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S U M M A R Y  

1. The effects of bile salts, Tween 20 and hexadeeyltrimethylammonium- 
bromide on the uptake of B-[aH] carotene and [3H]retinol by rat-everted gut sacs were 
studied in vitro under conditions simulating those present in the intestinal lumen 
during lipid absorption. 

2. Micellar solutions significantly enhanced uptake over emulsions. Maximum 
uptake occurred at the critical micellar concentration of the bile salts mixture. At 
higher detergent concentrations B-carotene uptake declined sharply; retinol absorp- 
tion remained high. 

3. In B-carotene absorption bile salts functioned not only as micellar solu- 
bilizers but also may have been required for interaction with the cell membrane or as a 
transport carrier. In retinol uptake their primary function appeared only to be micellar 
solubilization. Both uptake and efflux of substrates were enhanced in bile salt micellar 
solutions compared to the other detergents. 

4. B-carotene cleavage and conversion to retinyl esters occurred only in bile 
salts solutions. Retinol esterification was seen with all detergents. These effects 
increased as the tri-/dihydroxy bile salts ratio was increased. 

5. B-carotene uptake appeared to be reversible and passive at low concentra- 
tions. Retinol uptake was reversible, 7-30 times more rapid, and partially inhibited by 
2,4-dinitrophenol at higher concentrations. An energy-requiring step may have been 
rate limiting. 

INTRODUCTION 

Although bile salts play an important and well defined role in the intestinal 
absorption of fat, their specific functions in the absorption of fat-soluble vitamins is 
still unclear. We have reported that they are required in vitro for B-carotene and 

* Presented in part at the meeting of  the Federation of American Societies for Experimental 
Biology and Medicine, April 1974, Atlantic City, New Jersey, U.S.A. 
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retinol solubilization [1 ], and the micellar phase has been proposed as the preferred or 
obligatory phase in vivo for absorption of certain poorly water-soluble drugs [2] as 
well as non-polar lipids such as sterols [3]. 

Yet bile salts may have a more extended function than simple micellar solu- 
bilization, as for example in their reported protection of cholesterol esterase from 
hydrolysis by trypsin and chymotrypsin [4]. Earlier reports [5, 6] have suggested that 
bile salts may also play an obligatory role in fl-carotene absorption in which not only 
uptake, but cleavage, reduction and esterification of the resulting retinol are involved. 
The replaceability of bile salts by substitute detergents should provide a test of this 
specific requirement. 

We report in the present study the possible roles of bile salts in the uptake of 
fl-carotene and retinol under conditions simulating those present in the intestinal 
lumen during lipid absorption. Rat everted gut sacs were used to compare uptakes of 
fl-carotene and retinol from micellar solutions and emulsions both of bile salts and of 
the non-physiological detergents Tween 20 and hexadecyltrimethylammonium- 
bromide. Rates of substrate efflux from preloaded sacs using the three detergents were 
also studied, as were the effects of bile salt concentrations and compositions, incuba- 
tion times, substrate concentrations and the metabolic inhibitor 2,4-dinitrophenol. 

MATERIALS AND METHODS 

fl-carotene, oleic acid, monoolein, triolein, L-a-lecithin (fl,y-dipalmitoyl) and 
Tween 20 (polyoxyethylene sorbitan monolaurate) were obtained from Sigma 
Chemical Co., St. Louis, Mo. AU-trans-retinol, retinyl palmitate and hexa- 
decyltrimethylammoniumbromide were obtained from Eastman Kodak Co., Rochester, 
N.Y. Bile salts (96-98 ~o pure) were obtained from Calbiochem, Los Angeles, Calif. 
fl-[15, 15'-3H2]carotene was a generous gift from Hoffman-La Roche, Inc., Nutley, 
N.J. [3H]Retinol and Aquasol were obtained from New England Nuclear, Boston, 
Mass. 

Preparation of stock sodium phosphate buffer. A 0.15 M Na ÷ , 0.116 M PO4-3 
buffer (pH 6.3), made by mixing 550 ml 0.3 M NaH2PO4 with 450 ml 0.15 M 
Na2 HPO4 then diluting with an equal volume of water, was used in all studies [7]. 

Preparation of  stock detergent solutions. A mixed solution containing six 
conjugated bile salts was prepared by dissolving 30 mmol sodium glycocholate, 30 
mmol sodium glycochenodeoxycholate, 15 mmol sodium glycodeoxycholate, 10 mmol 
sodium taurocholate, 10 mmol sodium taurochenodeoxycholate, 5 mmol sodium 
taurodeoxycholate and 50 mmol NaCI in 1 I of water. The resulting solution contained 
0.I M mixed bile salts and 0.15 M Na +, had a glycine/taurine bile salt ratio of 3 : 1, 
and a tri-/dihydroxy bile salt ratio of 0.66 : 1. Solutions with other bile salt ratios were 
prepared similarly. Solutions of 0.1 M Tween 20, and 0.1 M hexadecyltrimethyl- 
ammoniumbromide each containing 0.15 M Na ÷ were also prepared. 

Preparation of  micellar incubation media, fl-[3H]carotene, or [3H]retinol, in 
benzene was added to a mixture of oleic acid, monoolein and lecithin in n-hexane. 
The solvent was evaporated under N 2 and appropriate volumes of stock detergent 
solutions, buffer, NaC1, glucose and water were added. In addition to either fl=[3H] 
carotene or [3H]retinol and the desired type and concentration of detergent (see 
tables and figures), the media contained 7.5 mM oleic acid, 2.5 mM monoolein, 
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0.68 mM lecithin, 0.15 M Na + and 0.10 mM glucose at a pH of 6.4~0.1. Micelles 
were prepared by gentle shaking under N2 for 22-24 h at 37 °C followed by centrifuga- 
tion for 18 h at 100 000 × g. The resulting clear mieellar phase was used. 

Emulsions rather than micellar solutions were used in some experiments. When 
specified, these were prepared using the same lipid concentrations as above except 
triolein was added (final concentration 1.13 mM) and the detergent concentrations 
were reduced to 2 mM, a level below the critical micellar concentration. Emulsions 
were obtained by sonication for 5 s in an Ultrasonics Sonifier Model W185D and were 
stable for the entire incubation period. 

Preparation of everted gut sacs. Male rats of Wistar strain (locally interbred) 
weighing 280-300 g were stunned by a blow on the head after being fasted overnight. 
Their small intestines were quickly removed and rinsed with chilled oxygenated buffer. 
After discarding the first 3 ~, cm below the pylorus, the upper third of the intestine was 
everted and used to prepare gut sacs of 2 cm length according to Wilson and Wiseman 
[8]. The serosal space was filled with fresh, chilled, oxygenated buffer. 

Uptake. Sacs prepared from segments of the upper small intestine were 
randomized, paired, and incubated with the desired incubation medium. They then 
were rinsed four times in the stock detergent solution under study, the serosal fluid was 
removed and the sacs were blotted and homogenized in 10 ml of buffer. The total 
radioactivity of the incubation mixture, tissue homogenate and serosal fluid was 
determined by mixing 1 ml of the solutions with 10 ml Aquasol in a polyethylene vial 
and counting in a liquid scintillation spectrometer, Intertechnique Model SL 30. 
Quenching, if any, was determined and corrected for by means of an internal-external 
standard ratio. Protein in the tissue homogenate was determined by the Biuret method 
[9]. At least six sacs were used in determining each experimental value (see tables and 
figures). 

RESULTS 

Effect of bile salt concentrations on uptake of substrates 
Results of varying bile salt concentration from 2 to 16 mM on the mucosal 

uptake of fl-carotene and retinol are shown in Figs la and 1 b, respectively. The uptake 
of both substrates rose sharply at the critical micellar concentration (8-10 mM) of the 
bile salts mixture. However, the uptake of E-carotene fell sharply at higher bile salt 
concentrations while retinol uptake did not decline significantly from its maximum 
value. 

Effect of  changing detergents and physical state of  the medium 
A comparison of mucosal uptake of fl-carotene and retinol from emulsions 

and micellar solutions of the three detergents is shown in Table I. Uptake of both 
substrates occurred from all mixtures studied. The magnitude of uptake differed 
markedly according to the physical state of the incubation medium and detergent 
type. fl-carotene uptake from micellar solutions in all cases was significantly higher 
than from the corresponding emulsion and was highest when the incubation medium 
contained bile salts regardless of the physical state of the incubation mixture. Uptake 
decreased in the following order: bile salts > Tween 20 > hexadecyltrimethylammo- 
niumbromide. The uptake of fl-carotene from micelles was 1.2-3.5 times greater than 
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Fig. 1. (a and b) Effect of  bile salts concentration on uptake of fl-carotene and retinol from everted 
gut sacs. The incubation medium (3 ml volume) contained either 90 nmol fl-[aH]carotene Opec. act- 
400 000 cpm//~mol) or 500 nmol [aH]retinol (spec. act. 66 000 cpm//~mol), lipids (oleic acid, mono- 
olein and lecithin), phosphate buffer (pH 6.3), Na +, glucose and varying amounts  of  a stock detergent 
solution of six conjugated bile salts. Sacs were incubated for 60 min with shaking at 37 °C under an 
atmosphere of  O2/CO2 (95 : 5, v/v), rinsed, blotted and homogenized m buffer for determination of  
protein (about 20 mg/sac) and radioactivity. Uptake was calculated as nmol substrate per 100 mg 
protein and displayed as means ~S .D.  Six or more sacs were used for each determination. 

TABLE I 

EFFECT OF DETERGENT TYPE AND PHYSICAL STATE ON MU CO SA L U PTA K E OF 
f l -CAROTENE A N D  RETINOL 

Conditions as for Fig. 1 except that detergent type and physical condition was varied. For micellar 
uptake all detergent concentrations were 12 mM, above the critical micellar concentration of the 
bile salts mixture. For uptake from emulsions, formed by son±cation, the detergent concentrations 
were reduced to 2 mM and triolein was added. Uptake is calculated as nmol/100 mg protein and 
expressed as means ±S.D.  Six or more sacs were used for each experimental and control condition. 

Detergent fl-carotene uptake* Retinol uptake* 

type Emulsion Micelles Emulsion Micelles 

Bile salts** 8.1 ~0.8 28.9±3.5 228.8± 13.8 584.5±22.8 
Tween 20 4.1±1.2 7.2±0.3 308.0-{- 3.9 518.0±20.0 
Hexadecyltrimethylammoniumbromide 3.1±0.2 3.7±0.2 226.0± 1.0 480.0-/- 8.5 

* Values for uptake from micellar solutions are significantly higher than from emulsions for 
each detergent (P < 0.001). 

** Values for uptake from bile salts are significantly higher t ha n  for the other two detergents in 
the same physical state (P < 0.001). Tri-/dihydroxy ratio = 0.66. 
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from emulsion. For retinol, there was a 1.7-2.5-fold increase. Uptake of retinol tended 
to be higher from bile salt micelles than from other detergent micelles but this 
difference was not statistically significant. 

Binding of  substrate 
fl-carotene was firmly bound to the mucosal cells after incubation in micellar 

media of the various detergents. Extensive washing with bile salts or Tween 20 after 
incubation did not release a significant amount of radioactivity. In an attempt to 
determine whether this fl-carotene was surface bound or intracellular, the sacs were 
incubated with labeled fl-carotene in the usual way, then washed with a mixture of  
n-hexane/ethanol (3 : 1, v/v). It was anticipated that this procedure would fix the cells 
by denaturation of surface proteins, deter the leakage of intracellular fl-carotene from 
the everted sacs, and simultaneously solubilize any surface-bound substrate. Substrate 
remaining after treatment was considered to be "intracellular". 

Only 34-61% of the fl-carotene absorbed after 60 min incubation was removed 
by the solvent washing procedure (Table II). In contrast, more than 95 % of substrate 
taken up in short incubation periods was released by the washing. Of the detergents, 
bile salts functioned most effectively in promoting intracellular incorporation of  
fl-carotene. In contrast, retinol crossed the mucosal membrane readily regardless of  
detergent type with 5-10 % being surface bound. In absolute terms, approx. 12 nmol 
of  retinol were surface bound per sac (using an approximate figure of  20 mg protein 
per sac with the final retinol concentration 380 nmol in the incubation medium) 
versus 3.8 nmol of fl-carotene (final concentration approx. 84 nmol). The proportions 
of  bound to available substrate at the 1-h sampling time are approx. 3 and 4.5 %, 
respectively. 

Effect of  preincubation with bile salts on fl-carotene uptake 
In an attempt to examine further the effects of bile salts on fl-carotene uptake, 

TABLE II 

EFFECT OF DETERGENT TYPE ON SOLVENT-RESISTANT BINDING OF fl-CAROTENE 
IN MUCOSAL CELLS 

Uptake conditions as for Fig. 1 except the detergent type was varied as indicated and detergent con- 
centrations were 12 mM, above the critical micellar concentration of the bile salts mixture through- 
out. After incubation, sacs were washed with a mixture of n-hexane/ethanol (3 : 1, v/v) before 
proceeding with homogenization and subsequent analyses. Values for total uptake and intracellular 
(solvent resistant) uptake are expressed as nmol substrate per 100 mg protein, six sacs used per deter- 
mination. 

Detergent fl-carotene uptake 
type 

Intracellular Total Percent 
of total 

Bile salts* 19.0 
Tween 20 2.8 
Hexadecylt rimethylammoniumbromide 1.6 

28.9 66 
7.2 39 
3.7 44 

* Tri-/dihydroxy ratio = 0.66. 
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everted gut sacs were pre incubated without  substrate in a bile salts micellar solut ion 
or sodium phosphate  buffer. They were then incubated in media conta in ing labeled 
//-carotene in a micellar solut ion of either bile salts or  Tween 20. Washing with a 
mixture of  n-hexane/e thanol  was used to dist inguish between surface-bound and  
intracellularly b o u n d  substrate as in the previous section. If bile salts funct ion  only as 
micellar solubilizers within the lumen,  p re incubat ion  of  the sacs with the detergent 
should  have no advantage over pre incubat ion  with the buffer. However,  if they exert a 
specific effect either on membrane  permeabil i ty or intracellular binding,  p re incubat ion  
with bile salts should enhance substrate uptake. Table 1II shows that  bile salts 
p re incuba t ion  caused a significant increase in levels of solvent-resistant b inding of 
//-carotene. The increase occurred regardless of whether the final incuba t ion  was 
carried out  with substrate solubilized in micelles of  bile salts or of Tween 20. There was 
no significant difference in substrate bound  to the mucosal  surface (removable by 
solvent) a t t r ibutable  to the pre incubat ion  condit ions.  In  contrast  to these findings for 
sacs f rom the proximal j e junum,  pre incubat ion  of sacs f rom the distal half  of  the small 
intestine with bile salts did no t  increase the surface-bound or intracellular uptake of  

/ /-carotene compared  to buffer. 

Efflux of fl-carotene and retinol 
Table IV shows the release o f / / - ca ro tene  and  ret inol  f rom everted gut sacs 

after preloading with labeled substrate in micelles of various detergents. The efflux of  
substrates from sacs incubated  with Tween 20 or hexadecyl t r imethylammonium- 
bromide was significantly less than  from sacs incubated  with bile salts. No significant 
differences in efflux were a t t r ibutable  to different t r i - /dihydroxy or glycine/taurine bile 

TABLE llI 

EFFECT OF DETERGENT PREINCUBATION ON SOLVENT-RESISTANT BINDING OF 
fl-CAROTENE IN MUCOSAL CELLS 

Sacs were preincubated for 30 rain without substrate or other components in either a 12 mM bile 
salts micellar solution obtained by dilution from a stock 0.1 M solution, or 0.116 M sodium phosphate 
buffer (pH 6.3). Physical conditions were as for Fig. 1. The sacs were then incubated for another 
30 min in standard incubation media containing fl-[all]carotene solubilized in 12 mM micellar solu- 
tions of either bile salts or Tween 20. After incubation, sacs were washed with a mixture of n-hexane/ 
ethanol (3 : l, v/v) before proceeding with homogenization and analysis. Values for surface-bound 
intake (removable by solvent) and intracellular (solvent resistant) uptake were calculated as nmol 
substrate per 100 mg protein and expressed as means ±S.D., six or more sacs per determination. 

Medium used* fl-carotene uptake 

Premcubation Incubation** Surface- Intra- Total 
bound cellular 

Bile salts Bile salts 13.2-53.4 27.1-56.4 40.34-9.1 
Buffer Bile salts 11.0±1.5 11.7±3.9 22.7±2.8 
Bile salts Tween 20 5.9±1.5 9.54-0.8 15.4t2.5 
Buffer Tween 20 4.4±1.3 5.2-50.6 9.7/-1.7 

* For all bile salts media, tri-/dihydroxy ratio = 0.66. 
** Increases in intracellular fl-carotene uptake caused by preincubation with bile salts over buffer 

are significant at P < 0.005 for each incubation medium. 
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TABLE IV 

EFFECT OF DETERGENT TYPE ON EFFLUX OF fl-CAROTENE AND RETINOL FROM 
EVERTED GUT SACS 

Sacs were preloaded with labeled substrate as for Fig. l except a 12 mM bile salts mixture was used 
throughout, the detergent composition and type were varied as indicated, and the incubation time was 
reduced to 30 min. Preloaded sacs were washed twice in the appropriate detergent solutions (no 
additives), again incubated for 30 min in the original medium (but without substrate), and homog- 
enized. Efflux from the mucosal cells to the second incubation medium was determined both by 
assaying the radioactivity released to the medium and the amount remaining in the tissue homog- 
enate. Results were calculated as the percent of substrate initially taken up and released as efflux. 
Data are expressed as means ±S.D., six or more sacs per determination. 

Detergent type and Efflux ~o 
composition 

fl-carotene Retinol 

Bile salts* 
Tri-/dihydroxy 
ratio**: 

0.66 77.7±2.7 35.94-2.7 
1.32 79.94-1.4 38.24-4.6 
2.64 77.94-3.2 39.74-8.6 

Glycine/taurine 
ratio***: 

1 : 1 77.7-4-2.5 35.94-0.6 
6 : 1 79.04-0.2 35.34-1.9 

Tween 20 68.64-1.9 29.24-1.0 
Hexadecyltrimethyl- 

ammoniumbromide 50.8 4-0.9 25.8 + 1.2 

* Values for all bile salts detergents significantly 
** Glycine/taurine ratio held constant at 3.0. 

*** Tri-/dihydroxy ratio held constant at 0.66. 

higher than for the other two (P < 0.005). 

salts ratios. In  a related experiment  the same ratios of bile salts as in Table IV were 
used in the s tandard  uptake procedure for fl-carotene and  retinol. No significant 
changes were observed in uptake of either substrate as a result of varying the bile salts 
ratios of the incuba t ion  medium. 

Effect of  detergent type on fl-carotene substrate cleavage and retinol substrate esterifica- 
tion 

Although retinyl ester was formed from fl-carotene when bile salts were 
present in the incuba t ion  medium,  none  was found  when the other detergents were 
used for solubil izat ion;  however, retinol substrate was esterified regardless of the type 
of detergent present  (Table V). Bile salts solutions with higher tr i- /dihydroxy ratios 
tended to be increasingly effective in facilitating the cleavage of fl-carotene substrate 
(based on the percentage of al l - labeled retinyl ester formed) and  they were also more 
effective in a iding the format ion  of  ester f rom the retinol substrate. 

Rate of  fl-carotene and retinol uptake 
The progressive mucosal  uptake with time of fl-[15, 15'-aH2]carotene a nd  

[3H]retinol f rom mixed bile salts micelles is shown in Figs 2a and  2b, respectively. 
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TABLE V 

EFFECT OF DETERGENT TYPE ON PRODUCTION OF BOUND RETINYL ESTER FROM 
fl-CAROTENE AND RETINOL SUBSTRATES 

Sacs were incubated as for Fig. 1 but with the labeled substrates solubilized either in bile salts solu- 
tions having varying tri-/dihydroxy ratios, in Tweert 20 or in hexadecyltrimethylammoniumbromide, 
all at 12 mM micellar concentration. Sacs were homogenized after incubation and extracted with 
n-hexane/ethanol (3 : 1, v/v) containing 10/~g each of carrier fl-carotene, retinyl palmitate and 
retinol. The hexane phase was removed, evaporated, redissolved in light petroleum and chroma- 
tographed on a column of deactivated alumina [10]. Results are expressed as the percent of substrate 
initially taken up and recovered from the homogenate as fl-carotene and retinyl ester (fl-carotene 
substrate) or retinyl ester (retinol). Six sacs per determination. 

Detergent Percent recovered Percent recovered 
type from fl-carotene from retinol 

substrate as substrate as 
retinyl ester 

fl-carotene Retinyl ester 

Bile salts* 
Tri-/dihydroxy 
ratio: 

0.66 17.2 68.6 
1.32 20.0 72.2 
2.64 19.6 75.8 

Tween 20 100.0 0.0 
Hexadecyltrimethyl 

ammoniumbromide 100.0 0.0 

75.0 
81.0 
84.0 
65.2 

64.3 

* Glycine/taurine ratio held constant at 3.0. 

F o r  f l -carotene the rate  was v i r tua l ly  l inear  t h ro ughou t  the 60-min pe r iod  studied,  a t  
which  t ime a b o u t  5 ~ o f  the subs t ra te  ini t ial ly present  in the incuba t ion  med ium h a d  
been taken  up  by  the gut  sac, based  on an  a p p r o x i m a t e  average figure o f  20 m g  
pro te in  pe r  sac. Re t ino l  up take  was also somewhat  l inear  for  the first 5-10 ~ o f  the 
avai lab le  subs t ra te  (0-5 min)  and  reached a lmos t  24 ~ o f  the to ta l  in 60 min.  Ini t ia l  
up take  velocities,  vi, were ca lcula ted  to be 22.5 nmol  f l -carotene/h  per  100 mg pro te in  
(assuming first order ,  90 nmol  f l -carotene ini t ial ly present)  and  3600 nmol  re t ino l /h  
per  100 mg pro te in  ( f rom the slope o f  the tangent ,  500 nmol  re t inol  ini t ial ly present) .  
N o  significant rad ioac t iv i ty  was found  in the serosal  fluid dur ing  ei ther  s tudy.  

Effect o f  micellar substrate concentrations on uptake rates 
The effect o f  increas ing subs t ra te  concent ra t ions  in micel lar  bile salts so lu t ions  

on  up take  by  ever ted sacs is shown in Figs  3a and  3b, respectively.  F o r  f l -carotene,  
up take  was typica l ly  first order ,  with approx .  10 ~o o f  the to ta l  ava i lab le  subs t ra te  
t aken  up  in a 60-min incuba t ion  pe r iod  t h roughou t  most  o f  the concen t ra t ion  range 
s tudied.  Re t ino l  up take  on  the o ther  hand  was much  more  r ap id  and  kinet ica l ly  
complex.  The da t a  on re t inol  ab so rp t i on  were also consis tent  wi th  bu t  no t  necessar i ly  
l imi ted  to  a f i rs t -order  mechan i sm in which approx .  50 ~ or  more  o f  the ava i lab le  
subs t ra te  was taken  up  in the 60-min incuba t ion  per iod.  A t  higher  concent ra t ions  the 
to ta l  up take  fell to 10-15 ~o, ind ica t ing  the possible  effects o f  compe t i t ion  for  b ind ing  
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Fig. 2. (a and b) Progressive mucosal uptake of fl-carotene and retinol from a micellar solution o f  
mixed bile salts. Conditions as for Fig. 1 except incubation times were varied and the bile salts mixture 
was held at a micellar concentration of 12 raM. Approximate initial uptake velocities for fl-carotene 
and retinol, (Vl)c and (vi)~, respectively, are represented by the slopes of  the tangents to the experi- 
mental curves at time zero. Uptake expressed both as nmol/100 mg protein and, approximately, as 
nmol/gut sac. Data displayed as means =kS.D, six or more sacs per determination. 

sites, the presence of some later rate-limiting step in the absorption process, or or 
product accumulation in the sacs. A plot of the retinol data of Fig. 3b in the Line- 
weaver-Burk form as (uptake)-1 versus (retinol concentration)-1 is inconclusive in 
sorting among these mechanisms. The data could be interpreted as being consistent 
with diffusion kinetics at retinol concentrations as low as those used in the fl-carotene 
study, and possibly would have been at higher concentrations if initial uptake veloc- 
ities could have been obtained. However, the possibility remains that the "best" 
fit to the retinol data may not approach a first-order diffusion model in which case 
some intermediate step may be partially rate determining even at the lowest retinol 
concentrations studied. #-carotene showed a slight tendency toward non-linearity of  
uptake at higher concentrations. 
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Fig. 3. (a and b) Effect of substrate concentration on uptake of fl-carotene and retinol from micellar 
solutions. Conditions as for Fig. 1 except substrate concentrations were varied and the bile salts 
mixture was held at a micellar concentration of 12 mM. Uptake expressed both as nmol/100 mg 
protein and, approximately, as nmol/gut sac. Data displayed as means ±S.D.,  six or more sacs 
per determination. 

Effect of 2,4-dinitrophenol on uptake of substrates 
To obtain evidence concerning the possibil ity o f  a rate-l imiting energy- 

requiring step in the uptake o f / / - c a r o t e n e  or retinol,  incubat ion experiments  were 
repeated using the standard 12 m M  micellar bile salts incubation media o f  Fig. 1 in 
the presence and absence e f  I • 10-  4 M 2,4-dinitrophenol.  Six sacs were used for each 
determinat ion.  Al though there was no significant effect seen on / / -carotene uptake 
( 4 0 . 9 ± 8 . 0  versus 4 4 . 2 + 6 . 7  nmol /100  mg protein for media  with and without  the 
inhibitor,  respectively,  expressed as m e a n s ~ S . D . ) ,  retinol uptake was markedly  
decreased by the inhibitor ( 3 8 3 i 5 2  versus 6 3 6 i 7 0 n m o l / 1 0 0 m g  protein).  This 
finding, significant at P < 0.005, suggests that mucosal  uptake o f  retinol may take 
place in part and at higher substrate concentrat ions through an active, energy- 
requiring mechanism.  
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DISCUSSION 

Most studies favor the concept that a micellar phase is the preferred physiolo- 
gical state for most efficient absorption of lipids from the intestinal lumen [3, 11 ]. It is 
not clear, however, whether micellar solubilization is obligatory for uptake of all 
lipids under normal conditions [11-15]. In our study, using rat-everted gut sacs, 
micellar solubilization markedly increased the rate of uptake of both fl-carotene and 
retinol over emulsions. Care was taken to prepare all incubation media using the same 
lipid components, manipulating only the detergent concentrations below or above 
their critical micellar concentration. In contrast, most previous studies used albumin 
or a high pH to stabilize the emulsions [15-17]. 

Our results also showed a sharp inflection in uptake of both substrates at a 
bile salts concentration range corresponding to the critical micellar concentration of 
the mixture used. This provides evidence that the uptake of both substrates is highly 
sensitive to their physiochemical state in the incubation medium. The data are 
consistent with absorption by molecular diffusion from a micellar reservoir as 
suggested by Salee and Dietschy [18 ], in which micelles provide more intimate contact 
than emulsions with the mucosal surface. 

However, bile salts may affect the absorption process other than simply 
through micellar solubilization, although their membrane-related or intracellular 
functions during lipid absorption are controversial [4, 16, 19]. Results from our study 
showed that preincubation of sacs with bile salts caused a significant increase in the 
"intracellular" radioactivity following incubation with labeled E-carotene. In contrast, 
binding to the mucosal surface occurred in the presence of micellar solutions of all 
three detergents suggesting that surface binding does not specifically require the 
presence of bile salts. The finding that no retinyl ester was formed when sacs were 
incubated with E-carotene solubllized in Tween 20 or hexadecyltrimethylammonium- 
bromide dearly indicates that bile salts are specifically required for E-carotene 
cleavage and promote the accessibility of the highly water-insoluble substrate to the 
water-soluble enzyme. It does not indicate whether the effect is on membrane perme- 
ability, on the dioxygenase enzyme directly or in facilitating intracellular transport to 
the cleavage site [5, 20, 21]. 

Retinol, on the other hand, crossed the mucosal membrane and was esterified 
regardless of the type of detergent used. This indicates that bile salts do not play a 
specific role in retinol absorption and can be replaced by other non-toxic detergents. 
The primary and perhaps only function of bile salts in retinol absorption is as micellar 
solubilizers. The higher percentage of retinyl ester formed from bile salt micelles 
compared to the other detergents could be an effect of the smaller size of the bile salt 
micelles [6, 22]. By their increased interaction with the cell membrane, thereby 
enhancing uptake, they could indirectly influence the activity of retinyl esterase by 
regulating the rate at which substrate was made available for the enzymatic reaction. 

Additional support for the suggestion of an increased mobility of the smaller 
micelles is afforded from our etttux experiments. Both uptake and release offl-carotene 
solubilized in bile salt micelles exceeded that found with the other detergents. The 
absorption process appears to be a dynamic one involving a reversible binding of  
substrate. The binding sites are probably located on the microvillous surface although 
these efflux data do not distinguish definitively between membrane-bound and 
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intracellularly-bound material. Retinol uptake appeared to behave similarly. Cleavage 
of fl-carotene, or esterification of retinol, would serve as a trap and maintain a 
concentration gradient across the cell membrane. No binding sites specific for 
different lipids have been characterized, but if such are present, concentration- 
independent differences in the rate of absorption of different lipids might be related to 
the relative availability of such sites. A bidirectional flux of  fatty acids, cholesterol and 
bile salts has been described previously [17, 23]. However, it is quite possible that the 
observed reversible binding might be a property of the in vitro system used. 

Under the conditions used in our studies, a linear relationship was seen 
between fl-carotene uptake and its concentration in the incubation medium. These 
results indicate that uptake at low concentrations may be a first-order process 
consistent with a diffusion-limited mechanism. In the general first-order rate equation: 

(initial substrate concentration) 
k t  ~ log (substrate concentration at time t ) '  

the approximate value of k tbr fl-carotene, k c, varied from 0.84. 10-3 to 1.76 • 10 -3 
min -1, using uptake values of  5 and l0 ~o/h from Figs 2a and 3a, respectively. The 
corresponding calculated initial uptake velocities. (Vi)c, were 4.5-9.5 nmol/h per gut 
sac with 90 nmol fl-carotene as substrate where (vi) = k-  (irdtial substrate concentra- 
tion). If retinol uptake is also first order for the entire incubation period at a substrate 
level of  90 nmol, the corresponding value for kR is 0.118 min-  t using an uptake value 
of  51%/h from Fig. 3b. The corresponding initial velocity, (v~) R, is approx. 63.5 
nmol/h per gut sac, a rate 7-14 times that of fl-carotene. Similar considerations, using 
the data of Fig. 2b and correcting for differences in initial substrate levels, yield the 
conclusion that retinol uptake is at least 15-30 times faster than that of  fl-carotene at 
initial substrate levels of  90 nmol. 

Loran and Aithausen [24] and Skfila and Hrubfi [25] suggested that vitamin A 
absorption is art active process. The results presented in our study are in accord with 
such an active, energy-requiring process, at least for retinol at the higher substrate 
concentrations. At these levels, during a 60-min uptake period, the kinetic data for 
retinol became complex and its uptake was inhibited by 2,4-dinitrophenol. In fl- 
carotene uptake, only a hint of  deviation from first-order kinetics developed and no 
significant inhibition by 2,4-dinitrophenol was seen. This may have been due to the 
lower substrate levels studied since retinol also exhibited near-first-order uptake 
kinetics at similarly low levels. 
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