of vitamin A were tested.

An in vitro conversion experiment which geve evidence of
low level (0.8 pg per intestine) vitamin A formation was per-
formed under the following conditions. Beta-carotene and
gemms-tocopherol were solubllized in soybean oil snd the oil
solution was dispersed in 10% Tween 80 in glucose-containing
Ringer-Locke solution. The resultant mixture was incubsted
in excised vitamin A deficlient rat small intestine for one
hour at 39°C under an oxygen atmosphere.

In thils and other experiments a number of additives were
presented with beta-carotene in an attempt to promote vitamih
A formation. Among those tested were various Tweens, bile
salts, and a ﬁater-disperslble gelatln preparation of bets-
carotene, g;ghgr and gsmma-tocopherols, albumen, hydrogen
peroxide eand glucose. Incubation baths were ususlly com-
posed of Ringer-locke solution. Incubstion times and temper-
atures were varled and atmospheres of nitrogen, air, and
oxygen were tested. Under no set of conditions, except thoee
specified above, was vitamin A formation in whole intestine

detected.
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Intestinal homogenates were prepared in crushing-type and
cutting-type tissue homogenizers and by pulverizing sfter
freezing in 1liquid nitrogen. These homogenates were incubated
in Ringer-lLocke solution and in phosphate buffers with betse-
carotene and combinations of the additives and conditions
listed sbove. In no case wes vitemin A formetion erfeoted
by homogenates.

Several methods of purification were tested extensively.
The destructive irradistion method of vitamin A estimetion was
found to be unreliable for conversion studies with vitemin A
deficient rat intestine. A light sensitive material extracted
into the non-saponifisble fraction, and with a difference
spectrum similar to thst of vitamin A, was found in vitemin A
deficlient rat intestine.

A paper chromstographic procedure wes developed that
separeted vitamin A from beta-carotene without loss due to
decomposition. Hbﬁever, this method of separation was found
to be infeasible in the presence of the quentity of lipoid
material thet was taken into the non-saponifiable extract‘
in conversion experiments in which dispersing agents were
used.

A method of analysis was developed that met the problems
imposed by in vitro conversion studies of csrotene tb vitamin
A and gave reliable estimations of vitamin A at the microgrem

level. By this method vitemin A wse seperated from beta-
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carotene and most carotene degredation products in the non-
saponifiable extract by partition chromatogresphy on a silica
gel column containing absorbed methanol. On the purified
vitamin A fraction 1t was necessary to measure the absorption
spectrum and perform the Carr-Price color test ss well in
order to achieve a clear-cut quantitative estimation.

A study on the dispersion of carotene in Tween ss &
function of Tween concentration showed that degree of dis-
persion of csrotene lncreased, but not linesrly, with Tween
concentration. A Tween concentration range was located in

which change in degree of dispersion of carotene was minimal.
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